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Foreword

he writing of this book took approximately three years of my spare time.
The research period stretches back 10 years or more and is still ongoing.
. I was persuaded to write such a book because there is not an equivalent
one, dealing with radio astronomy from the radio amateur's perspective. There
are others, but these focus on the amateur astronomer, those people who already
have an interest in the observation of the galaxies via optical means.

Let me first of all dispel any idea that [ am an astronomer. Nothing could be
further from the truth, T have never claimed to be. T simply have a strong desire
to understand the radio frequency engineering aspects of what make radio tele-
scopes work and how to improve the engineering side. My professional career
stretches back over 30 years in the radio frequency engineering design and
development field. During that time I have been a radio amateur, first licensed
in 1972, although I passed the Radio Amateurs Examination in 1969.

During my period of working for various companies, I have found that being
a 'ham' has given me a better insight into some of the engineering tasks 1 have
had to face. My approach has always been based on the KISS principle (Keep
It Simple - Stupid), and that over-engineering does not make a poor design into
a good one. Many of my former colleagues failed to grasp the necessity of mak-
ing the fewest components do the maximum amount of work. I have worked on
some very complex design and development problems, often with a limited
timescale and budget, and have always managed to get through it to the satis-
faction of my employers and customers.

The other pitfall into which some design engineers fall is using components that
cost more than is necessary. In the defence industry, where I spent most of the 30
years, this is often unavoidable because of the specifications that have to be met,
both electrically and environmentally. However, if you can substitute lower-cost
components, with an equivalent specification, you can save a huge amount of
money on high-volume production runs. Some of my former colleagues didn't
have any idea of the cost of certain components; they simply drew components
from the stores because they were there. | proved on several occasions that, by
changing some components to industrial or automotive grade, a significant cost-
saving could be achieved. T suppose part of this is due to my Scottish ancestry!

Being a radio amateur in this type of environment is a sort of busman's holi-
day, but T have achieved deep satisfaction from my constructional work and
experimenting in my shack. Being not only electronically-minded but also
somewhat skilled in the mechanical field is a double blessing. I can usually
visualise in my head what the finished product will look like and how it will all
fit together, even before 1 have started designing. 1 also have a fairly well-
equipped workshop where 1 can make most of the mechanical components
needed for my constructional projects.
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Inevitably, as a book of this sort evolves, certain changes will occur in the
structure or presentation as new developments occur or other facts come to
light. One of the many problems is being able to quote the names of component
manufacturers and part numbers. The last five to 10 years have seen a complete
upheaval in the traditional electronics field. Many of the household names have
gone, often swallowed up in a take-over by another conglomerate. For example,
RCA, who made RF transistors and other semiconductors were bought out and
the name changed to Harris. No sooner had this happened than another name
change occurred to Intersil. This seems to be a common feature today, the names
you relied on to supply data and samples for development are suddenly missing.

Another curse of the industry is the sudden discontinuation of a device. The
microprocessor manufacturers seem to do this quite regularly, but it also applies
to the RF semiconductor industry. On a number of occasions, I have had a prod-
uct just about ready to start production when it is found that some key device is
on a 'last-buy' schedule. My reason for mentioning this unhappy state of affairs
is that, throughout the book, I have given examples of suitable part numbers and
manufacturers names. If, after the book is published, some of these parts
become obsolete, 1 have no control over that fact. [ have endeavoured to quote,
to the best of my knowledge, correct part numbers and current manufacturers'
names as at the time of writing.

Usually, when a part goes out of production, the manufacturer will recom-
mend a direct- or near-replacement. Unfortunately, the sort of components that
amateur constructors use (devices with leads) are getting scarcer, as the general
trend is towards surface-mount technology and many of the older devices are
now only available as SMD types. Electrically they are the same, but much
smaller and more difficult to use breadboard-style. For a one-off item for the
shack, a breadboard type of construction is usually quite adequate; as long as the
circuit performs the way it should, there is no need to spend money on printed
circuit boards unless you intend to mass-produce the item. If you are like me, of
'mature years', you will sympathise with the constructor with poor eyesight,
handling minute components under a magnifying glass!

Another factor driving the semiconductor industry is the mass-market. In days
gone by, this was nearly always the defence industry. With the gradual down-
turn of this field, the semiconductor manufacturers have made many of the older
devices obsolete because of economic factors. Today, the mass market is the cel-
lular telephone industry. Hence, you will find a dearth of RF devices for the tra-
ditional 450MHz equipment, but a vast variety of 900MHz devices for GSM
handsets. This 18 good and bad for the amateur constructor. Many of the
900MHz parts will work quite well at 432MHz and 1296MHz. With the GSM
handset market expanding into the 1.8GHz and 2.4GHz regions, this is a bless-
ing for amateurs active at these frequencies.

The presentation of information is not easy for the target market. Some ama-
teurs might be practising engineers in a specialised field, others might be what
most of the general public regard as 'hams' and work in a job with no contact
with technology, but use amateur radio as a way to unwind from the day's
stresses. Because of this, the danger is to give either too little or too much detail.
Giving too little detail is worse than too much; the reader is left with more ques-
tions. I have tried to avoid this by the use of shaded panels. Often I can recount



an amusing incident connected with the topic, or give some historical back-
ground to the way the technology evolved. A book does not need to be dull and
heavy going; some humour lifts the reader after a deeply technical portion.

History is a powerful tool for the design engineer. Many times 1 have met
newly-graduated junior engineers, excited about a new idea they have come up
with. Upon listening to their idea you realise it isn't new at all - we did it that way
20 years ago! Without some historical background in a topic you can follow a
dead-end path until you realise the idea will never work. I have been fortunate to
have shared my working time with many older engineers, who not only taught
me things T didn't know, but gave me some valuable insight into the past histo-
ry of a topic. Consequently, the first few chapters cover the historical course of
radio astronomy from its beginning, and I add extra historical details when I
believe it will aid the reader to understand the subject better.

There is an old saying 'there is nothing new under the sun'. This fact crops up
time and again. In 1903, a German engineer by the name of Christian
Hulsmeyer proposed the use of radio waves to detect the movement of ships; he
built a crude version, took out a British patent and demonstrated it, no one was
interested. In 1922 Marconi proposed the same idea again - no one listened.
Only after the ionospheric sounders (built to try to understand how the ionos-
pheric layers affect radio waves in 1925) showed a return echo, was the first
radar 'invented'. Later in 1937, with the obvious threat of World War II looming,
the British defence industry rushed to develop radar for military purposes. It
was all available in 1903 but no one took any notice. There are many people
who believe that Sir Robert Watson-Watt was the father of radar, this is simply
untrue. Watson-Watt simply used known technology to design the early British
'Chain Home' system during the run up to World War II. He had been asked by
the Tizard Committee to develop a 'death-ray' transmitter to burn up German
aircraft. When he explained this was impossible with the available technology
he countered the request by pointing out that with the available technology it
would be better to use this for more elaborate direction-finding equipment. He
had spent many years developing equipment to track thunder storms. So the
birth of radar began quite late in the British scientific circles.

I cannot finish this foreword without giving acknowledgement to some peo-
ple or organisations that have given me invaluable assistance in compiling this
work. T have relied on data from a great number of textbooks, magazine articles
and other amateur publications to collect the necessary information. Wherever
possible, T have tried to acknowledge the source. I should like to personally
thank the following:

Chris Leah - for his assistance with the chapter on radar and the loan of sev-
eral text books: Stuart MacPherson, ZR5SD, Director of Electronics, Durban
Institute of Technology - for reviewing the technical portions; Dr Gary Hoile -
for his suggestions on the sections covering power amplifiers; David Joubert -
for suggestions covering the signal processing aspects; Sir Bernard Lovell - for
inspiring me to become interested in radio astronomy and for providing some
historical data on the early Jodrell Bank equipment; the University of
Manchester, Jodrell Bank and the Lovell Radio Telescope - for assistance with
historical pictures. Derek Barton - for identifying the radar system used by
Lovell; the UK Ministry of Defence for supplying technical details of the GL2
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radar system from its archives; Lew Paterson of RAF Cranwell for further his-
torical information on the early radar development and for correcting some fac-
tual items on the GL2 radar system; Dr Graham Elford of Adelaide University,
Australia, for supplying details of modern meteor-detection radar and the mete-
or trail topic. -

I would also like to express my sincere gratitude to the specialists at the
University of Manchester, Jodrell Bank Radio Observatory, especially Tim Ikin
and his team who afforded me numerous hours of their limited time to explain
difficult details in layman's terms, and to Janet Eaton - Sir Bernard Lovell's sec-
retary - who assisted with my search through the archived artefacts. During this
search, some very rare photographs were uncovered that have not seen the light
of day for over 50 years. Some of these are reproduced in Chapter 1. During my
visits, I was also privileged to be shown the new development work being done
on the very low-noise front-end units that use liquid helium cooling and operate
on frequencies up to 44GHz. These will soon fly on a new satellite to explore
the L2 region in deep space, a project sponsored by the Max Planck Institute in
Bonn, Germany.

Finally, but by no means least, my dear wife Penny, for encouraging me in the
long period I took to write it all down.

I dedicate this book in memory of all those 'amateurs' who played a small but
vital part in the science of Radio Astronomy.

John Fielding, ZS3JF
Monteseel

South Africa

2005



In this chapter:

O Pioneers O The birth of the big telescope
(1 The war years O Lunar radar - moonbounce or EME
O German wartime radar

7 his is a fascinating period in the development of the science and, as will
be seen, although some of the results confirmed earlier optical observa-
tions, many experiments gave conflicting answers and, in many cases,
opened up further areas of investigation, some of which are still on-going.
Many amateur radio operators figured in the early period and with their aptitude
for problem-solving and constructing complex equipment, the science
advanced rapidly.

PIONEERS

Guglielmo Marconi

Although Marconi is not considered by many people to have made any signifi-
cant input to astronomical science, this is not so. Due to his pioneering work in
demonstrating that trans-Atlantic radio communications was possible, the sci-
entific world at the time then had to explain how it was possible.

Up until 1901, when Marconi and his colleagues succeeded in sending radio
signals across the Atlantic from Poldhu in Comwall to Newfoundland, the
belief was that radio waves, like light waves, only travelled in straight lines.
Afier his success, the scientific world was left with the problem of how this had
occurred, and fairly soon it became apparent that the radio waves were being
bent or refracted by the upper atmosphere. This refraction was deduced to be
due to the effect of the Sun's ultra-violet radiation releasing free electrons in the
rarefied upper atmosphere, the ionosphere, to behave like a radio 'mirror',
allowing radio waves to be returned to earth at great distances from the source.

From the 1920s to the present day, the science of the refracting mechanism in
the ionosphere has been studied using ionospheric sounding apparatus, both

A Brief History of Radio Astronomy



AMATEUR RADIO ASTRONOMY

from the surface of the earth and from sounding balloons and rockets. The early
result from these studies was that radio waves were unable to penetrate the ion-
osphere and hence were prevented from passing into space. This theory was
turned on its head a few years later!

Marconi developed a practical microwave link to join the Ttalian telephone
network to the summer residence of the Pope and, in 1922, proposed the use of
radio waves to detect objects, many believe this to be the {irst attempt at radar.
Although Marconi did not find much favour for his idea, this was taken up by
others and pursued to its conclusion.

In an address to the American Institute of Radio Engineers (IRE) in 1922
Marconi stated:

"As was first shown by Hertz, electric waves can be completely reflected by
conducting bodies. In some of my tests, I have noticed the effects of reflection
and detection of these waves by metallic objects miles away.

"It seems to me that it should be possible to design apparatus by means of
which a ship could radiate or project a divergent beam of these rays in any
desired direction; which rays, if coming across a metallic object, such as anoth-
er steamer or ship, would be reflected back to a receiver screened from the local
transmitter on the sending ship, and thereby, immediately reveal the presence
and bearing of the other ship in fog or thick weather."

Marconi had obviously not heard of Christian Hulsmeyer or his patent of
1903 where he not only proposed the idea but also built a working system and
demonstrated if.

In the light of Marconi's address, two scientists at the American Naval
Research Laboratory (NRL) determined that Marconi's concept was possible
and, later that same year (1922), detected a wooden ship at a range of five miles
using a wavelength of 5m using a separate transmitter and receiver with a CW
wave. In 1925, the first use of pulsed radio waves was used to measure the
height of the ionospheric layers, radar had been born. (RADAR is the acronym
for Radio Detection and Ranging.)

Karl G Jansky - USA

Between 1930 and 1932, Karl Jansky, an engineer working for the Bell
Telephone Corporation Laboratory, (BTL) in Belmar, New Jersey was investi-
gating the problem of interference to long-distance HF ship-to-shore radio links.
This took the form of bursts of noise or a hissing sound and was seemingly of a
random nature.

In order to study this interference, Jansky constructed a large multi-loop Bruce
antenna array supported on a framework of wood and mounted this on old Ford
Model T wheels to allow it to be rotated and pointed in various directions, this
became known as Jansky's 'merry-go-round'. It was set up in a potato field in New
Jersey. The antenna and receiver worked on a frequency of 20.5MHz (14.6m).

Jansky discovered that the noise emanated from two different sources, light-
ning-induced noise (at any one time there are an estimated 1,800 different light-
ning storms in existence), and also a noise that appeared when the antenna was
pointed in a particular direction at the same time every day, but Jansky could not
immediately correlate this to any known source. Further careful observations
showed the rather startling fact that the time between successive peaks was not
24 hours but was 23 hours and 57 minutes, which is the time taken for the earth
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to complete one revolution, the sidereal day. (In actual fact, a sidereal day is
23hr 56m 4s).

Jansky correctly deduced in 1932 that the source must be extra-terrestrial and
suggested a source in the Milky Way, Sagittarius, which meant that the source
was about 25,000 light years distant. In view of the impossibility of curing the
interference, Jansky was removed from the project; the one credit to him was
the naming of the radio flux unit, the jansky (Jy). His paper was published in
1933 [1].

Jansky's work brought to the attention of scientists that a 'radio-window' exist-
ed in the earth's ionosphere, similar to the window through which light from dis-
tant stars was also able to reach the earth's surface. This was an extremely
important discovery, and from this the science of radio astronomy advanced rap-
idly in later years.

Karl Jansky was the son of a brilliant scientist and he, in turn, became like his
father. After his work on the ionospheric disturbances was concluded, Jansky
was retained by Bell Telephone Laboratories (BTL) as an expert on interference
matters and provided valuable assistance during the war years to the American
Armed forces, receiving an Army-Navy citation for his work in direction find-
ing to detect enemy transmitters. Jansky tried to persuade BTL to build a 100ft
radio telescope to study the sky noises further; this was rejected, the reason
given being that this was felt to be domain of academic bodies and not a com-
mercial enterprise. He died at the relatively early age of 44 in 1950. He had been
a sickly person all his life and had been rejected by the Army due to his health.

Grote Reber - USA

Reber, who was a radio engineer in a factory by day and a radio amateur,
WO9GEFZ, in his spare time, read the paper that Jansky had published about his
findings. Jansky's paper surprisingly did not attract much interest from the astro-
nomical fraternity but, as it was first published in a journal for electrical and
radio engineers (IRE) this is probably the reason, as astronomers did not know

Fig 1.1: Karl Jansky
and his 'Merry-Go-
Round' antenna
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of its existence for several years. Reber had become an amateur at the early age
of 15 and had built his transmitter and receiver and:earned the Worked All
Continents Award (WAC) on radiotelegraphy in a short space of time. He was
looking for something equally challenging and, having read Jansky's paper, felt
this was the next project for him. Reber is quoted as saying "In my estimation,
it was obvious Jansky had made a fundamental and very important discovery.
Furthermore, he had exploited it to the limit of his equipment's facilities. If
greater progress were to be made, it would be necessary to construct new and
different equipment, especially designed to measure the cosmic static."

Reber was immediately spurred into action. He decided that a parabolic
reflector antenna was the best approach, and drew up the design of a suitable
piece of equipment. However, when he obtained quotes from contractors to
build the dish antenna, it came to more than he earned in a year, hence he set to
and built the large parabolic antenna 31.5ft in diameter (~10m) in his back yard
at Wheaton, near Chicago, Illinois, by himself. The reflecting surface was made
from 45 pieces of 26-gauge galvanised sheet iron screwed onto 72 radial wood-
en rafters cut to a parabolic shape. Reber single-handedly made all the timber
and sheet iron pieces and, apart from some labour to excavate and cast the con-
crete foundation, built the entire structure in the space of four months, complet-
ing it in September 1937. The total construction cost was $1300, which was
about three times the cost of a new car at that time.

Reber wrote that upon completion "The mirror emitted snapping, popping and
banging sounds every morning and evening due to unequal expansion in the
reflector skin. When parked in the vertical position, great volumes of water
poured through the central hole during a rainstorm. This caused rumours
amongst the neighbours that the machine was for collecting water and for con-
trolling the weather."

Reber made extensive observations on a wavelength of 9¢cm (~3.3GHz) and
later 33cm (~900MHz) without
any success. Finally, after
changing to a frequency of
| 160MHz, Reber detected
1 strong noise sources.

The data collected showed
several sources of extra-terres-
4 trial noise and confirmed the
4| findings of Jansky of the
%] Sagittarius source. A crude
map of noise sources in the sky
was painstakingly built up over
a long period, the first of many
| that were to be made in later
years. Reber published his
findings in 1938, the first paper

Fig 1.2: Grote
Reber's parabolic
antenna in his back
yard at Wheaton,
lllinois, USA

8

on the subject to appear in an
astronomical  journal  [2].

4 Reber, unlike Jansky, had the
"3 foresight to publish his find-
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ings in an astronomical journal; if he had not done so, it may well have been
many years before its significance was noted.

Reber had earlier attempted (unsuccessfully) to obtain radar echoes from the
moon using the amateur 144MHz band. It was to take nearly 10 years before a
successful moon echo was achieved by professionals and nearly 15 years before
an amateur group succeeded in 1953.

The American National Radio Astronomy Observatory (NRAO) Research
Centre at West Virginia, employed Reber from 1950 as a consultant. Reber's
antenna is preserved and is still occasionally operational, residing near the
entrance to the NRAO at Green Bank, West Virginia, USA. Although Reber
failed to detect radio noise at 9 and 33cm, it is now known that it does exist, and
he failed because his equipment was not sensitive enough. His dish is unusual
as it can only be moved in one axis, a so-called 'meridian-mount', often used for
optical telescopes. Today large parabolic (dish) antennas normally have two-
axis rotation, in azimuth and elevation, the AZ-El mount. To observe a particu-

Fig 1.3: Sky Noise
plots made by
Reber in 1943 at
160 and 440MHz

Fig 1.4: Reber's
original chart
recorder plots of
sky noise. The
'spikes’ on the
traces were caused
by automobile igni-
tion interference
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Fig 1.5: Grote
Reber standing
next to his pre-
served antenna
shortly before his
death. In this pic-
ture, the dish has
been adapted to be
rotatable on a
turntable mount, so
making it a true Az- |
El mount

lar point in the sky, the dish
| was altered to the required
elevation angle and then
Reber had to wait until the
portion of sky fell into the
antenna beam by the earth's
rotation.

Reber must have been
extremely dedicated. As well
as working at a radio factory
during the day he would
arrive home from work in the
evening, eat his evening meal
and then sleep for a few
| hours, observe from about
/| midnight until 6am, eat
breakfast and then drive 30
| miles to his work place in
Chicago. He had to do this
| because he found that in the
early evening the man made
noise was too high and it
only abated after about
10pm. He continued this for
several years building up
detailed sky noise maps
picce by piece.

Fig 1.6: Grote
Reber with his
radio telescope
receiver

10
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In later years, Reber emigrated from the USA having donated his original dish
and equipment to the NRAO and he spent the rest of his life in Tasmania build-
ing and operating radio telescopes for the Australian CSIRO (Council for
Scientific and Industrial Research Organisation).

Grote Reber died in Tasmania on 20 December 2002, two days before his 91st
birthday. The callsign WOGFZ is now used by the amateur radio club station at
the National Radio Astronomy Observatory at Socorro, New Mexico.

THE WAR YEARS

During the wartime period of 1939 to 1945, very little work was published on
radio astronomy, mainly because the majority of the scientists who studied this
were working on top-secret defence projects. The one exception was in occu-
pied Holland where a clandestine group based in Leiden in 1943 managed to
perform some useful work. Later it transpired that several events, which at the
time were presumed to be due to electrical interference or enemy counter-meas-
ures (jamming), turned out to have great astronomical significance.

One such event took place on 27 February 1942 and, at the time, it was sus-
pected that the interference was another type of German jamming. (By a
remarkable coincidence this occurred on the day after the successful raid by
British paratroopers on the German radar installation at Bruneval, France,
where a Wiirzburg radar was dismantled and brought back to England.) The
Germans from 1941 had been making more and more attempts to knock out the
allied radar by high-power jammers. The escape of the German warships
Scharnhorst and Gneisenau on 12 February 1942 from the French port of Brest
was made possible by heavy enemy jamming from the French coast and this
caused a drastic reappraisal of the allied radar systems. Because of this a large
number of 'J-Watch' radar systems (Jerry Watch - Jerry or Gerry being the nick-
name the allies gave to the Germans) were set up on cliffs overlooking the
British coastline to probe for German activity and jamming. These radars all
operated within the 4m to 8m spectrum (35 to 75MHz). ;

Investigation later confirmed the source of the jamming was the Sun generat-
ing large bursts of noise due to solar flares and sunspots. James Stanley Hey, a
civilian scientist attached to the British Army Operational Radar Group
(AORG), was given the task of finding out what was causing the radars to be
blinded by the high noise levels. After studying the various reports of the inter-
ference, Hey noted that in all the reports the radar systems pointed at an azimuth
and elevation that was towards or very near to the Sun. Upon checking with the
Royal Observatory at Greenwich, it was confirmed that a major solar sunspot
was occurring and this, Hey deduced, accounted for the large interfering signals.
This was an unknown effect at the time and, although it allayed fears, it was of
grave concern as it showed a severe weakness in the low-frequency VHF radars
used by the British. Several eminent British scientists were consulted on the
matter and they discounted the Sun as a possible source, feeling that it was
unlikely to be the cause. This information was kept as a closely guarded secret
amongst a very small number of people and only after the war ended was Hey
able to publish details in a scientific paper. The 'jamming' was usually worst at
dawn as the majority of the British coastal J-Watch radar systems spent most of
their time pointed at the European landmass, which is to the east, where the Sun

11
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rises. German bombing attacks at that time usually occurred at sunrise, as the
technique of night bombing by the Germans had been largely unsuccessful
because their radio navigation beam systems had been knocked out by allied
countermeasures or bombing.

A separate study made in America at the same time at Bell Telephone Labs by
Southworth reached the same conclusion as Hey and confirmed the Sun as the
noise source. This, like Jansky's earlier discovery, made the scientific world
reassess the solar flare and sun spot situation. Due to the security restrictions of
wartime, neither of these reports was published until after the war in 1946.

In 1938, a radio amateur, D W Heightman, had almost put his finger on the
solar noise problem, but was ridiculed by the scientific experts. He wrote "At
such times (when fade-outs occur) the writer has often observed the reception
of a peculiar radiation, mostly on frequencies over 20Mc/s (20MHz) which, on
the receiver, takes the form of a smooth though loud hissing sound. This is pre-
sumably caused by the arrival of charged particles from the Sun on the aerial".
Two Japanese scientists in 1939 came within a hairsbreadth of the same con-
clusion, but attributed the noise to some disturbance in the ionosphere.

Another case of suspected enemy jamming involved the detection of sporadic
meteor echoes that at first were thought to be the result of radar echoes from
German V-2 missiles (Vergeltungswaffen zwei - vengeance weapon 2), known
by the Germans as the A4. Many false alarms occurred with the radar used to
detect the V-2 missiles but it was later confirmed by allied secret agents that no
rockets had been launched at the times in question.

The radar used for the detection of the V-1 was a modified anti-aircraft gun-
laying radar operating on 55 to 75MHz. The original radar sets used dipole
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CHAPTER 1: A BRIEF HISTORY OF RADIO ASTRONOMY

Fig 1.7: The
German V-1 'Flying
Bomb'

arrays but Hey and his team modified these to gain 7
extra range for the V-1 threat, and they used four-ele-
ment Yagi antennas pointed close to the horizon. |
When the V-2 threat appeared the same system was
quickly adapted by Hey by the simple matter of tilting |
the Yagi beam upward to an elevation of 60 degrees. |/
The German Army developed the V-2 whereas the
V-1 was developed by the German Air Force, the
rivalry and secrecy between the two armed forces
being quite intense. The V-1 missile was a cheap
weapon to make, estimates at the time indicated the
cost was approx. £100 whereas the V-2 was estimat-
ed to cost £10,000. Each carried a warhead of
approximately one ton. The V-1 threat was known
about by the British military intelligence by the inter-
ception of coded German signals some six months
before any were launched. Four hundred launching sites were planned along the
French and Belgian coastlines, many of these being destroyed by allied bomb-
ing before they could be put into service. Other causes of delays in bringing the
V-1 into active service were due to accurate bombing of the assembly and sup-
ply sites by the American and British Air Forces, problems with the navigation
system and production facilities problems. In fact, the V-2 was intended to be in
service long before the V-1, but considerable technical difficulties caused the
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long delay and the bombing of launching and production sites by the allied air
forces delayed matters still further. When the allied forces made the D-Day
landings in France in August 1944, Hitler was forced to order the V-2 into serv-
ice, although it was still a long way from being perfected. The V-1, although a
crude mass-produced weapon, was amazingly eflective and caused many more
deaths and injuries than the more elaborate V-2 missile.

Wernher von Braun, the German scientist leading the V-2 development team
is said to have commented upon the first successful launch of a V-2 when it
landed near London, [3] "The rocket worked perfectly, except it landed on the
wrong planet!" Von Braun had his eyes set on inter-continental and outer space
rockets, something he would later achieve working with the Americans after the
war.

Pre-war work on HF ionospheric sounding had often shown false returns
similar to the V-2 false alarms that were presumed to be due to meteor trail
echoes.

GERMAN WARTIME RADAR

As it turned out, German radar was often not far behind allied radar in design or
development; in some cases they had solutions before the allies. In general, the
German radar systems were considerably more sophisticated than the allied
attempts and operated on higher frequencies. As Germany had more time lead-
ing up to the outbreak of war, it had managed to combine military and expert
engineering design to achieve an end, a lead the British and Americans had to

- overcome at the outbreak of war. This is why the allied radar systems were poor
relations until much later in the war. With the combined energies of the
American scientists, at that time not actively engaged in the fighting, the allies
had the opportunity to assess the German hardware and were quick to find its
shortcomings and design effective countermeasures and more effective equip-
ment.
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CHAPTER 1: A BRIEF HISTORY OF RADIO ASTRONOMY

Added to this, the continuous stream of German ciphered messages being
decoded by the British intelligence services pinpointed the main German radar
installations and the navigational beam systems used by the German air force to
direct the bombers to their targets. With the expertise of the boffins, these beams
were quickly rendered ineffective and the Luftwaffe lost a valuable tool to direct
its stream of bombers. This was a marked turning point in the war, and explains
why German bombing became almost futile and so costly in terms of machin-
ery and manpower. Towards the end of the war, less than 20% of German air-
craft were able to get to
within 50 miles of the tar-
gets, such was the effective-
ness of the allied radar and
radar controlled guns.

In fact, details are given
[3] that not a single German
reconnaissance aircraft was
able to penetrate the
London air  defences
between 1941 and 1944 to
take photographs of bomb-
ing damage. Hence, the
allies were able to give
false information through
captured enemy spies, mak-
ing the Germans believe the
bombs were falling short
and they were unaware as
to the true landing points of
the V-1 and V-2 missiles.

Early radar systems used
by the Germans were simi-
lar to the British and the
'Freya' operated on about
200MHz with a dipole

| Fig 1.9: Official

RAF photograph of
the LZ130 Graf
Zeppelin dirigible
intercepted over
Aberdeen on 3
August 1939 (just
prior to the out-
break of war), while
on an ELINT flight
to probe the Chain
Home installations.
(ELINT = Electronic
Intelligence).
(Photograph cour-
tesy of Lew
Paterson, RAF
Cranwell)

Fig 1.10: Chain
Home Type 2. The
smaller antenna is
the Chain-Home-
Low backup sys-
tem for covering
the elevations that
the normal system
was unable fo ade-
quately cover.
(Chain-Home-Low
was developed
from the Navy
Coastal Defence
radar and operated
on 180 to 210MHz
and used a 32-
dipole array). The
receiving  masts
were constructed
entirely from wood
and were 240ft tall
(75m). The trans-
mitter masts were
constructed of steel
and were 360ft tall
(110m). The picture
shows the receiver
tower. (Photograph
courtesy of Lew
Paterson, RAF
Cranwell)
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Fig 1.11: Typical
Chain Home per-
formance diagram

Fig 1.12: Sketch of
a Freya antenna
compiled from
reconnaissance
photographs
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array. The Freyas were situated close to the coast to detect incoming hostile air-
craft and they passed the rough bearing and altitude information to the
Wiirzburg systems. The Freya had a greater range than the Wiirzburg, but lim-
ited height-finding capabilities. They were also easy to detect from England and
hence they were jammed successfully.

Originally, the

Wiirzburg radar was a
small parabolic dish anten-
i na; early reconnaissance

i ; photographs showed it

reasns e | i, i i looked like an electric
(AR TS aak sRuEREs © 213 48 "bowl' fire, and it was fair-
: ' : ly low power. The later
Wiirzburg was more
- sophisticated and larger
AL ' : ) antennas were employed.
; This second system was
known as the Wiirzburg-
Riese radar. (Wiirzburg is
a town in Germany and
'riese’' in the German lan-
guage means 'giant')
Developed by Telefunken,
and operating on a fre-
quency of about 560MHz,
it could be used either as
an anti-aircraft radar or
coastal radar to detect
shipping. The parabolic
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radar equipment was also more advanced compared with the allied ones. In total,
4,000 systems were deployed by the end of the war. The Wiirzburg radar used an
az-¢l mount to point the dish at the target. Later versions used a spinning-cone
antenna feed to gain more accurate elevation information.

Although a very advanced design, it suffered from several failings. The anten-
na beam was so narrow that two radar systems needed to be employed at each
site, one to track the intruder and the second to track the defending fighter. The
information from the Wiirzburg was also fed to a battery of searchlights and
anti-aircraft guns. The Wiirzburg dishes were set up in a long line, every 50km
extending from the coastline towards the heartland of Germany so the attacking
bombers had to run the gauntlet of successive chains of radar.

Although the equipment was advanced the employment was far from clever.
The German Air Force, which controlled the lines of defence, expected that,
with the advanced equipment, the staff to operate them could be semi-skilled.
This was a serious mistake. In a raid on Bruneval in February 1942, British
paratroops captured the vital parts of one system and the German radar techni-
cian. This showed that, although the equipment was far in advance of the
British types, it was very easy to jam as no thought had been given to this
aspect by the designers. It also showed that the limited knowledge of the radar
technician was insufficient to diagnose and repair faults quickly. Consequently,
although there were 4,000 systems deployed towards the end of hostilities,
about 50% were permanently out of service due to various faults and a lack of
spare parts.

Tronically the German radar dishes, used for the Wiirzburg centimetric sys-
tem, were quickly collected by radio astronomers after the war and put to good
use both in Europe, America and Britain. At least one is still in use today at
the Mullard Observatory in Cambridge, UK and one in Germany, which had
originally been captured by allied forces and given to a group of Dutch

Fig 1.13: German
Wiirzburg-Riese
radar. The antenna
is 7.5m diameter
and the f/D ratio is
0.228. The radar
operated on 53cm
(560MHz) and
developed a peak
power of approxi-
mately 8kW. The
dish could be tilted
down to the hori-
zon, so making the
radar dual purpose
- anti-aircraft and
coastal surveil-
lance
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astronomers in Leiden after the war, where the discovery of the Hydrogen
Line emissions at 21ecm were made. It is now refurbished and working as an
astronomy receiver on 1680MHz, and is on exhibition at the Deutsches
Museum in Munich. '

Dr Bernard Lovell - Manchester University & Jodrell Bank Observatory

Bernard Lovell, a scientist from Manchester University, was extensively
involved in the development of allied wartime radar at TRE Malvern [4] along
with many other prominent allied scientists. Lovell was initially involved with
the early airborne aircraft radar systems for detecting German night fighters
(Aircralt Intercept - Al) and later in charge of the team at TRE who developed
the H2S airborne radar for accurate high-altitude bombing. After the return to
peacetime work at Manchester University in the autumn of 1945, Lovell,
through his wartime contact with J S Hey, was able to borrow a considerable
amount of wartime radar equipment in an attempt to study the effect of cosmic
radiation on the ionosphere.

Attempts to make observations from the Manchester University campus in the
city centre were fruitless, due to interference from the electric tram DC catenary
overhead-wire system. Fortunately, the University of Manchester had a 10-acre
botanical research farm in rural Cheshire used as part of the war effort to pro-
duce food in greater quantities. This was situated some 25 miles south of
Manchester, presided over by the professor of botany, Dr Frederick Sansome,
who happened to be a radio amateur. This site was free from electrical power
lines and neighbouring industrial properties and ideally situated in a natural
depression that screened it from the electrical noise of Manchester.

This site was known as Jodrell Bank, after William Jauderall, an archer for the
Black Prince at Poitiers, and the original landowner in the 1300s, Jauderell later
becoming spelt as Jodrell. (In nearby Stoke-on-Trent, the centre of the pottery
industry, the steep road leading into Stoke-on-Trent that passed Josiah
Wedgewood's original factory is similarly known as the 'Pot-Bank'.)

Jodrell Bank is a small farming community situated about 3km from the site
of the radio telescope, but it was the nearest place of any significance, and so
the research farm used the same name.

Permission was given to Lovell by the university authorities to use the site
temporarily for a period of two weeks for his experiment. The army anti-aircraft
radar trailers were towed to the site at Jodrell Bank, with Hey providing the nec-
essary army vehicles and army technicians, where they became bogged down in
the thick mud. Nevertheless, the equipment was soon producing amazing
results. This was the start of what is probably the most famous radio telescope
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Fig 1.14: Army anti-
aircraft radar sys-
tem set up at
Jodrell Bank in
December  1945.
The picture shows
the receiver Yagi
antenna mounted
on the receiver
trailer. This version
is a 'Hey-modified"
V-2 detection sys-
tem (because the
antenna points up
at an angle). The
huts adjacent were
the only buildings
at Jodrell at the
time (they still
exist) and housed
the agricultural
workers' tools and
simple living quar-
ters. This picture
shows the radar
upon arrival at
Jodrell Bank on 12
Dec 1945 with one
of the army techni-
cians. (Photograph
by courtesy of
University of
Manchester
¢ Archives)

site in the world. The first recorded operation took place on 14 December 1945.
Lovell soon outstayed his two weeks and over 60 years later a radio observato-
ry still functions at the site.

Lovell's initial work, under Blackett's supervision, was to try to establish the
effect of cosmic rays on the ionosphere by radar observations, something which he
never managed to achieve although discoveries of much greater significance were
soon to follow. Hey had earlier deduced that this was unlikely, because the echo
from a cosmic particle was likely to be much shorter than the transmitted pulse of
the radar. Although cosmic particles have subsequently been observed by radar
methods, the frequency required is much higher than that of the VHF system
Lovell was using. This was an error in calculation that Lovell made and Blackett
failed to spot. Hey correctly guessed that Lovell would soon lose interest in the cos-
mic particle research and instead turn to the simpler meteor trail effects.

This early work used a wavelength of 4.2m (72.4MHz) and the low-gain four-
element Yagi antennas fitted on the anti-aircraft radar system. Hey had modified
the radar to use a longer time between transmitted pulses and an improved
receiver front end that had been designed too late for the V-2 system. This was
to achieve greater range and sensitivity than the original radar. Hey also fitted a
new_type of display allowing the range display to be spread out for finer meas-
urement of the longer range. As soon as the equipment was fully operational in
the spring of 1946, many echoes from the sky were observed which were of
short duration, but not the results that Blackett and Lovell expected. Puzzled by
this, Lovell finally concluded from the range measurements of ~100km that
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these were due to sporadic meteor showers and so an extensive period was spent
observing these.

At the same time, Hey and his team at AORG were also studying the same
meteor effects in parallel using another army radar system identical to the one
Lovell was using, but operating at 64MHz. Later in 1947, when Hey and his
team were called to undertake more urgent work of national importance, Hey
gave his radar to Lovell.

Lovell, by his own admission, knew nothing about meteors or astronomy for
that matter and, after searching through various scientific journals, found that
virtually nothing had been published by the astronomical fraternity, it seeming-
ly being a subject which was considered to be beneath them and of little impor-
tance. Blackett suggested that Lovell approach a new member of the university
staff who was involved in meteorology, Nicolai Herlofson. Blackett was appar-
ently unaware that the study of weather was the not same as that of meteors!

Herlofson had an interesting time during the war when the Germans occupied
his native Norway. Herlofson was a member of the Norwegian resistance move-
ment passing information to the allies and was almost captured by the invading
military. As the German soldiers knocked down the door of the mountain hut in
which he was hiding, he escaped via the back door and found his way via neu-
tral Sweden to England, where he worked with the intelligence services con-
trolling the Norwegian resistance movement. After the war ended, he turned his
attenfion to the study of the weather, joining the University of Manchester to
continue his research.

Herlofson was unable to offer much assistance, but suggested that Lovell
would be better off contacting the amateur astronomers who studied meteors.
Lovell enlisted the help of an amateur astronomer who led a group that studied
meteors. Herlofson later became deeply involved in the theory of how the mete-
or trails were formed and performed some vital calculations showing how the
velocity of the meteor particle and the composition of the rarefied upper atmos-
phere influenced the reflection coefficient.

J P M (Manning) Prentice, a lawyer from Stowmarket, Suffolk, was the leader
of a dedicated small group of British amateur astronomers who painstakingly kept
records from visual observation of the known meteor showers. During an exten-
sive shower in August 1946 (the Perseids) Prentice and Lovell at Jodrell Bank
observed, both visually and using the radar, many hundreds of meteors. The cor-
relation between the two methods of observation was outstanding. Later in
November 1946 (the Giacobini shower) thousands of strong echoes per hour were
observed using the radar, at the peak 168 per minute were observed. The sensitiv-
ity of the radar was such that on weak meteor trails, scarcely visible fo the naked
eye, strong echoes were obtained. A technician, recently demobilised from TRE,
who had spent the latter part of the war as a lecturer at the radar training school
on antenna theory, was recruited and built a new antenna system of long Yagis.
This was J A Clegg, and he mounted the array on a searchlight mount (again bor-
rowed' from the Army due to Lovell's wartime contacts) to form a steerable array
in both azimuth and elevation for the October 1946 Giacobini shower.

This consisted of five long Yagis of six elements each. Using this antenna, it
was found that the maximum response to the meteor showers was when the
antenna was pointed perpendicular to the observed meteor trail. A startling out-
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come was that many new meteor showers were discovered during the daytime,
whereas all the meteor showers up until then had only been known as they
occurred during periods of darkness. In total, seven new meteor showers were
detected by Lovell and his colleagues in 1946 [5].

This sporadic meteor shower echo effect had been observed during the war on
various radar systems, but it had not been conclusively connected with extra-ter-
restrial sources. At the time, the assumption was that it was deliberate jamming
by the Germans or some other form of electrical interference. It was particular-
ly troublesome for the original 26MHz Chain Home coastal protection radar
system used at the beginning of the war during the Battle of Britain, causing
numerous false alarms. Radar detection of the Aurora Borealis (Northern
Lights) was another early discovery by Lovell and his colleagues at Jodrell
Bank in 1946. This had also been a source of interference for the Chain Home
system, but not positively proved at the time. Searching back through archived
war records pointed to a good correlation between interference reports and
Northern Lights activity with the northern stations.

Later work adapted the radar to be able to measure the incident velocity of the
meteors. This research, occupying three years, finally put to an end a long and bit-
ter argument within the astronomical fraternity as to whether the meteors were inter-
stellar or from an external galaxy. It proved that the meteors were inter-stellar.
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Fig 1.15: Clegg's
Multi-Yagi  Array.
(Photograph sup-
plied by Jodrell
Bank Archives)
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Fig 1.16 and Fig
1.17: The ftransit
telescope at Jodrell

Bank under con- §

struction. The rim
of the dish is at the

height of the short

masts. The feed
supporting mast is
the tall object, the
two shorter struc-
tures visible are
two of the 24 sup-
ports for the dish
rim. The reflecting
surface consisted
of 8 miles of 16-
gauge galvanised
wire. (Photographs
by courtesy of
University of
Manchester
Archives)

22

To increase the sensitivity, Lovell, in 1947, was instrumental in constructing
in an adjacent vacant field, which was rented from a local farmer at Jodrell
Bank, a very large fixed parabolic antenna with the reflecting surface made of
thousands of feet of wire (Lovell in his books states this was eight miles of
wire), this antenna had a diameter of 218ft (66m). The available land between
the newly erected laboratory buildings and the edge of the field decided the
diameter of the new antenna.

This instrument was finished in the autumn and proved to be a great success.
This became known as the 'transit telescope'. It was demolished some years later
to allow the construction of the new Mk2 telescope. The farmer was paid a nom-
inal fee for lease of the field with the proviso that he may still use it for grazing
his cattle! In later years the university purchased the field, and many more, so
that the facility had room to expand.

The antenna pointed verti-
cally upwards; hence the
| main beam of the antenna
was concentrated at one
point in the sky, the zenith.
As the earth rotates, the sky
appears to sweep across
(transit) this beam every
sidereal day. Thus, on each
successive day, the same
piece of sky is covered in a
narrow strip coincident with
the beam width of the anten-
na. The transit telescope ini-
tially operated on 64MHz,
but later was changed to a
frequency of 152MHz, and
then had a beamwidth of
approximately 2.5° and, as
such, had a very large gain
and sensitivity. The half-
wave dipole feed was sup-
ported on top of a 126ft steel
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tube and stayed with guy ropes. By Llltmg the supporting mast slightly (by
slackening some guy ropes and tightening others), it was possible to steer the
beam up to,18° and allow a different portion of the sky to be probed.
Adjustments to the dipole feed or change of frequency band involved hoisting a
member of staff to the top in a bosun's chair; this job was often the task of young
research students.

J S Hey and The AORG Research Team

Although many books written on the topic give the bulk of the praise to Lovell
and his team at Jodrell Bank, this is not entirely correct. Hey and his team at
AORG, during the latter part of the war and after the war ended, spent a con-
siderable amount of time studying meteor activity using the modified radar sys-
tems. Hey provided the radar system for Lovell and this was but one of many
systems that had been modified during the latter part of the war. The V-2 detec-
tion radar that Lovell and Hey used numbered at least 50, Hey gives details of
how 50 sets were modified in a six-week period and set up for the V-2 threat
before the first missile was fired. Hey in his book The Evolution of Radio
Astronomy gives details of the work done at AORG during the spring and early
summer months of 1945. In this, the discovery of daytime meteor showers, the
measurement of both the optimum antenna pointing direction and head echo

23
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Fig 1.18: The AORG
antenna used to
detect Cygnus-A

24

returns all occurred some 12 months before Lovell and the team at Jodrell Bank
made similar discoveries.

At that time, the threat of the V-1 and V-2 had both disappeared following the
successful D Day landings in France and the allied troops quickly overran the
V-1 and V-2 launching sites, so terminating the bombardment. As the team at
AORG had little work to do, Hey proposed that they spend some time before the
cessation of hostilities, and before the major team members were demobilised,
to try to understand some of the peculiar effects they had noticed during the war
with the VHF radar systems. Hey had gathered a small but highly competent
team of electrical, mechanical and theoretical engineers and scientists during the
war to work on the problems with operational radar systems.

One of the experiments Hey devised involved three V-2 radar systems wide-
ly spaced to see if the meteor trails could be observed simultaneously by all
three sites by pointing the antennas to a common point in the sky. This experi-
ment used two in-service V-2 detection radar systems separated by about 60
miles and manned by army technicians and the third was the system at AORG
HQ at Richmond Park. It was found that the trails were highly dependent on the
pointing angle of the antennas. Only when the antenna was directed to be broad-
side on to the trail was a significant echo seen. It also showed that the three sites
did not obtain an echo simultaneously but a time delay occurred between the
sites because of the Earth's rotation. One site would acquire echoes for a time
then another and then the third. From this, Hey deduced the trail was very long
and thin and hence sensitive to aspect.

Later work by the team at AORG, using the same system as a receiver detect-
ed strong radio signals from a part of the sky, like Jansky and Reber, and this
subsequently led to the detection of the strong source Cygnus-A. For this exper-
iment, Hey and his team built a special antenna array of four six-element Yagis
mounted on the anti-aircraft receiver cabin and this was situated at the AORG
HQ at Richmond Park.
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THE BIRTH OF THE BIG TELESCOPE

Jodrell Bank Mk1

Although the transit telescope performed well, it was limited in pointing direc-
tion. A small ex-US Army radar parabolic steerable antenna was obtained that
was 251t (7m) in diameter, but this was only suitable for much higher frequen-
cies. Hence, it had less gain than the 218ft version, and soon it became appar-
ent that, if the science was going to progress, something much bigger was
required.

It was decided to build an even larger parabolic antenna that could be steered
both in azimuth and elevation. A scientific instrument of such a size and com-
plexity had never been constructed before and, after a number of false starts
with various companies, Lovell enlisted the assistance of a civil engineer,
Charles Husband, who normally designed bridges. Husband initially considered
this to be a relatively simple task, as he originally remarked "About the same
problem as throwing a swing bridge across the Thames at Westminster".
However, as time progressed, it turned out to be a project fraught with many pit-
falls both engineering and financial, weighing in at over 1600 tons in its final
form. Not the least problem was obtaining the necessary funds to construct such
an elaborate instrument. Fortunately for Blackett and Lovell, many of the grant
allocation committee members had worked with them during the war either at
TRE or in other establishments, and hence the initial appeal for a sum of
£150,000 was quickly agreed. Within a short space of time, this estimate was
revised to £260,000. In the final analysis, the original estimated cost was out by
a factor of almost 5, the eventual cost being £660,000 of which approximately
half was provided by the Nuffield Foundation set up by Lord Nuffield (the mil-
lionaire car mogul William Morris).

Construction was started in the spring of 1952 and was expected to take three
years, but was only eventually completed in late 1957 after many dramas over
the escalating cost, design problems, and supply of steel and changing require-

Fig 1.19: Jodrell
# Bank Radio Tele-
| scope with Bridge
Farm farmhouse.
(Photograph: J
Fielding, 2004)

25



AMATEUR RADIO ASTRONOMY )

Fig 1.20: Jodrell
Bank Mk1 telescope
under construction.

1/
(Photograph by cour- |

tesy of University of
Manchester Archives)
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ments as the new science evolved. It was named The Nuffield Telescope or
Jodrell Bank Mk1, a 250ft parabola, the largest of its type in the world at that
time. The full account of this and subsequent developments are covered in
Lovell's books, The Story of Jodrell Bank, Out of the Zenith and Astronomer by
Chance.

The original site chosen for the erection was not optimal, and Lovell wished
to move the foundations to another field nearby that did not belong to the
University. During negotiations to purchase this piece of land, the landowner
died and this caused a long delay. While this legal battle was in progress, the
contractors continued piling on the original site, which ultimately became the
car park for the Visitor Centre, erected some years later. Eventually, after a high
court battle with the landowner relatives, where a compulsory purchase order
was obtained, it was possible to move the contractors on to the new site. The
delay ran over many vital rain-free summer months and, when the contractors
were able to move into the newly-acquired field, the winter had set in and the
new site soon became a quagmire, slowing the work of piling for the new foun-
dations. The sub-strata of the new site were very different from those of the
original site, and this entailed much deeper piles (160 in total) and consequent
extra cost to complete the foundations.

The new site was part of Bridge Farm, and this still exists today, being a cat-
tle farm run by the youngest son of the landowner. Today it is also a bed and
breakfast establishment and the radio telescope is literally in its back garden!

Much important pioneering work was undertaken with this very sensitive
instrument, including the detection using radar of the Russian carrier rocket that
had launched Sputnik. This had never been possible previously, due to the lack
of a sensitive enough instrument. It caused shock waves in the British and
American public when the details were released to the world press and letters of
congratulations from the Russian scientific community!

It also was used as the only means of detecting Russian inter-continental bal-
listic missiles until Fylingdales BMEWS (Ballistic Missile Early Warning
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System) on the North
York Moors came on
stream. It says much for
the foresight and the skill
of the original design by
Husband and Lovell that
it is still in full use today
as the modified MkIA
nearly 50 years later.

Another early discovery
was the detection of radio
emissions from new
regions of the sky. as in
Jansky's and Reber's earli- |
er work, but no known
star or other body could be located at the observed point. After very long-time
exposure photographs were taken with the largest optical telescope, the Mount
Wilson 200in, a faint smudge was detected which turned out to be a very distant
" nebula or gas cloud - the remnants of a long-extinct star located at a distance of
2,500 million light years. This is located in the Crab Nebula, a supernova, the
explosion of which was observed by Chinese astronomers in AD 1054. From
this, it became evident that radio sources at distances in excess of the penetra-
tion of the best optical telescopes could be detected. The current limit of terres-
trial radio telescopes (2005) is in excess of 6,000 million light years.

Fig 1.21: Jodrell
Bank Mk1 antenna
as originally con-
structed. Note the
spindly rear 'bicy-
cle wheel' back
supporting steel-
work. This, in later
years, was
replaced and many
modifications were
made to the struc-
ture to strengthen
it. This picture was
taken in 1957 upon
completion.
(Photograph by cour-
tesy of University of
Manchester Archives)

Fig 1.22: Crab
Nebula - Hubble tele-
scope photograph.
(Photograph cour-
tesy of Jodrell Bank
Observatory)
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Fig 1.23: Jodrell
Bank Mk2. The site
was originally used
for the transit tele-
scope. The Mk1
can be seen in the
background.
(Photograph by cour-
tesy of University of
Manchester Archives)
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As the demand for more operating time grew dramatically, with many
researchers clamouring for telescope time, it was necessary to build a second
telescope that could share some of the workload. This telescope, built in 1964,
was designated Jodrell Bank MKII, and has a smaller but more accurate surface
making it usable to 10GHz. It is an elliptical design with an aluminium skin and
measures 25m.

Recently (January 1996), the Hubble Space (optical) telescope has been able
to see to greater distances. The great advantage of the radio telescope over the
conventional optical types is the ability to operate in all kinds of weathers.
Optical telescopes rely heavily on dark, clear skies, far away from earth-bound
sources of light for optimum viewing and, for this reason, the best optical tele-
scopes are often situated on top of mountains to reduce the amount of atmos-
phere they have to penetrate. The gases in the atmosphere form a type of refract-
ing lens and hence the object under observation can appear to shift in position
due to the variable refraction. Tt also causes 'scintillation' or the apparent twin-
kling of a star as the refraction varies. Radio telescopes can operate when the
sky is covered in dense cloud (occluded), rain or fog and equally well during the
daylight hours, from low altitudes. :

More recently the development of MERLIN (Multi-Element Radio-Linked
Interferometer Network) has been established with seven radio telescopes linked
to the Nuffield Radio Observatory, as it was originally known. (Lord Nuffield,
William Morris, the founder of the Morris motor car company, was a major con-
tributor to the cost of the Mk1 telescope through the Nuffield Foundation, and in
his personal capacity in finally paying off the remaining debt.)
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Early pioneering work on radio interferometery was undertaken by Jodrell
Bank and an important development was the Rotating Lobe Interferometer,
designed by Hanbury-Brown and colleagues in 1955 [6].

Dr Bernard Lovell was awarded a knighthood in February 1961 for his work
and retired in 1981. In 1987, on the 30th anniversary of the telescope, it was
renamed the 'Lovell Radio Telescope' in his honour.

Dr Martin Ryle - Cambridge University

Ryle was a colleague of Lovell at TRE during the war and returned to
Cambridge University to continue his research after peace was declared. He was
instrumental in further developing the system of radio interferometery and the
aperture-synthesis telescope network. Many of the early exciting discoveries of
such objects as Quasars and Pulsars have been made with the Cambridge instru-
ments.

Interferometry is based on using two small antennas to synthesise a much
larger antenna; due to this the beamwidth is greatly reduced and hence the
resolving accuracy is considerably enhanced over that of one antenna. By
using a long baseline (distance) between the antennas the resolving power is
greatly increased, and precise positional details, estimates of the size and
hence distance of the radio source can be established. (The technique is simi-
lar to that used by surveyors to determine the distance or height of an object
accurately.)

Fig 1.24: Portable
25ft (7m) diameter
ex-US Army para-
bolic antenna used
for an interferome-
ter network. The
microwave link
vehicle is parked to
the left of the
antenna. This pic-
ture taken in 1964
was part of a
Jodrell Bank long-
baseline  experi-
ment. (Photograph
by courtesy of
University of
Manchester
Archives)
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Aperture synthesis is similar to the radio interferometer but, in this sys-
tem, several radio telescopes are connected in a network and the signals
recorded digitally on computer disc or tape for later signal processing. The
portion of sky under observation can then be 're-built' in a three-dimension-
al form, giving a much better picture. By moving one of the antennas to a
new position and recording a new set of signals the different 'viewpoint' can
give extra information [7]. Dr Martin Ryle was also awarded a knighthood
for his work.

LUNAR RADAR - MOONBOUNCE OR EME

Project Diana - US Army Signals Corps

On 10 January 1946, following the cessation of war with Japan, a team of engi-
neers and technicians of the Evans Signal Laboratory of the US Army Signals
Corps in Belmar, New Jersey, led by Lt Col. John De Witt Jr, W4FU, obtained
radar echoes from the moon. The official reason for the experiment was to see
-if the Moon could be used as a passive 'communications satellite for military
purposes.

De Witt was the station engineer for one of the large US broadcast stations
before the war and he had thought up the scheme some years before the war
drafted him into the army. The team, largely comprising of radio amateurs, had
been busy since August 1945 (when the atomic bombs had been used against
Japan) modifying and experimenting with different equipment to achieve this
goal. The urgency to complete the experiment was because most of the mem-
bers would be demobilised in a short time, and they would be unlikely to get
another chance after they left the army.

The equipment utilised a modified high-power radar system (SCR-270, the
type deployed at Pearl Harbour prior to the fateful Japanese attack) with two
sets of antennas combined, which then comprised 64 dipoles configured as a
broadside array, using ground reflection to enhance the antenna gain.
Eventually, after several unsuccessful attempts, it was proven that reliable
echoes could be obtained, although the signals often showed very deep and
rapid fading [8, 9].

The SCR-270 system operated on a frequency of 111.5MHz and had a peak
power of 15kW with a pulse of 0.25 second. The receiver was modified to have
a bandwidth of 4Hz, but due to receiver local oscillator drift a bandwidth of 50
Hz was finally used.

The Doppler shift of the signal was approximately 300Hz. The reception was
initially done audibly using a quadruple conversion receiver; the person to hear
the first echo was Herbert Kauffman, W20QU, who was one of the members of
the team. Later a normal A-scope radar display was used to visually display the
echoes.
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Zoltein Bay - Hungary

Bay reported that he had obtained moon echoes on 6 February 1946, just after
the US Army results. Bay used a frequency of 120MHz and an antenna of 36
dipoles with a peak power of 3kW.

During the war, Bay was a radar designer and built radar systems for the
Hungarian Army. Following the occupation of Hungary by German troops, his
works and equipment were used by the occupying forces. When the war ended,
Hungary was annexed to the Russians and all the equipment was confiscated and
sent to Russia. Bay therefore had to start from scratch and this is why he used a
very unusual method of displaying the echo signals. His receiver detector used a
series of hydro-voltaic integrators. Ten identical voltaic detectors were used, each
one corresponding to a certain range, the one that corresponded to the approxi-
mate range of the moon showed a greater amount of gas than the others [10].

Radio Australia

The 100kW short-wave transmitter of Radio Australia operating on 20MHz with
the fixed wire rhombic antenna used for the North American transmissions,
obtained moon echoes in April 1946. As the antenna was fixed, the time to
attempt the radar experiment was limited to about 45 minutes on those days
when the moon was visible close to the horizon. (The moon travels at an appar-
ent azimuthal rate of 15° per hour but, at moonrise and moonset, the rate of
change of elevation is much more rapid.)

One of the outcomes of this experiment was the observation of two distinct
types of fading; one was rapid, as observed in the Project Diana tests, and the
second was of much longer duration, lasting up to several minutes. The short-
term fading was proved to be due to 'libration fading', the libration or rocking
effect of the moon's orbit causing a slightly different portion of the moon's sur-

Fig 1.25: SCR-270
radar with 32-ele-
ment dipole array
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face to be exposed to an observer on Earth, so causing variations in the reflec-
tivity. The long-term fading was subsequently proved, by later research at
Jodrell Bank by Murray and Hargreaves, to be due to the effect of polarisation
rotation of the wave by passing through the earth's ionosphere, which is known
as Faraday Rotation [11].

Jodrell Bank

Jodrell Bank was amongst the next groups to obtain lunar radar echoes using a
64MHz radar system and performed extensive studies of the moon radar prob-
lem. Initially, a large broadside array of dipoles was used but, with the comple-
tion of the transit telescope, this then became the main instrument used. The
later work was done at 152MHz and 408MHz. The great strength of the echoes
received using the 218ft transit telescope was such that many different types of
fading could be investigated as well as precise distance measurements using
standard radar ranging and measurement of the Doppler shift. Reliable echoes
were achieved using as little as 100W although, normally, a 1.5kW transmitter
was used. An important result of this research was the identification of the
Faraday Rotation mechanism [11].

The 2501t Jodrell Bank Mk1 radio telescope was finally completed in October
1957 after many dramas, and immediately used 36 MHz radar to detect the orbit-
ing 3rd stage carrier rocket of Sputnik 1, the first time in the history of the world
that such an event had occurred. Jodrell Bank also conclusively proved. in
September 1959, that the Russian moon-probe Lunik had impacted on the lunar
surface, much to the dismay of the American Air Force technicians present at
Jodrell at the time, who had previously tried and missed a few weeks earlier. By
virtue of a brilliant spur of the moment idea by one of the research students, J
G Davies, measuring the Doppler shift from the onboard 19MHz beacon trans-
mitter as it was drawn inwards by the moon's gravitational pull, it was found to
be increasing up until the moment when it stopped transmitting on impact. (The
first American and Russian lunar probes missed the moon by several hundred
kilometres.) This new technique was to be used extensively in later research of
deep-space probe tracking, to assess the gravitational pull of the planets to
which the probe came close.

Later work in October 1959 was to capture the pictures from another Russian
lunar probe, Lunik-3, that orbited the moon and showed the reverse side of the
moon. These signals were transmitted as facsimile data and a fax machine was
hurriedly rushed from a newspaper office in Manchester to produce the pictures.
The Russians did not have a suitable receiving station and asked Jodrell Bank if
they would capture the pictures and distribute them to the rest of the world!
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Doppler shift occurs when there is relative movement between the signal
source and the observer. The moon occupies a slightly elliptical orbit around the
earth and so there are times when it is approaching or receding. The mean dis-
tance is 384,000km, but a variation of about 60,000km occurs due to the non-
circular orbit. (For the lowest round trip attenuation, the best time for moon
radar or moonbounce experiments is when the moon is closest to the earth at
perigee). By observing the Doppler shift of the lunar echoes, the velocity of the
moon's orbit has been accurately determined.

Initially the 218ft transit telescope was used on a frequency of 152MHz, but
later work from 1957 onwards at 408 and 1240MHz using the 250t Mk1 steer-
able dish, produced detailed radar maps of the moon's surface.

Jodrell Bank, along with other radio telescopes, subsequently managed to
obtain radar echoes from Venus, Mars, Jupiter, Mercury and the Sun which
conclusively determined the range, directions of rotation and the value of the
Astronomical Unit (AU), the distance of the Sun from the Earth, which is
now accepted as 149,600,000km. In the final Sun tests, a massive radar
transmitter on loan from the UK Ministry of Defence developing nearly
IMW of peak pulse power was used. (This equipment was for the ICBM
detection program arranged with Jodrell Bank until the Fylingdales BMEWS
system was operational. In order to provide some subterfuge so as to disguise
the real use of the radar it was used for the Sun experiment). It was necessary
to use a very high-power transmitter because the background sun noise was
high. Also it was not known at the time what the reflectivity of the solar
umbra was likely to be.

Finally, as the problems of operating very high-power radar systems with
other sensitive radio telescopes at the same site became more and more severe,
this technique fell out of favour. Interim methods used were to feed a blanking
pulse to all the receivers on site that muted the receivers when the transmitter
pulse occurred; although workable, it left many problems. Today most radio tel-
escopes are only receivers listening to the many strange noises from deep space,
for which they are particularly well-suited.

Today, radio telescopes operate on frequencies from 20MHz up to 300GHz,
probing the sky to determine the secrets of the universe. An important discov-
ery was the presence of the hydrogen-line at 1420MHz. By observing at this
frequency, much has been learned about the origins of the universe, as it now
known that the fundamental ingredient of all galactic bodies is hydrogen. This
effect had been postulated by a Dulch scientist, H C van de Hulst, in 1944, but
was not released to the scientific community until much later. American and
Dutch scientists in 1951 established that radio signals were present at 1420MHz
due to the hydrogen. Because of this discovery, the Jodrell Mk1 dish design was
modified during its construction to improve the surface accuracy to enable it to
be used at these higher frequencies. Later improvements performed during the
conversion to the Mk1A allowed it to be used up to 3GHz. Subsequent modifi-
cations between 1999 to 2002 extended the usable frequency to 10GHz.

This has been a very condensed account of the early work, and many books
and thousands of papers have been written since the 1930s work of Jansky on
this fascinating topic. The points covered above will be analysed in greater
detail in subsequent chapters.
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Radar Astronomy

In this chapter:
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7] he early radio astronomy work after the Second World War by Hey,
) Lovell and others on meteor showers and other planetary objects relied

and commonly-used technique for all manner of things, in the period during the
Second World War, the equipment was relatively insensitive and hence limited
in range and positional accuracy.

The equipment used by Lovell from late 1945 for his experiments at Jodrell
Bank was anti aircraft (AA) gun-laying (GL) equipment :
operating on a frequency of 72.4MHz (4.2m) with a pulse |
length of ~3us and a pulse repetition frequency (PRF) of |/
150Hz. Why Lovell used this in preference to the higher
frequency systems requires some explanation.
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Fig 2.1: Simple
radar block dia-
gram
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In the radar scenario there are two main types of system, the tracking radar
and the search radar. In the tracking radar, the antenna accurately follows a mov-
ing target to establish range and trajectory. For this system to work, the opera-
tor needs some prior knowledge of a likely trajectory or track.

The search radar, on the other hand, as the name implies, is used to find a target,
often at a great distance, the direction and speed of travel of which is unknown.
Consequently, the antenna needs to have a fairly wide beamwidth. If the
beamwidth is made very narrow, the target object may pass by without the anten-
na beam impinging on it and so no echo will result. Also, the frequency needs to
be fairly low as the dilution or attenuation of the signal is directly related to the fre-
quency. A high-frequency signal suffers more attenuation for a given distance than
a low-frequency one; hence, for long detection ranges, where the limitation of gen-
erating high power is a problem, a low frequency will often give better results.

Tn Lovell's early experiments, a low frequency radar was chosen, as this was
a search radar using four-element Yagi antennas; consequently, the antenna
positioning was not so critical and the antenna could be tens of degrees off the
target without a severe loss of sensitivity.

Lovell at first had no idea
where to start looking in the sky
so this type of radar was a very
good choice. Another fortuitous

= m reason for choosing a low fre-
JVWY SYSTEM VWV~ | quency, although Lovell was
not aware of this at the time,
was that echoes from meteor

TRANSMITTER RECEIVER trails are strongest when a low
l I frequency is used. Frequencies
i poweR 'i above about 300MHz give little
i suePy §
=

or no metcor echoes from the

L sy ionised trail. (See the later sec-
il S tion on 'Head Echo Effect' for a

more detailed description.)
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Today's search radar is conmderably more sophisticated than the Second
World War systems then in common use. A technique of rapidly scanning the
feed-point of the antenna to sweep a narrow pencil beam in azimuth and/or ele-
vation coupled with a gigahertz-frequency, today gives good accuracy, long
range and considerable details of the target type.

The type of radar 'borrowed' by Lovell consisted of three trailers. Two of the
trailers were the size of a small caravan. One contained the transmitter and the
second contained the receiver and display unit. One antenna was mounted on top
of the transmit cabin and the second was mounted on top of the receiver trailer
cabin which was parked about 50m from the transmitter. The two trailers were
linked by a variety of cables. The portable diesel generator in the third trailer was
placed some distance away to reduce the noise generated. The trailers were each
towed by an army lorry. As this system used two separate antennas it was known
as a bi-static system and each antenna had to be pointed to the same point in the
sky [2]. According to the scientific paper published by Lovell and others in 1947,
the antennas were directed vertically upwards for the initial experiments.

RADAR DISPLAY

During the early part of WWII, the displays used by radars utilised convention-
al cathode-ray oscilloscope (CRO) tubes. The vertical displacement of the trace
gave an indication of the strength of the received signal echoes. A strong return
echo made the trace move towards the bottom of the screen. (The early radar
display had the trace inverted; the zero signal trace was at the top of the screen).
The operator, using a manual RF gain control, could control the sensitivity of
the receiver to keep the trace above the bottom of the screen. When the echoes
were weak, the gain could be advanced to bring the trace further up from the
noise floor (or 'grass', as it was known).
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The horizontal axis
was an indication of MLt
range. The extreme ESSFRIRTEWE W35 TN 71 8 78 T VAMG )
left hand side corre- [ Iy
sponded with zero ' "{
range (a zero marker
blip was formed by
the transmitter
pulse), and the
extreme right hand
side was maximum

: Fig 2.2: Type 1 Chain Home A-scope display. The extreme
range. The horizontal |eft.hand blip (known as the 'main-bang’) is the transmitter
axis bore a ruler pulse; the large right hand blips are range markers, the
marked in increments Small blip at the extreme left is the target echo. In the early
radar systems, the display was an inverted form, hence the
strongest signal is close to the bottom.

of distance, the
range. The range
indicator was normally calibrated in either nautical miles for naval systems or
in thousands of yards for land-based systems. Adjustments to the receiver to
add or remove delay could be used to shift the trace along the horizontal axis
to centre it and allow a more accurate determination of range. This is known as
range-gating.

The early search radar did not use a continuously-rotating antenna as is com-
mon today; instead, it was moved to a particular direction where the threat was
expected. The antenna could be moved by hand to a new azimuth or elevation.
Many of these early radars were situated on cliff-tops overlooking the channel
separating England and Europe. The V-1 detection version had the antennas
pointed close to the horizon, as the altitude of the V-1 flying bomb was low, usu-
ally less than about 5,000ft.

SIMPLE RADAR RECEIVER

A simple radar receiver is a single-conversion superhet, with a manual gain con-
trol for the RF and IF stages. The GL2 used a 9MHz IF with a bandwidth of
about 300kHz.
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Automatic Gain Control (AGC)

The early receivers did not have any form of AGC; in fact, AGC is exactly the
opposite of that required by a radar receiver. The return echoes are of very short
duration, being the same length as the transmitted pulses, and conventional
AGC with its attack and decay time would limit the response of the receiver to
weak signals in the presence of strong signals. If a strong echo preceded a weak-
er echo at a greater range the AGC would reduce the receiver sensitivity and the
weaker echo might go undetected.

The IF signal after bandwidth filtering and amplifying is applied to a fast-
response amplitude-detector that gives a DC output voltage proportional to RF
level. This DC voltage is amplified and applied to the vertical plates of the CRO
tube.

The display timebase is swept with a sawtooth waveform to cause the trace to
start at the left and continue to the right. The sawtooth wave is synchronised to
the transmitter pulse generator. The time from the transmitter pulse to the echo
being received gives a delay in time proportional to the signal's round trip from
transmitter to receiver. This time delay is read off the horizontal axis when the
trace shows a received blip. From experience, the height of the trace and the dis-
placement from left to right provide an indication of target size and range. A

large target will Bl 345 IE B
cause a bigger echo RECEIVER BANDWILTH fals r'es.pons:.
than a small target.
Multiple  targets, R :
closely  grouped, POINTS : 3;5
such as aircraft, will Ty
give bigger or multi-
ple blips on the
trace. From this, an
estimate of the num- .

ber and size of tar- J
gets could be made FREQUENCY

by a skilled operator.

il

VOLTAGE OUTPUT
B e

Sensitivity Time Control (STC)

A problem with the early radar systems, where the target could be very close to
the observer, was receiver overloading. As the receiver gain was set to allow
maximum range this meant that for close-in targets the received signal might be
large enough to paralyse the receiver. The way this was countered was a system
known as STC. This uses a variable gain amplifier preceding the main IF ampli-
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Fig 2.5: Antenna
beamwidth and
how it affects the
target acquisition
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Fig 2.4: Line of sight
radar range and how the
height of the antenna
and the curvature of the
earth affect the radar's
range

DETECTED

fier, the gain of which can be varied according to the position of the timebase
trace. For an echo which occurred immediately after the transmitter pulse, the
gain was low and, as the timebase swept the trace across the display tube, the
gain was ramped up to maximum. The sawtooth voltage driving the display X-
axis controlled the gain of the amplifier.

MAXIMUM RANGE LIMITATION OF RADAR

Range, or, more correctly, the ability to detect a target at a great distance, is
determined by several factors in the radar system.

The first is the directivity or gain of the antenna. For maximum directivity, the
antenna collecting area needs to be large in terms of wavelength. This measure-
meént is generally reduced to the aperture or collecting area in square metres
(m=).

1A

The antenna gain has a two-fold effect; it 'amplifies' the output power of the
transmitter to produce a greater effective radiated signal in a particular direc-
tion; this is often expressed as effective radiated power, or ERP, and it also pro-
duces similar effects
during receive. (This
assumes that the same
antenna is used for
transmit as well as
receive, the mono-static
system. Some radar sys-
tems are bi-static using
separate transmit and
receive antennas sepa-
rated by some distance -
see earlier).
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The second factor is the output power of the transmitter. The higher the out-
put power, the greater distance the signal will travel before being diluted to an
unusable level. The generation of high power during the Second World War was
limited compared with that of today.

The dilution of the radio wave as it travels through space obeys a square law,
and the attenuation, or 'free space path loss' as it is known, is conventionally
measured in decibels (dB).

The attenuation over a distance of, say, 10km will be one-quarter or 6dB less
than for a distance of 20km,

The attenuation in free space can be calculated from the following formula:

Path loss (as a power ratio) = 4—:(1 K

where: d is the distance in metres, and
A is the wavelength in metres.

Path loss (dB) = 20log, %

This formula is often reduced to:
A=3245+ 2010g10(ﬂ + 2010g10(d),

where: A is the attenuation in dB,
f is the frequency in MHz, and
d is the distance in km.
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For example: A 144MHz signal transmitted over a distance of 10km will suf-
fer an attenuation of approximately 96dB. For a 20km path the attenuation will
be approximately 96 + 6 = 102dB. For a 144MHz signal transmitted from the
Earth to the Moon, the one way attenuation will be about 188dB.

In the radar case, the attenuation occurs on both the outwards and the return
paths, so in this case it becomes a fourth-power law. Hence, a target at 20km
will give a receiver signal that is one-sixteenth (-12dB) of a target at 10km,
assuming the two targets are of the same cross sectional reflecting area.

The third factor is the sensitivity of the receiver; a high sensitivity is neces-
sary to maximise the range performance. In Lovell's low-frequency radar, the
equipment utilised thermionic valves. From available literature, it is known that
the front-end amplifiers consisted of low-noise grounded-grid triodes; these
would not have had a particularly good sensitivity by today's standards. At the
time, a noise figure of 6dB at 75MHz was the best that could be achieved with
the available devices. As it happened, this was not of too much significance,
because the overall limitation was the background atmospheric sky noise and
man-made noise which is fairly high at these low VHF frequencies. J S Hey, in
his book The Evolution of Radio Astronomy, recounts how experiments during
the war to improve the V 2 detection radar showed no significant increase in the
range when special low noise front-ends were made. This was due to the high
intrinsic background noise at these low VHF frequencies.

The fourth factor is the size of the target; a large target will intercept and
hence reflect a greater proportion of the signal than a small target.

The final factor is the reflectivity of the target; a metallic sheet, sphere or
ionised meteor trail will act as a good reflector, whereas soil, vegetation and
cloud, for example, reflect to a lesser degree. The factors mentioned above have
been incorporated into what is known as the 'standard radar equation'; the equa-
tion shown below is the simplest form and can be expanded to cover other factors.

|
_(M i

max

| @n)’s,..

where: R, 1s the range in metres,
Py = transmitted power in watts,
G, = antenna gain, expressed as a power ratio,
Ae = antenna effective aperture in m?,
¢ = radar cross section of target in m?, and
Spin = Mminimum detectable signal in watts,
Note: The range, R, is the one-way distance.

Since
Gain G = 41;‘:”

if Ae is replaced by
4m
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then there is a version of the radar range equation:

1

o G'Nol
i (4‘]1:? Srnin

where X is the operating wavelength and the same antenna is used for transmit
and receive. Where separate antennas are used for transmit and receive the term
G?is replaced by G, x G, which are the antenna gains expressed as a power ratio.

M/zﬁ;

"}/z/

i

The 'range’ derived from the above equation is the distance travelled by the
signal to the target. All of the factors are, to some extent, under the control of
the radar designer except the size and reflectivity of the target.

Note: The maximum range is also a function of the pulse repetition fre-
quency. For long ranges, the transmitter pulses need to be widely spaced to
allow the signal to travel to the target and back again before the next trans-
mitter pulse. (See the later section 'Range Ambiguity' for a more detailed
description.)

From the radar equation, it can be seen that, if very long ranges are requlred,

® The transmitter must generate very high power.

@ The radiated energy must be concentrated into a very narrow beam
(high antenna gain)

® The received echo must be collected with a large antenna aperture (hlgh
antenna gain).

@® The receiver must be sensitive to weak signals.

)
L //. s /zf i ’ﬁ%{! // /%,f %

Wil
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MIN DETECTABLE SIGNAL AND MAX RANGE

The ability of any receiver to detect a weak signal is limited by the noise ener-
gy that occupies the same portion of the frequency spectrum as the signal ener-
gy. The weakest signal the receiver can detect is called the 'minimum detectable
signal', or 'minimum discernible signal', or MDS. This corresponds to a Signal
to Noise Ratio (SNR) of unity (0dB). Usually, for reliable detection, the SNR
needs to be greater than two (3dB).

Detection in a radar system is normally based on establishing a threshold level
at the output of the receiver detector. If the receiver output exceeds the thresh-
old, a signal is assumed to be present. If the expected signal were small, the
threshold level would need to be adjusted close to the intrinsic noise level of the
receiver and background noise, but not so low that the quiescent noise crosses
the threshold. In such a case, the probability of detection becomes more diffi-
cult as the change in receiver output is small and could be due to a small varia-
tion in the receiver noise level or some external interference (for example igni-
tion interference) causing a false alarm.

Matched Filter Signal Enhancement

A special technique developed for the radar receiver after the WWII is the concept
of a 'matched-filter'; this is not matched in the sense of being the same as the sys-
tem impedance. Here the receiver bandwidth, B, is the reciprocal of the transmit-
ter's rectangular pulse width, T. A matched filter is the receiver noise bandwidth
which is the reciprocal of the time period for the transmitted pulse, (B = 1/7).

In the Project Diana Moon-echo experiment, described in Chapter 1, the
transmitted pulse was 0.25s and the matched receiver bandwidth required would
then be 4Hz. Tn practice, this could not be used due to start-up drift in the receiv-
er local oscillator and the transmitter. (In a simple radar system, the receiver
local oscillator is normally turned off during the transmit pulse and re-activated
during the receiving period.). The typical modern short-range radar uses a trans-
mitted pulse width of about 1ps; hence the matched filter bandwidth would be
a minimum of 1MHz. The GL2 anti-aircraft radar used a pulse duration of ~3ps
and a repetition rate of 1000Hz, which gives a time between adjacent transmit
pulses of 1ms. The receive period would therefore be a maximum of Ims. The
matched filter bandwidth would have been about 300kHz.

Zoltan Bay, for his moon radar experiments, used a transmitter pulse of 60us
and a receiver bandwidth of about 200kHz. If a matched bandwidth filter had
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been available, it would
need to have had a band-
width of about 17kHz.
(The receiver bandwidths
quoted are not the normal

RECEIVER BANDWIDTH AF

'\ RECEIVER
-3dB bandwidth but the T 3% / RESPONSE
3 ; : POWER -~ 1
effective noise band-
width', which is approxi- FREQIJENC.Y'
mately 1.2 times the -3dB
bandwidth, taking into foceye e 1
account the IF filter shape
factor.) . T
The maximum and (PULSE WIDTH)
oo |

minimum ranges achiev-
able are directly related to
the transmitter pulse

———— TIME OFF —————————
length and the pulse repe-
tition frequency (PRF).

+——— PULSE REPETITION TIME ——-I
For high resolution of

close targets, a very short pulse is required with a short duration between adja-
cent pulses (high PRF). For maximum range sensitivity, a long pulse is needed
with a long duration between adjacent pulses (low PRF).

In practice, early radars of this type had maximum ranges of about 30 to
150km. For radar using 1us pulse repetition, period the minimum range would
be 150m.

The MDS is determined by several factors. Some of these are not under the
control of the designer, for example the atmospheric background noise. The ulti-
mate sensitivity is largely determined by the noise performance of the early
receiver stages and the transmission line loss between the antenna and the
receiver RF amplifier stages.

The available thermal noise power is defined by the formula:

Av =KkTB,

where: k = Boltzmann's constant = 1.38 x 10-23K-1,
T = temperature, K,
B, = bandwidth of the receiver, Hz.

If T is taken to be 17°C = 290K, then the factor kT =4 x 102! WHz L.

A second factor is the bandwidth of the receiver. As the receiver noise power
per unit of bandwidth is constant, by reducing the receiver bandwidth the SNR
of the echo is increased. As has been already mentioned, the ideal radar receiv-
er IF bandwidth is approximately the reciprocal of the period, T, of the trans-
mitted pulse. This is a typical engineering case of conflicting parameters. By
reducing the receiver bandwidth the sensitivity increases until the matched fil-
ter bandwidth is reached. Further reducing the bandwidth causes the sensitivity
to decrease as the bandwidth of the echo signal is greater than that of the filter;
this causes a loss of detectable energy.

Fig 2.6: Receiver
half-power band-
width - dotted line,
and radar transmit-
ter spectrum - solid
line

Fig 2.7: Transmitter
pulse repetition
rate (PRF)
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For very long-range targets, the transmitted pulse can be made very long, up to
a maximum of 2.5s in the case of the Moon, and hence the receiver bandwidth can
be extremely narrow to maximise the sensitivity. Receiver bandwidths of 1Hz and
below (if they can be achieved) become beneficial in such cases. With modern dig-
ital signal processing this is readily achieved. The only limitation to this is the fre-
quency stability of the transmitter and receiver oscillators and any Doppler shift.

POST-DETECTION SIGNAL ENHANCEMENT

Post-detection processing can be used to give an enhanced SNR. In a typical
radar receiver, by utilising video processing with a bandwidth of half of the IF
bandwidth, a theoretical 3dB increase in sensitivity can be achieved.

Range Measurement

The determination of the range to the target is relatively simple for the perfect
radar case, in practice it is more difficult due to various factors. In the perfect case,
the assumption is made that the target is clearly identified, free of background
clutter and causes specular reflection, such as a perfect mirror would exhibit. The
time taken for the transmitted pulse to travel from the transmitter antenna to the
instant of the reception of the echo gives the range. The velocity of radio waves,
¢, is the same as that of light, ¢ = 3 x 108 ms-L, (The velocity of light is known to
within about one part in 10 million, but it is of little practical importance).

By accurately determining the epoch time of the pulse and the instant of the
echo reception, the distance travelled can be determined as this gives the 'flight-
time' from the transmitter to the target and back to the receiver. The range is half
the 'flight distance'. Accurate atomic clocks allow the range to be determined with
great precision. (the distance to the Moon has been measured to within 3mm).

However, the typical radar target is not specular and the echo signal does not
therefore appear to emanate from one point. This causes the returned pulses to
be smeared in time and is equivalent to slight defocusing of the target. This
gives an uncertainty to the absolute value of the range. If the case of the Moon
is taken, which has a radius of 1780km, the extra time taken for the signal fo
penetrate to the outer limbs is approximately 1ms.

A secondary factor is that not all the energy impinging on the target is reflect-
ed directly back towards the receiver, some is reflected outwards at an angle
away from the radar. (In the case of the Moon the reflection ratio is only about
5%). In some cases, this wave could then strike another object which acts like a
secondary reflector. This causes multiple echoes that appear as an aberration in
the range. In the case where the target, the secondary reflector or the observer is
moving, variable aberrations in range are produced.
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The Moon has a very rough surface, and the many craters cause the radar sig-
nal to be reflected into deep space and hence away from the receiver. It also has
a secondary factor, the 'libration effect'. The Moon does not prescribe a pure cir-
cular orbit around the Earth.

At one time it is moving faster and at other times slower; this causes the two
limbs of the Moon to be seen at different times in its orbit. An observer on Earth
hence sees more than 50% of the surface pointed towards Earth. This rocking,
or libration, causes the Moon's surface to give variable reflection over a period
of time. This causes a fading mechanism that varies the received signal echo,
known as 'libration fading'

A further complication is that the strength of the receiver output is directly
proportional to the duration of the echo signal. If the transmitter pulse width, T,
were very short, it would be difficult to detect the resulting echo in the intrinsic
background noise, as a wide bandwidth would need to be used at the receiver.
Therefore. it is common to use a relatively long pulse for the transmitter to
obtain sufficient illumination of the target, and hence optimum performance.

(Optimum does not mean 'best'; more correctly it means the best that can be
attained given the conflicting circumstances).

A final problem is any delay caused by the IF filtering. Any narrow-band fil-
ter has an inherent delay for the signal to pass through it. The narrower the fil-
ter the longer the delay. In conventional receivers this is of no importance,
except in the case of television and radar receivers.

In television receivers the IF filters are known as linear-phase, as the televi-
sion picture signal is several megahertz wide. The filter is designed to have the
same amount of phase shift across its passband. Without this, the picture quali-
ty would be severely compromised. In radar receivers, a similar technique is
employed and these filters are known as 'time-delay-equalised'. By employing
time-delay-equalised filters of a known delay, the display can be calibrated to
correct the error.
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An interesting fact is that for the original detection of Venus by the Millstone
Hill radar of MIT's Lincoln Laboratory, a relatively short transmitter pulse of
2ms was chosen with a pulse repetition frequency of 30Hz. The one-way flight
time was predicted to be about 4.5 min. After 4.5min, the transmitter was turned
off and the receiver activated for a period of 5min. The assumed distance to
Venus was approximately 45.5 x 106km at the closest point (perigee). At apogee,
Venus requires a flight time of over 28min.

Using the equipment (265kW transmitter, a dish of 25m diameter and a low-
noise receiver with an effective noise temperature of 170K), the predicted SNR
was -10dB, at the expected range of 45.5 x 10km. This was far too low a value
to give a reliable result. The expected path loss was 314dB.

A process of integrating (adding) each successive received pulse to the previ-
ous ones enhanced the signal over the 4.5min receive period and gave the
expected result. This was done by receiving the echo pulses, buried in the noise,
converted by an analogue-to-digital converter; it was then recorded in a digital
format onto magnetic tape. By comparing this to another tape containing a repli-
ca of the transmitted signal, correlation was done using an IBM-704 computer,
and so the detection was conclusively proved.

However, it was later shown that the range obtained was incorrect by approx-
imately 10,000km. A second measurement by the Jet Propulsion Laboratory
(JPL) of the California Institute of Technology, using a more sensitive system,
fixed the distance to Venus and hence the Astronomical Unit, the standard for
measuring all other objects.

Venus is a better reflector of radio and light waves than the Moon. The ratio
of reflected radio waves (albedo) is about 14% and for sunlight 76%, whereas
the Moon is only 5% for radio waves and 7% for sunlight. (For comparison pur-
poses, the Earth reflects 36% of the light falling on it and Mars 16%).

Venus, the morning and evening star, appears as a very bright object to the
naked eye (due to its high albedo) in the sky to the west and is usually observ-
able just before or immediately after the Sun has set and remains visible for a
period of about 4h before itself setting. It was also later discovered to be an
intense radio source.

The reason for the superior reflection was found to be due to the dense hydro-
carbon clouds surrounding the planet; these act as a better reflector than the
Moon, which has no discernible atmosphere. It has been postulated that the
clouds are the source of the intense radio noise under the action of the strong
magnetic field of the planet.

Subsequent radar investigation revealed some details of the planet surface by
using a much higher frequency to penetrate the atmosphere and obtain ground
echoes.
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Range Ambiguity

As has been described, the maximum range possible is a function of the time
between adjacent transmit pulses. However, there is one pitfall awaiting the
unwary. The possibility exists of a target being detected at an incorrect range.

Consider a short pulse radar with a pulse length of 1ps and a repetition fre-
quency of 1000Hz. The time between adjacent transmit pulses is therefore 1ms.
As the radio wave travels at the speed of light (3 x 108 ms-1), in a time of 1ms
it can travel 300km. The range is half the total distance, as the signal has to trav-
el to the target and back again in this time. A PRF of 1000Hz hence gives a
'maximum unambiguous range' (Ru) of 150km. Now consider a target slightly
more than the maximum unambiguous range of 150km. This will give a range
indication much closer than it actually is.

For the echo to be seen at an unambiguous range, it must arrive at the receiv-
er before the next transmit pulse, hence 150km is the maximum range possible
with a Ims receiver time. If an echo arrives during the next transmit pulse, the
receiver being blanked will not see it. Now if the echo is due to a target at a
slightly greater range than 150km and if it takes, say, 1.1ms to travel to the tar-
get and back again, the receiver will see this echo at a range corresponding to
~100us or 15km, which gives a false range. (The correct range is 150 + 15 =
165km.) This effect is known as 'second-time-around'. In order to get long
unambiguous ranges the PRF needs to be low, hence a long time between trans-
mit pulses.

The second-time-around effect can also occur for 'third time around' and
longer range targets. Hence, a target at 325km would give rise to an echo that
occurs at a range time of 2.166ms. Because the range gate is set to 1ms in our
example, the target would appear to occur at (.166ms or a range of 25km. The
only clue to whether this is a valid target is the receiver detector amplitude. For
a target at such a great distance the echo would be very small and could possi-
bly be undetected. However, if the target were very large the signal level could
be as large as a close-in target. To get around this problem modern radar sys-
tems use multiple pulse coding. In this technique the transmitter might generate
one pulse for the first transmission, the second transmission will use two puls-
es very closely spaced. Hence, a second time around echo can be distinguished
by counting the number of received echoes for each sweep of the time base.

In the original Jodrell Bank meteor observation paper published in 1947 by
Prentice, Lovell and Banwell [4], a curious anomaly is apparent. The paper
states the radar used a PRF of 150Hz with a pulse width of 8us, and a transmit-
ter peak power of 150kW. This is in conflict with the official specification of the
GL2, which used a PRF of either 1000Hz or 2200Hz and a transmitter pulse
width of 2 to 3us and 100kW peak power. The maximum range for a PRF of
150Hz is approx. 1000km. The antennas were also different from the original
GL2 types, being replaced by four-element Yagis. This radar was sourced from
J S Hey and was modified for improved long-range from a V-2 missile detec-
tion radar; hence the lower PRF used. In total, 1679 GL2s were manufactured
during the war, (204 were supplied to Russia) and a small number were later
modified by ] S Hey for improved V 2 detection by fitting a Yagi antenna tilted
upwards to 60° elevation. It appears from the photograph of the Jodrell Bank
radar that this was one of the later V-2 sets.
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However, the ranges shown as being measured by Lovell do not correlate with
the expected ranges for meteor trails, which occur in the range of about 70km
to 120km altitude. In a table published in the paper, the ranges of the majority
of meteor reflections are shown as being a grouping around about 80 to 120km,
within the accepted ranges of meteor trails, with two lesser groupings at about
270km and 400km.

The amplitude of the A scope readings are given in an arbitrary manner relat-
ed to SNR and the size of 'blip' seen on the A-scope display; the majority of the
reflections at about 120km range are shown as being of value three. The odd
thing is the amplitude values for the 270km and 400km reflections. These are
also shown as being three.

The values to be expected from such long ranges, (using the standard radar
equations and assuming the targets were of similar size and reflectivity),
would be very much smaller and probably below the noise floor of the receiv-
er. Equivalent relative amplitudes would be approximately 0.4 and 0.01. After
consultations with several radar specialists, the only logical explanation as to
how these distant targets could possibly give such reflection amplitudes is
they must have been due to reflections from the ionosphere E-layer, which we
call Sporadic-E or Es. Es has a very high reflection coefficient and can cover
areas of tens or hundreds of square kilometres, hence giving large echo
returns. Eli Brookner in his book Radar Technology (5], gives details of errat-
ic echoes observed at long ranges on L-band radar systems due to E-layer
anomalies. The long range echoes observed by Lovell must have been due to
signals that struck this highly ionised patch and were then deflected to strike
the Earth's surface at some distant point. The signal would then be reflected
off the Earth's surface to the Es cloud and then back to the radar. This assump-
tion seems correct as the echo periods where much longer than for normal
meteor trails, being up to 90s in some cases. All of the very long-range echoes
were of long duration.

Quite why Hey and Lovell chose such a long time between pulses is a mys-
tery as they should have been aware of the signal amplitude limitations from tar-
gets at a range of 1000km. The official specification of the GL2 was a maximum
range of 40,000 yards or about 38km.

This is with the original GL2 dipole antennas; with the four-element Yagi
antennas, the range would only extend to about 150km. The paper states the
antenna gain was "7.5 as a power ratio" which is approximately 9dB over an
isotropic source or 6.9dBd (dBd = dB relative to a single dipole), which agrees
with the four-element Yagis used on the radar.

The sensitivity calculations given in the paper stated that the receiver had a
MDS of 2 x 10-1¥W in an IF bandwidth of 250kHz. In the paper, the value of
received signal corresponding to an amplitude of 3 is given as 18 x 10-14W,
hence it was a healthy size signal, being about 7.5dB above the receiver MDS.
The original GL2 radar had an IF bandwidth of about 300kHz, which agrees
with the matched filter bandwidth figure of the 2 - 3us transmitter pulse of the
GL2. The paper states the IF bandwidth was 250kHz, hence the 8us pulse stat-
ed is not in agreement; it would need to be about 125kHz to give optimum per-
formance. This factor was, however, not known at the time the equipment was
manufactured.
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Taking into account all the stated system improvements, the increased trans-
mitter power (50%) and the antenna gain increase (~15dB), the maximum
range still does not add up to much more than 300km, unless a significant
receiver improvement also occurred, which is not mentioned in any of the lit-
erature.

Hey in his book The Evolution of Radio Astronomy, states that experiments
with improved receivers did not give any significant increase in range due to the
high atmospheric noise at the low VHF frequencies being used.

To support this theory further is the way the meteor reflection is generated.
The meteor will only generate a reflection upon grazing the Earth's upper atmos-
phere; this generates the ionised electron trail. At altitudes of 270km and 400km
there is no significant atmosphere and so it would not be impossible to generate
an electron trail.

Dr Graham Elford of Adelaide University, Australia, has considered this pos-
sibility and confirmed that no meteor reflection could occur at these altitudes.
In his experiments with the Buckland Park MF radar operating on 1.98MHz, the
greatest altitude observed is approximately 150km.

1t is the writer's belief that the original Jodrell Bank paper contained an error
regarding the transmitter pulse period. At the same time as the first Jodrell Bank
paper was published, a second paper was printed in the same issue of the
MNRAS Journal [6]. Lovell's paper occupied pages 155 to 163, Hey's paper
occupied pages 176 to 183.

In between these two papers was the second Jodrell Bank paper also covering
the Giacobinid Meteor Shower. Radio Observations of the Giacobinid Meteors,
1946 submitted by A C B Lovell, C J Banwell and J A Clegg. This occupied
pages 164 to 175. Hence. the three papers spanned from page 155 to 183 and
would no doubt all be read in sequence.

As we now know from Hey's book The Evolution of Radio Astronomy, pub-
lished in the early 1970s, the two radar systems were 'twins', and both had
identical parameters apart from the operating frequency, Hey used 64MHz
whereas Lovell's radar was on 72MHz. In Hey's paper, the details gave the
transmitter as "3us pulses, 150kW peak power and a PRF of 150Hz". It seems
fairly certain that the 8ps stated in Lovell's paper was a typographical error
and it should have read 3us, not an uncommon mistake for someone such as
a secretary typing a manuscript from handwritten notes, a badly written '3'
being read as an '8

One wonders however as to why neither person spotted the mistake, Hey
undoubtedly was intimately aware of the system he had 'loaned' to Lovell, as he
was responsible for modifying it and delivering it in person to the University of
Manchester and then spent over a week setting it up and training Lovell and his
people on how to operate it. That it should have taken almost 60 years for the
error to be spotted is remarkable, as the error should have been spotted either
during proof-reading the typed manuscript or later when it was published in the
MNRAS Journal.

In actual fact, Hey's book gives details of another experiment involving the
same radar systems where he and his colleagues used three radars to observe
from different sites simultaneously so, in fact, there must have been several of
these special radars available after the war [7].
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It is also important to note the importance of the approach angle of a mete-
oroid. If the meteoroid strikes the Earth's upper atmosphere at an angle shal-
lower than 7° it will 'bounce' off and not enter the lower atmosphere. For larger
bodies' the meteoroid on first entering the upper rarefied atmosphere will be
slowed by the friction generated and the approach angle will steepen as the
object is slowed down and the Earth's gravitational attraction acts on the large
mass. In certain cases, the angle can reach 45° to the Earth's surface.

In correspondence with Dr Graham Elford, a research scientist at Adelaide
University, Australia, the following description is given as to how the meteoroid
generates both the ionised electron trail and the visible shooting-star which we
associate with meteoroids. Graham Elford has been researching meteoroids
since the 1950s when, at the suggestion of Dr Bernard Lovell, the University of
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Adelaide was encouraged to take up this challenge. Currently Adelaide
University has several new VHF radar systems (~30 - 54MHz) as well as a sys-
tem operating on 1.98MHz at Buckland Park near Adelaide.

Below is reproduced the relevant portion of Graham Elford's letter to the
author in 2004.

The formation of a meteor trail is generally described along the following
lines -

Assuming that the meteoroid has a stony composition, (inferred from
the spectra of bright meteor trails), collisions of the particle with
atmospheric molecules cause the particle to heat and eventually reach
ablation temperature. Just prior to ablation a small particle will have
melted right through, while larger one may have substantial radial
thermal gradients. The transition size is about 200um. Thermal gradi-
ents can cause fragmentation of the larger meteoroids, producing a
bunch of particles all moving in essentially the same direction but
becoming slightly spread along their path by differential deceleration
depending on the size of the daughter particles. At the present time,
there is no consensus as regards the prevalence of fragmentation, but
my recent work in this area is partly divected to this question.

Having reached ablation temperature (-2000K) atoms of the mete-
oroid commence evaporating into space while maintaining the speed of
the parent body. Subsequent collisions of the individual meteoroid
atoms with the (essentially stationary) aimospheric molecules cause
excitation of the meteoroid atoms (typically Na, Mg, Ca, Si, Fe) which
emit light as they decay to less excited states. Molecules of atmospher-
ic gases have higher excitation energies and thus there is only wealk vis-
ible radiation associated with oxygen and nitrogen. Occasionally, a
collision process is favourable to ionisation of the meteor atom and a
Jiree electron is formed. The associated ions are rapidly 'thermalised' by
Jurther collisions with the atmospheric molecules (~10 collisions in
about Ims) and they and the free electrons form an ionised column
(meteor frial) behind the ablating meteoroid.

Ablation commences at a height of about 120km for meteoroids with
speeds of 60 - 70kms-! and at about 85km for those with speeds of 10 -
[5kms-1. The ionised trail diffuses radially at a rate controlled by the
positive ions; a process called ambipolar diffusion. The physics of this
process is well known from laboratory studies, and the ionisation dis-
tribution across the trail rapidly becomes gaussian. As is shown in
MecKinley's book [8], diffusion causes the reflection coefficient of the
trail for radar waves directed orthogonal to the trail (sometimes called
transverse scattering) to fall off exponentially with time if the trail is
under-dense (line density <~2 x 1014 electrons/m). The significance
here is that this effect sets a height ceiling for scatter of VHF radar sig-
nals that is about 105km for under-dense irails. For most meteor
radars, the bulk of the echoes comes from under-dense trails. Thus,
most VHF meteor radars detect almost all trails produced by mete-
oroids with speeds <40kms-1 (assuming the trail line density is suffi-
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cient to give a detectable echo), but trails from meteoroids with speeds
in excess of about 50kms-! form at heights above the 'diffusion ceiling’
and are thus undetectable (unless they are members of the small popu-
lation of over-dense trails).

There is evidence, from the Giotto spacecraft observations of the dust
around Halley's comet, that there is a significant fraction of 'tar-like'
dust, rich in hydrocarbons. Such material entering the Earth's atmos-
phere will ablate much more readily than stony material, and thus will
form trails at greater heights, possibly as high as 150 - 160km. Such
trails will not produce visible light, as the particles are deficient in met-
als. However, the trails will be ionised and should be detectable by a
suitable radar.

“Such a radar exists at Adelaide. Using an array of dipoles on 2MHz
covering an area of about 1km?, we produce a relatively narrow beam
that can be directed down 1o 45° elevation. With this system, we have
detected echoes up to a height of 140km (roughly the 'ceiling' of the
2MHz system), thus confirming the existence of meteor trails at this
height and by implication the presence of low ablation temperature
material. The experiment is difficult as one has to wait until the E-
region has decayed sufficiently, which means observations are only
possible for a few hours just before sunrise.

At the present time, we have no idea of the fraction of 'tar-like" dust
entering the atmosphere. I have conjectured that it might be the domi-
nant form of meteoroid dust. Maybe the Stardust space probe will tell
us. For the radio amateur, it is worthwhile keeping in mind that MF
radio signals may be forward scattered by trails at 150km when the
underlying ionisation is weak.
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The equation for the radio frequency power scattered back to the radar receiv-
eris -

273
a=3.3x10-280;—§’

P,G?,

where: o = number of electrons produced per cm path by the meteor,
A =wavelength (cm),
P, = peak transmitter power (W),
G = antenna gain (power ratio),
R = range of echo (cm).
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The dependence of 0. on size and velocity is given in the theory of meteor
ionisation developed by Nicolai Herlofson, whose calculations indicate that,
for a meteor velocity of 40km/s, a meteor near the limit of visibility will pro-
duce o = 1010 electrons cm-!.

Also of significance is the effect A has on the echo signal amplitude. For low
frequencies, the echo amplitude will be much greater than that for a shorter
wavelength. As the factor is a cube law, doubling the frequency will produce an
echo signal that is one-eighth (-9dB) that of the lower frequency, for the same
conditions. Hence, 50MHz will give correspondingly larger echoes than a
144MHz signal, the difference being about 24 times stronger (14dB) on 6m than
on 2m.

Using the published parameters of the Jodrell Bank system gives a received
signal power of 3 x 10-4W for meteors at a range of 95km near the limit of vis-
ibility. As the detectable sensitivity is 2 x 10-14W, this is a signal slightly above
the receiver noise floor and can be expected to be detected. For meteoroids trav-
elling at higher velocities, the echo signal will be considerably stronger.

Head-Echo Effect

The Head-Echo effect is very similar to the spacecraft re-entry problem.

A recent study undertaken in Scandinavia in 1997 & 1998 has identified a sec-
ond mechanism for echo reflection. This is called the 'Head-Echo effect'. The
size of a typical meteoroid is extremely small, being about the size of a grain of
sand. This was not expected to cause a reflection, as it is so tiny. However, sci-
entists have now concluded that an echo is possible because the particle rushing
into the Earth's atmosphere generates an electron cloud in front of it. This elec-
tron cloud is capable of reflecting a radar signal.

The target size is small in comparison to the electron trail generated by the
particle burning up, and hence a very high frequency needs to be used to detect
the object. Hey and Lovell both reported observing Head-Echo reflections using
the VHF radar systems, but the number was very small in comparison to normal
echoes and of much shorter duration.

The Scandinavian experiment used 930MHz radar with extremely high power
and three very large parabolic antennas (32m) connected as a tri-static antenna
to form a 3D-search radar. Out of approximately 200 meteors observed, using
conventional VHF radar running in parallel, 10 meteors showed the Head-Echo
effect. As a high frequency gives little or no reflection from the ionised trail, the
distinguishing of this from the Head-Echo effect was the clue to why echoes
were observed in some cases.

In another recent study undertaken by Australian and American scientists sev-
eral very high power radars were used to observe the Head-Echo effect. These
used military radars situated at Roi-Namur in the Kwajalein Atoll, Republic of
Marshall Islands and are defence radars operated by the Australian and
American Air Forces. In addition to the main radar, known as ALTAIR, which
transmits 6MW peak power on 160MHz and 422MHz simultaneously, several
other radars took part in the observation. These other radars were TRADEX, (L-
and S-band radar), ALCOR, (C-band radar) and MMW, (operating on Ka-band
and W-band). Hence, the spectrum was covered from VHF to the upper
microwave bands.
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Fig 2.8: Arecibo dual
frequency radar dis-
play of a terminal
meteor event. The ini-
tial head-echo
obtained by the
430MHz UHF radar is
shown on the top
trace, and is caused
by the ionised cloud
surrounding the
head, which quickly
decays to zero. At the
time the head-echo
disappears, the
longer-wavelength
40MHz VHF radar
shows the longer nor-
mal reflection from
the ionised trail. The
VHF echo is smaller
in amplitude than nor-
mal because the
antenna is pointed 'up
the trail' (to acquire
the head-echo signal),
and not orthogonally,
as would normally be
the case
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ALTAIR used a 46m parabolic antenna and either right-hand or left-hand cir-
cular polarisation to determine the echo polarity and range. It was found that
approximately 1.6 Head-Echo returns per second occurred during the peak of
the Leonid shower.

RELEVANCE TO AMATEUR METEOR SCATTER

In a very recent study performed at Arecibo Observatory (operated by Cornell
University) in Puerto Rico during 1998 and 2003, a definite factor emerged
which is of great importance to amateurs involved in meteor scatter communi-
cation. It has been known for some time that the use of the UHF bands is not
very productive, but the exact reason was not known. In this study, Mathews [9]
used a dual-radar system operating at 40MHz and 430MHz to observe mete-
oroid reflections simultaneously.

From this it became apparent that the Head-Echo effect is the predominant
mode at UHF and, as the echo decayed away after a very short 'ping', the VHF
radar showed a longer and more pronounced reflection from the ionised trail.
(In the Head-Echo, the ionised cloud is pushed forward in front of the rapid
body and the target area is extremely small, being only a few tens of metres in
diameter, and hence requires an extremely powerful radar to illuminate the tar-
get sufficiently.) The ionised trail which follows is a much larger target and
extends for several kilometres behind the meteoroid, and hence will act as a
better reflector to VHF signals. The Head-Echo effect occurs at altitudes high-
er than traditional trail reflections, and these exist in the region of 120km down
to about 90km.

The picture is one taken from an earlier study using the Arecibo radar during
1998. In this is clearly seen the UHF echo which abruptly disappears and reap-
pears at the lower VHF radar frequency.
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RECEIVER IF PARAMETERS

If the radar receiver uses an IF amplifier that compresses the signal amplitude,
such as a FM limiting amplifier, before passing the IF signal to a linear detec-
tor, the echo trace from a target at 15km or 50km is apparently the same ampli-
tude. So range estimation from the target amplitude is not possible. In early
radar receivers, the IF amplifier was a linear gain-controlled stage and the gain
was manually adjusted by the operator to suit the requirements ruling at the
time: a close-in target would give a large deflection on the A scope display; a
target at great range would give a very small deflection, hence a skilled opera-
tor could, to some extent, distinguish between second-time-around signals,
assuming both targets have a similar cross sectional area. With modern radar
receivers the logarithmic amplifier gives accurate echo size indication and so
this problem is alleviated.

TARGET REFLECTIVITY

A further problem is the reflectivity of the target. A large metallic object, such
as an aircraft, will give a strong echo because the amount of radio wave energy
striking it will be high. A bird, being of much smaller cross-section, will give a
much smaller echo. But if the bird is several kilometres from the radar it could
be falsely confused with a larger target at a greater range if only amplitude was
used as the range criterion.

temy radar was the
requency. These acted I
% $r_r61;|,g_ech0_es. This ws
_y:hand_ from aireraft to fl

1d caused the enemy radar

ANTENNA BEAMWIDTH

In the ideal radar case, the antenna beam width would be chosen to be the same
as or smaller than the apparent diameter of the target. In most low-frequency
radio astronomy cases, it is impractical to do this without resorting to a type of
interferometer technique.

If the case of the Moon is considered, the angle the Moon subtends to an
observer on Earth is about 0.5°, At VHF and UHF it is not practical to achieve
such a narrow antenna beamwidth using a single antenna. Jodrell Bank Mk1 - a
250ft dish at 152MHz - has a -3dB beam width of 1.5°, and at 408MHz it has a
-3dB beam width of 0.7°, and so it illuminates a considerably greater portion of
the sky than the Moon occupies. Because of this, the Moon only receives a por-
tion of the transmitted signal and the remainder is lost.
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The penalty of not concentrating all the power on to the target is twofold: one
is the obvious partial illumination of the target and hence a weaker return echo;
the second is that the antenna 'sees' a much greater portion of the sky. This caus-
es degradation of the received echo signal as the portion of the sky may contain
other radio sources which radiate interfering signals and reduce the SNR of the
radar return from the target.
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If the case of Venus is considered, where the target subtends an angle of much
less than 0.01°, the effect is very much more severe due to the far greater range.
The system sensitivity for detecting Venus by radar needs to be nearly 10 mil-
lion times better than that for the Moon (68dB).

One simple way to decrease the antenna beamwidth for a given size parabol-
ic antenna is to increase the frequency. Provided the profile of the parabolic
antenna is accurate enough, this seems an attractive alternative; however, there
are negative effects to this.

The gain of the antenna will be greater at the higher frequency but, against
this must be weighed the higher path loss, the extra difficulty of designing low-
noise receivers, the additional transmission line losses and the difficulty of gen-
erating high power at these frequencies.

The final outcome must be reviewed on a case-by-case basis. If this is being
considered as an alternative to building a larger-aperture antenna, there is a
finite practical and economic upper limit for the size of a single parabolic anten-
na. The largest fully-steerable parabolic dish, at present, is the 100m diameter
dish at the Max Planck observatory near Bonn, Germany and the largest fixed
dish is that in Arecibo, Puerto Rico which is 1000 ft (300m) in diameter.

Although larger antennas have been proposed several times, - the 6001t
American dish which was started and abandoned due to the escalating cost, and
the proposed Jodrell Bank MkS5, a 500ft dish which was never successfully
funded are just two examples - it is unlikely that any larger single dish will be
now constructed in the foreseeable future.

The estimate of the cost of a 200m (600ft) diameter steerable dish is approx-
imately $300 million at present prices. It is believed that a comparable-size dish
may exist in Russia, but details are sketchy at present. A far cheaper solution is
to use two or more smaller antennas as an interferometer system, which gives
far greater resolving accuracy.
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Fig 2.9: GL2 radar system. The receiver cabin is in the foreground and the transmit-
ter cabin is behind. The generator is the smaller cabin adjacent to the receiver.
(Photograph courtesy of Lew Patterson)
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Fig 2.10: GL2 antenna
arrangements.
(Photograph courtesy
of Lew Patterson)
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Before we leave the subject of antenna beamwidth, it is useful to see how
this effects the determination of a target's position. For the case where the
antenna has a wide beamwidth, the determination of the precise direction is
very difficult. Consider the antenna has a beamwidth of 40%, and it is rotated
to point exactly at the target. The 40° parameter is the 3dB beamwidth.
Turning the antenna so that the received signal falls to 3dB below the highest
signal level is an angle of 20° either side of the target, assuming the antenna
has a perfectly symmetrical pattern. If the antenna were connected to a sensi-
tive receiver used as a transit telescope, the target would appear to be an angu-
lar size of 40°. By using a much narrower antenna beamwidth, the apparent
angular size falls closer to the correct value. In the case of the Moon, we know
that the optical angular size is about 0.5°, but even a very large amateur anten-
na array at, say, 144MHz cannot be expected to have a 3dB beamwidth of
much less than about 3°. In the case of EME, this is not of much concern
unless there is also a large interfering source within the antenna beamwidth,
possibly the Sun. In the case of a radio telescope, this situation is chronic as
we might be trying to separate two radio stars which are only 0.1° apart. In a
case such as this, we would need to use an interferometer to achieve the nec-
essary angular resolution.

DOPPLER EFFECT

As has already been mentioned, one of the factors that needs to be considered
is the effect of Doppler shift. If the two objects are not moving relative to one
another, the Doppler frequency shift will be zero. In many cases the target is
moving relative to the observer - in the case of the Moon, the Doppler shift is
quite low (210Hz typically at 144MHz), but is still present.

The formula for calculating Doppler when radar is used is -

where: f; is the frequency shift in Hz,
v, is the relative velocity in metres per second,
A is the wavelength in metres.
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In normal systems where one-way communications is used the formula is -

£, =,
£

For example, in a meteor radar system, one would expect a large Doppler shift
because of the high velocity of the meteors. Typical meteor relative velocities
vary between approximately 15km/s to 70km/s. This is because the meteors can
enter the Earth's atmosphere in the same direction as the Earth's rotation, hence
the relative velocity will be low, or the meteors can enter in a counter-rotating
manner, in which case the relative velocity will be high. The Earth rotates in
orbit around the Sun at a velocity of approx. 29.8km/s.

In the case of 144MHz (2m), the Doppler shift to be expected would vary
between 14.4kHz to 67.2kHz. This would require a receiver that can be 'side-
stepped' in frequency from the transmitter to ensure the echo is within the IF
bandwidth of the receiver if the bandwidth is narrow. Simply listening on the
transmit frequency would yield no echoes as the Doppler shift makes the signal
appear several channels away in frequency. Using a wider bandwidth IF to
encompass all possible Doppler shift eventualities would require an IF band-
width of approximately 140 kHz and would result in a severe loss of sensitivi-
ty with the possible consequence that the echo could be undetected. (See later
sections for receiver sensitivity calculations.)

In practice, the major reflection when using VHF is not from the meteor, it
being a very small target, but from the ionised trail that the meteor generates and
leaves as a relatively stationary cloud of electrons as it burns up in the Earth's
upper atmosphere. Hence, the Doppler shift to be expected is much lower than
the theoretical value.

This has been proved by amateurs using meteor scatter propagation where the
frequency offset required is very small. Later observations by Jodrell Bank con-
firmed that some meteors generated what are termed 'travelling-echoes', where
the apparent position of the target varied at up to 15kms-1. This effect was stud-
ied by using the Doppler information from the receiver to determine the veloc-
ity of the electron trail. In about 20% of meteors observed, it varied between 2
and 15km/s.

REQUIREMENTS FOR RADAR TRANSMITTERS

In order to achieve a long detection range, it is necessary to develop a very high
peak power in the transmitted pulse. Although the peak power needs to be very
high the average power does not need to be, unless a very long pulse transmis-
sion is required. A typical medium-range radar might use a pulse length of 1us
and operate at a pulse repetition frequency of 1kHz. The PRF determines the
average power.

For example, taking the original GL2 radar, we know that the peak power was
100kW and the PRF was lkHz. As the transmitter is only transmitting for 3us
and the time between pulses was 1ms, then the transmitter 'off-time' is 1000ps.

Pulse time 3
Average power = ——x Peak power =
Off time 10

x100kW.
0

61



AMATEUR RADIO ASTRONOMY

62

Fig 2.11: Radar trans-
mitter peak and aver-
age power

NEXT
PULSE

Hence, the average power is only about 300W. If you were to insert a through-
line wattmeter in the feed-line it would measure 300W.

The safe operating conditions for pulsed amplifier devices is normally given
in terms of duty cycle. This is the percentage of time the device is generating
power. For a 1ps transmit pulse at a PRF of 1000Hz, the duty cycle is 0.1%.
Hence, the amplifier is in the off state for 99.9% of the time and this allows
time for the heat developed to be dissipated, giving a low rise in anode tem-
perature.
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Many transmitting valves designed for radar applications are capable of very
high peak powers but only limited average powers. An example is the original
2C39 used in early L-band radars and radio altimeters. The official continuous
CW rating of the 2C39 is 40W output and the anode dissipation is 100W, but it
is capable of 3kW of pulse power with a pulse length of 10ps and 10kW with a
1us pulse. The limitation is due to the dissipation of the anode and the ease (or
otherwise) with which the heat can be extracted. If the heat is not extracted as
fast as it is being generated, the valve will overheat and fail. The 2C39A was the
original glass-sealed version, which had a limited peak anode voltage rating
and, if this was exceeded, the envelope would puncture due to the intense RF
field existing in the cavity resonator. Later versions such as the 2C39B,
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2C39BA or the 7289 have approximately the same anode dissipation and aver-
age power but, because they utilise a ceramic envelope, are capable of much
higher peak power outputs. A typical peak power specification is up to 30kW
for the 7289 at 1ps pulse length.

The QQV06-40 double tetrode is capable of 60W continuous CW output at
up to 450MHz in Class-C with an anode dissipation of 40W but, under radar
medium pulse length operation, it is safe to 1kW peak. It was, in fact, original-
ly designed for UHF radar duty. Many of the modern radar high-power valves
are water-cooled and this greatly raises the average power rating and hence the
peak power they are safely able to generate. Often the limiting factor is the peak
anode voltage the valve can safely sustain without flashover occurring. The
4X150A series of valves were used in US Air Force 200 - 400MHz airborne
jammer after WWI1I and used four valves connected in parallel. These jammers
generated up to 100kW peak pulse power.

SPECTRAL SPREADING

One of the major problems associated with high-power radars is the spectral
pollution they generate. If the transmitted waveform were the ideal rectangular
pulse, with zero rise and fall times, the signal would occupy an infinite band-
width. This is due to the very fast rise and fall times of the waveform. In a rec-
tangular- or square-wave-modulated signal, the spectrum includes all the har-
monics of the modulating frequency up to a very high order. Fourier analysis
confirms that adding all the harmonics together algebraically can generate a
square-wave pulse.

The main problem is the close-in products caused by the harmonics of the
modulating pulse (rise and fall times) related to the PRF. This is unacceptable,
and hence great efforts are made to shape the rising and falling edges to limit
the bandwidth occupied. This is normally done by passing the rectangular pulse
through a 'root-raised-cosine-filter', or Hanning filter. This limits the bandwidth
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Fig 2.12:
Comparison
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Fig 2.13: Spectral
plot of a shaped
pulse signal
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to acceptable proportions. Without frequency shaping, the spectrum envelope
would be of (sin x) / x form and spread to infinity with each successive sideband
being a little lower in amplitude than the one preceding it.

If the filter were designed for a 10kHz cut-off frequency, the bandwidth
would be constrained to about 20kHz.

If the rise and fall times were Ins, the minimum bandwidth occupied would
be 2GHz. This is clearly unacceptable, as it would cause severe interference to
other spectrum users.

Often with an L-band radar (23cm) the spectrum is confined to approximate-
ly 100MHz by pulse shaping. The degree of shaping possible is obviously a
function of the duration of the pulse. If the pulse was lus and the shaping used
was to achieve a rise and fall time of 0.5ps, the pulse would rise only to about
half the peak power, with a consequent loss of range.

Hence, shaping is limited to about 10% of the pulse duration to ensure ade-
quate peak power is achieved. With 10% shaping, the maximum peak power is
~95% of the rectangular pulse case.

Pollution caused by out-of-band signals is normally constrained by high-
power band-pass filers in the transmitter output stage. These filters need to han-
dle very high peak powers and they present some severe challenges to limit the
amount of power lost as heat, often requiring water cooling, and they need to
have an exceptionally high breakdown voltage because of the high power being
transmitted.
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TRANSMIT PULSE SHAPING METHODS

As the pulse shape of the transmitter is a critical factor to prevent spectral
spreading, it is necessary to look at the various ways this can be applied. The
simplest way to generate the required pulse shape is to perform this at a low
power level. A simple method is to utilise a linear variable attenuator with a
large attenuation range driven by voltage or current with the necessary-shaped
waveform. The shaping filter can be an op-amp with a feedback network to
establish the cut-off frequency. This is a classic active-filter design, and simply
changing component values can make many different filter types. For example,
Butterworth, Chebyshev, raised cosine etc. The rectangular pulse is applied to
the filter and the output is a pulse with rounded rise and fall edges.

Pulse Modulator

If a true rectangular pulse is desired, there are many methods to achieve this at
low power. One of the simplest is to use a PIN diode operated as a switch in
series with the RF. The RF signal is applied to one side and an amplifier follows
it. The amplifier can be a Class-C type as used in frequency multipliers. Hence,
the non-linear amplifier helps to steepen the rise and fall edges. The PIN diode
is switched on and off with a square-wave current of the required pulse length.
The fact that the PIN diode only has a limited amount of attenuation in the 'off!
state is not too serious, as the multiplier stage will cease conducting when the
drive level drops below a critical level. Hence, the multiplier gives extra isola-
tion and attenuation levels of 100dB are not too difficult to achieve.

the output stage

Shaped Pulse Modulator
In the case where accurately-shaped pulses are required, another method is often
used.

A popular method is to use a 'double-balanced ring mixer' as a variable atten-
uator. The signal from the transmitter oscillator is applied to the LO port and the
modulated carrier is taken from the RF port. The IF port is fed with a current
shaped after the square wave is passed through a root-raised-cosine low-pass fil-
ter. This method generates a very accurately-shaped pulse, but the power level
is low. A typical +7dBm mixer (5mW) will have an insertion loss of approxi-
mately 3dB when used as a linear modulator. However, the drive power applied
to the LO port needs to be approximately 10dB lower than when the device is
used as a mixer. When used as a mixer, the LO power causes the diodes to
switch hard on and off. We require the diodes to behave as linear attenuators,
and so the drive needs to be well below that which causes the diodes to switch.
Hence, the output power from the RF port will be only about -6dBm. This
requires a lot of amplification in subsequent stages to reach the required power.
There are special versions of ring-mixers designed for linear modulators that
have better linearity than a standard mixer. :
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The problem with this technique is that all the stages following the modulator
need to be perfectly linear, much more so than an amplifier for SSB. If any of
the amplifier stages start to saturate, the fidelity of the pulse suffers. If the
amplifiers are very non-linear, such as a Class-C amplifier, the carefully-shaped
rise and fall edges of the pulse will approach a square wave agaim. The sort of
linearity required is severe and requires almost full Class-A amplifiers to
achieve the necessary pulse fidelity. As all linear amplifiers are inherently inef-
ficient, a better solution is often required.

Final Stage Pulse Shaping

It would be preferable for all the amplifier stages to operate in an efficient manner
to minimise the power lost as heat. This means Class-C would be the best choice,
where efficiencies of 70% or higher are possible. A Class-C final stage would allow
a far greater power output to be achieved for the same anode dissipation.

Unfortunately a Class-C stage is not a linear amplifier in the common sense.
If an AM or SSB signal is applied to the input of an amplifier operated in Class-
C, the resultant signal would be very distorted. However, AM transmitters using
Class-C output stages are capable of good efficiency and very low distortion if
the anode and screen electrodes are correctly modulated. In the old AM valve
transmitters, the modulation is applied via a modulation transformer and the
anode and screen grid voltages are varied as the modulation is applied. By hav-
ing the screen grid and anode voltage rise and fall in the correct ratio, very low
distortion is possible. The grid of the amplifier is driven with a constant level of
signal and the varying anode and screen voltages provide the modulation. This
technique is now commonly used for solid-state amplifiers in cellular tele-
phones which use time-division-multiplexed transmitters, where the collector or
drain voltage is raised in sympathy with the crest of the modulation pulse. This
brings about a substantial improvement in efficiency and linearity.

Anode modulation in a pulsed transmitter is not a very attractive method as
the audio power required is quite high; the power required is 50% of the total
DC input power. Not only that, but because of the very rapid rise and fall times,
the back-EMF generated in the transformer causes very high voltages to be
developed which can breakdown the transformer or the valve. A simpler method
using just screen grid modulation of a tetrode gives almost the same results with
very little modulating power. This is known as 'efficiency modulation' and the
older amateurs who used AM will be familiar with this technique. It does not
require a modulation transformer and can be achieved with low-power valves or
transistors.

Pre-Distortion Techniques

Although the application of modulation to only the screen grid of a tetrode does
not give the same low distortion as full anode and screen modulation, but with
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a little bit of extra circuitry we can achieve equal results. The modulation of just
the screen grid results in distortion at low modulation levels and at high modu-
lation levels, due to the non-linear transfer curves at these points. The portion in
between is substantially quite linear. By pre-distorting the modulation signal for
the low and high modulation levels, the inherent distortion due to the transfer
characteristics of the valve can be eliminated. This is a case of 'two wrongs mak-
ing a right', and it is a technique widely used in television broadcast transmitters
to deliver linear amplification with non-linear amplifiers.

In the case of a pulsed transmitter, when the transmitter is supposed to be off
the RF drive signal is gated off and the output stage screen voltage is clamped
to zero. Hence, no power is radiated. When the pulse should occur, the drive is
first applied (square-wave signal) and then the screen voltage ramped up to a
maximum with the required slope to give the spectral confinement. When the
transmitter turns off, the screen voltage is first ramped down and then the RF
drive is turned off. This needs to be carefully timed so that adequate RF drive
exists before the screen voltage is applied or spectral spreading will be intro-
duced. By using solid-state drivers for the high voltages, the fast turn-on and
turn-off time of the driver stages can be controlled to suit our requirements.
High voltage MOSFETs, as used in off-line switch-mode power supplies, are
ideal for our needs, having switching times measured in nanoseconds and are
readily available at low cost.

In the diagram, the low-power drive is applied to V1 and the screen grid of
V1 is supplied with a square-wave high-voltage supply to switch the valve on
and off. The output stage V2 screen grid is supplied with a ramped voltage to
perform the pulse shaping. An alternative scheme is to apply the shaped voltage
to both the driver and output valve screen grids. This is somewhat better, as at
the point when extra drive is required by the output stage, the driver valve is
able to supply it.

This technique will be described in more detail in a following chapter describ-
ing a meteor radar system.

Fig 2.14: Simplified
diagram of Class-C
final stage modula-
tion
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Fig 2.15: 55MHz
meteor radar anten-
na installation at
Davis Base,
Antarctica
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MODERN METEOR RADAR SYSTEMS

The study of meteors using VHF radar continues today with many countries
having high-power systems. The American scientific community has several
systems in use; Japan operates high-power radar from near Kyoto, and the
Australian Antarctic Research base at Davis has recently installed a 55MHz sys-
tem. This last system uses a 120kW transmitter with 144 x 3-element Yagis
pointed vertically, occupying a 1.2km?2area.

Many amateurs in America use the American Navy space tracking radar for
observing meteor scatter signals. This transmitter radiates an 800kW CW signal
on 216.98MHz. Many amateurs have received EME signals using simple low-
gain Yagis.

Daily Meteor Counts

It has been estimated from collected data that as many as 100,000 meteoroids
enter the Earth's atmosphere every day. Of these about 50% are large enough
and travelling fast enough to give rise to ionised trails.

Sporadic meteoroids occur at any time of the year, whether day or night. The
highest incidence is normally after midnight and before sunrise. Quite how
many occur in an average day is an often-debated topic. Recent studies per-
formed by the Buckland Park station at Adelaide, Australia have, to some
extent, answered this question. This station uses 31MHz and 54.1MHz high-
power radars with a broad antenna beamwidth to collect as many echoes as pos-
sible. This study took place between April 2001 and July 2003.

Discounting erroneous echoes, which were due to other signals such as inter-
ference, aircraft reflections etc - by rejecting echoes which apparently are due
to ranges outside those to be expected from normal meteoroid activity - the
daily count rate varies between 9,000 and 14,000 per day. This is far higher
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left the daily average of valid echoes that fitted the criteria for an echo from an
under-dense trail. The incidence of meteor echoes does increase during tradi-
tional meteor showers (Leonids, etc) but, even so, the figure is still more than
was expected.

This study was made in five different operating periods between April 2001
and July 2003 and used two separate radar systems, one operating with a PRF
of 2kHz and the second with a lower PRF of between 400 and 500Hz to resolve
the range ambiguities. (The higher-PRF radar had a range of 6 to 66km and the
lower-PRF a range of 70 to 310km.) The antenna system consisted of crossed
dipoles, one being the transmit antenna and five further antennas being used for
the receivers. The transmitter had a peak power of 7.5kW. The receiving anten-
nas were arranged to give an omnidirectional azimuth pattern with elevation
angles of 20°, 40°, 60° and 80°.

The plots here show a typical distribution of meteoroid altitude and the occur-
rences versus local time. As expected, the peak is between midnight and sunrise,
being at approximately 0500, where almost 800 appear in an hour and the min-
imum occurs 12 hours later, at 1700.

The information shown is for the operating period of 24 July 2003. From this
it can be seen that meteor scatter communication is very unlikely during the
mid-afternoon but, for night owls, the dividends are enormous!

Plots of meteor activity

One of the things apparent when one studies the results from the scientific sta-
tions working on meteoroid echoes is the extent of how little we still know
about the subject. A classic example concerns the area of sky to examine. The
picture below is one obtained from the Buckland Park radar in Adelaide,
Australia. This shows a period of 24 hours and the apparent position of the
meteor trails. As the radar is essentially operated in the same way as a transit tel-
escope, where the antenna is fixed and the sky rotates with respect to the observ-
er, the position of the echoes cover 360° of the observed sky. The Buckland Park
radar has four different receive antennas that cover elevations of 20°, 40°, 60°
and 80°.

Hourly rate as a
function of local

time
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Fig 2.18: Sky plot of
Buckland Park VHF
meteor radar cover-
ing a 24h period.
Each dot repre-
sents an echo and
its apparent posi-
tion in the sky. The
centre of the plot is
0° elevation, the
outer is approxi-
mately 80° eleva-
tion. The incre-
ments of antenna
elevation are 20°,
40°, 60° and 80°
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As one can see, the majority of the echoes occur between an elevation angle
of 60° to 80° and very few occur below 40° elevation. In this plot, the total num-
ber of echoes is nearly 10,000 during a 24-hour period.

Special Antenna Systems

Many of the large VHF meteor radar system in use today use antenna systems
that to amateurs seem strange. Often, only simple dipoles are used and others
use multiple low-element-count Yagis. The scientists operating these systems
are more concerned with collecting as many echoes as possible than a few from
a discrete point in the sky.

It should not be overlooked that if you point an antenna straight up at the
zenith, the Earth, as it rotates, will cause the beam produced to act like a transit
telescope and the beam will be swept over a narrow strip of the sky. Hence,
meteors entering the atmosphere close to the observer's horizon will not be
detected unless they also transit across the antenna beam.

Another version commonly used is two Yagi arrays pointed in different direc-
tions - for example due south and due west. These antennas are coupled to two
separate receivers and the sky illuminated by a transmitter using a wide
beamwidth dipole array. As a meteor approaches, it will transit first one anten-
na and a little later the second antenna. By using trigonometry, it is possible to
ascertain the altitude, velocity and the track of the meteor trail.

Because the Earth's surface is curved, pointing an antenna at the observers
horizon will only detect meteor trails at a very long range, and the sky noise will
be at its highest level under this condition, but the altitude could be only 80km
above the Earth's surface. This limits the number of echoes that can be detected
because, for maximum reflection using VHF, the trail needs to pass through the
antenna beam at right angles. It is far more productive to elevate the antenna to
a high angle, perhaps as high as 80° above the horizon.
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Variation meteor direction
One of the earliest discoveries by the A
scientists occupied with meteor trail

detection was the rapid variation in

the received level. This is due to the aontenna beamwidth

refraction of the ionised trail and
caused by Fresnel Zone effects. By
using a high-PRF transmitter, the trail
could be illuminated by many pulses
during its brief life. This showed up as
large changes in the received signal
level and, by measuring the peaks and
troughs of the signal over a longer
period, one can ascertain the velocity
of the meteor trail as it decays to zero.

observer

Typical meteor trails show a signal level variation of about 15Hz.

The use of a high PRF does not allow a measurement to be made of the range,
but this is of little importance, as the expected altitude of meteor trails is known
to be in the 70 to 110km region. Often secondary radar with a longer PRF is
operated in parallel to obtain altitude data.
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Fig 2.19: A meteor
echo will occur
only while the trail
is within the anten-
na beamwidth.
Hence, a wide
beamwidth will
yield better results
than a narrow
beamwidth

71






Receiver Parameters

In this chapter:

1 Limitations to sensitivity 0 In-band interference signals

1 Typical signal levels O Radio astronomy frequencies
0 Noise contribution 0 Noise performance calculations
1 Receiver bandwidth O Cryogenic cooling

O Main receiver details 0 Antenna noise temperature

O Modern approach to receivers 1 Effects of sky noise

L Dicke switching receiver 0 Special receiver techniques

01 IF bandwidth considerations O A low-cost amplifier

O Radio flux units 0 Special filtering techniques

0 Radio Horizon

y definition, a radio receiver is 'a device which accepts the electrical sig-
| nal from an antenna and, by a process of amplification, filtering and
| detection, outputs an intelligible signal'.

In the early radio astronomy systems, the receiver output was not normally
used to drive a loudspeaker, as in a normal radio, but was used to drive a meter,
chart recorder or oscilloscope. The chart gives the amplitude of the received
signal in the same way as the signal strength meter (S-meter) on a communica-
tions receiver. Today, the receiver output is digitised via analogue-to-digital
converters and either processed in real time by a computer or stored on mag-
netic media for later study.

In a communications receiver, the signal strength meter is intended for
'casual observation' by the operator to give some indication of the strength
of the received signal. In the radio astronomy system, the pen recorder gives
an accurate and permanent record of how the received signal varied with
time. Time can be translated into various other meanings, for example - in
the case of the transit telescope, it can be used to give an exact position in
the sky.

The superheterodyne (superhet) receiver is the most commonly used type
today, the reason being that the bulk of the amplification and filtering can be
performed at a low frequency, the 'intermediate frequency’, or IF. The superhet
uses a process of frequency mixing to bring the input signal to a lower fre-
quency.
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At this lower frequency the amplification and signal filtering to reject out-of-
band noise and other interfering signals are more easily performed. Hence, it is
possible to achieve the very high signal amplification required and good selec-
tivity without the difficulty of instability that could occur at the higher input fre-
quency.

LIMITATIONS TO SENSITIVITY

In receiving systems, the concept of signal-to-noise ratio (SNR) is used. The
signal is the wanted output and the noise, by definition, is either internally-gen-
erated in the receiver or externally-generated by an interfering source. Noise,
therefore, by definition, is any signal other than the desired one. In a radio tele-
scope receiver, the wanted signal is extremely weak for most cases and is often
broad-band; it is not a coherent single carrier - it resembles noise, but it may
have a frequency dependence about a particular frequency, for example the
Hydrogen Line at 1420MHz.

The limitation to the ultimate sensitivity of the receiving system is the noise
performance of the receiver's first amplifier stages, the front-end or low-noise
amplifier, LNA. For maximum sensitivity, the front-end amplifier stages need
to have the lowest possible noise figure with adequate gain.

As the first stages in a receiver effectively determine the overall receiver sen-
sitivity, it is important to strive for the lowest noise figure in the early RF ampli-
fier stage(s).

Contributing factors to the overall receiver noise figure include the transmis-
sion line and connectors that connect the antenna terminals to the first amplifi-
er stage. This can be a large contributor to the overall noise figure if lossy coax-
ial cable or connectors are used.

In a normal radio telescope system, the LNA would be connected directly to
the antenna feed-point, reducing the insertion loss of any cable to essentially
that of the connector losses.

The VSWR mismatch between the antenna and the LNA can add another
fraction of a dB to the noise figure. In many cases the LNA will present a
severe mismatch to the antenna feed point in order to obtain the optimum
noise figure. A VSWR mismatch of 10:1 or more is not uncommon for certain
types of LNA.

TYPICAL SIGNAL LEVELS FOR ASTRONOMY

It is as well to appreciate that the sort of sensitivity required is greatly in
excess of even a very good communications receiver. In order to understand
the very small signal levels involved it is necessary to get a benchmark against
a typical radio telescope receiver and a commercial two-way radio receiver
operating at VHF. A typical sensitivity figure often quoted for a commercial
two-way radio VHF receiver is 0.25uV for 12dB SNR. In a 5082 system this
is -115dBm, or a minimum discernible signal of 115 + 12 = -127dBm. By
comparison, the signal to be expected with an average radio telescope is
approximately -190dBm; in many cases, the lower limit will be of the order of
-260dBm when additional signal processing and long-term integration tech-
niques are employed. This level of signal is very much weaker than a system
for Moonbounce (EME).
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NOISE CONTRIBUTION

Image noise

An important factor in superhet receiver design is the noise power contained at
the image frequency. Due to the mixing of the input signal and the LO to pro-
duce a lower IF, two possible input signal frequencies can produce the same I[F
for a given local oscillator frequency. One is the wanted frequency and the other
is the image frequency. In a receiver down-converter using low-side LO injec-
tion, the upper of these two is treated as the wanted frequency and the lower one
as the image frequency.

If the image frequency is not sufficiently suppressed by either filtering in the
RF amplifier stages or by some other technique, the image noise, if it is of equal
signal level to the wanted signal (this is the case for pure noise caused by resis-
tive means), will cause a 3dB (50%) degradation of the SNR. In many cases, due
to interfering sources, the image noise power can be much greater than the
wanted signal. There is, however, a trade-off to be made between the sensitivi-
ty gained by image noise filtering and the noise figure degradation caused by
the loss in the first filter section before the amplifier stage.

It is possible to select too narrow a filter in an effort to suppress image noise;
hence it will have appreciable loss. It is as well to remember that any loss before
the first amplifier device will add directly to the noise figure of the amplifier.
Whereas the receiver SNR may be improved by reducing the image noise com-
ponent, it may well be that this is more than negated by the noise figure degra-
dation caused by the image filtering loss. Low-noise amplifiers have little or no
filtering before the active amplifier device in order to minimise the noise figure.

It also is prudent to select the local oscillator frequency to avoid potential
interfering signals at the image frequency. For each input signal and IF combi-
nation there are two possible local oscillator frequencies that may be used.
Often, for ease of construction, we would wish to choose the low-side injection
in preference to high-side injection. Choosing low-side injection means that the
multiplication for the local oscillator chain is less than for high-side injection
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Fig 3.1: Image
rejection mixer dia-
gram
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and the LO frequency is consequently lower. But it may be that the image fre-
quency potentially contains strong interfering carriers. For example, if 144MHz
was the input frequency and the IF is 21.4 MHz then the choices of LO are (144
-21.4) = 122.6MHz or (144 + 21.4) = 165.4MHz. The image frequencies would
be 101.2 MHz for low-side injection and 186.8 MHz for high-side injection. The
choice of low-side injection places the image in the middle of the FM broadcast
band where strong interfering signals will be present. The choice of high-side
injection places the image within the television broadcast Band 111, where strong
interfering signals at the image frequency may also be present. For these two
cases the image rejection would need to be in excess of 100dB to prevent inter-
ference. By selecting a different IF, and hence LO, the image can be moved into
a quieter portion of the spectrum.

Image rejection mixers

An alternative to image signal rejection by filtering is the use of an image-rejec-
tion mixer which is a common technique used at microwave frequencies where
filtering is often difficult. An image-rejection mixer (IRM) consists of two dous
ble-balanced mixers, two 90° phase shifters and a 0° power combiner. By using
this technique, the unwanted image band of frequencies is cancelled out. A
block diagram of a typical IRM is shown. Today for microwave applications the
mixers and phase shifters are often constructed in chip-form directly on an IC.

The conversion loss of an image-reject mixer is usually only a fraction of a
dB higher than a normal type; in some cases it is a little less than a convention-
al mixer. However, one important fact to be aware of about image-reject mixers
is that, although they reject coherent carriers at the image frequency, they do not
reduce the image noise, which is our primary concern. So, although we can
utilise an image-reject mixer, we will also still need some image filtering to
improve the system noise figure.

In practice, if the image signal noise power is reduced by approximately
10dB, the image noise contribution becomes insignificant. It is possible to
achieve 25dB of image suppression to coherent carriers in an image-reject mixer
without introducing significant losses and, in addition. by using wide-band-low-
loss filtering in the RF input, a suppression of 40dB or more is achievable. Only
in the case of the image frequency containing a strong coherent interfering sig-
nal would any greater suppression be required. Here it is preferable to utilise a
notch or trap filter tuned to the image frequency that introduces minimal loss at
the signal frequency. High-performance HF communication receivers typically
have image rejection figures of 70dB to 100dB due to input filtering alone.

Another way around the lossy image filter problem is to use a double-super-
het with a very high first

M2 o IF, as the image frequency
O o1, | 18 situated at a frequency
of twice the IF away from
the wanted frequency.
This, for a low-frequency
1, | input signal (in the HF or
VHF range), will entail

son RF [~ [ 3
QUADRATURE " QUADAATURE
HYBRID w2 HYBRID

firstly mixing the signal
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up to a higher frequency of typically 1GHz, then a second narrow-band down-
converter is used to bring the signal to a normal IF of typically 70MHz or less.
The input amplifier band-pass filter can then be replaced with a low-pass filter,
rolling off in response a little above the receiver frequency. Low-pass filters
generally have lower insertion loss than a narrow-band symmetrical band-pass
filter. The filter losses after the mixers at |GHz and 70MHz are relatively small
and can be tolerated in such a system.

Equipment for measuring noise figure will, if the receive mixer is not pre-
ceded by an image filter, give an optimistic noise figure due to the image noise
adding to the wanted signal.

If the receiver consists of a wideband LNA (no image filtering) and a single
double-balanced mixer, the noise figure measured will be 3dB less than the
actual figure. Noise figure measurements need to be done using a single-side-
band technique and not a double-sideband type, which an unfiltered mixer with
image noise contribution inherently gives.

LOCAL OSCILLATOR NOISE CONTRIBUTION

The assumption for optimum noise performance is that the local oscillator sig-
nal is a perfect sinusoidal carrier of zero bandwidth, in the real world, this is not
the case. If the local oscillator is noisy, either in amplitude or phase and contains
significant noise power or other spurious response at the image, the noise will
be mixed on to the wanted IF signal. This is known as reciprocal mixing, and
will cause degradation of the signal. Receiver local oscillators need to have
extremely low noise performance for radio telescope duty in order to maximise
the sensitivity. A crystal-controlled oscillator is usually far superior to a synthe-
sised oscillator. If the radio telescope is required to operate on several different
frequencies, a local oscillator, mixer and LNA are required for each new band.
This imposes a problem with switching the LNAs with minimal losses. Often
the LNAs are mounted at the antenna feed-point and, because any form of
switching relay introduces a slight but unwanted loss, changing frequency band
often requires a technician to climb the antenna and physically disconnect the
old antennas and LNA and reconnect the new antenna and LNA by hand. This
can be a time consuming process, not to mention the potential hazards involved.
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Fig 3.3: A receiver carousel fitted to a cassegrain-
focused antenna. (Photograph courtesy of Jodrell

Bank Observatory)
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Fig 3.2: 20GHz liquid-helium-cooled receiver
front-end under development at Jodrell Bank
Radio Observatory. (Photograph: J Fielding 2004)

With the advent of liquid helium cooling of the LNAs this became an imprac-
tical method and the availability of better coaxial relays with much lower inser-
tion losses meant that all the changes could be done remotely from the control
room. Today the preferred technique uses the LNA and mixers incorporated into
the 'front-end' module, all of which is cryogenically cooled. The various front-
ends are arranged in a carousel that can be rotated to bring the required one to
the focal point of the dish.

Currently (2005) the Jodrell Bank MkIA radio telescope does not have a
carousel fitted due to the limited space in the focus box. On the author's last visit
in September 2003, the four-channel Hydrogen Line receiver was doing double
duty as a pulsar and Hydrogen Line receiver.

BROAD-BAND NOISE AND NOISE POWER

As the noise power contained in a 1Hz bandwidth for a particular condition is
constant then the same follows for other bandwidths. Suppose we measure the
absolute level of power in the 1Hz bandwidth - let us say it is 1uW in a 50Q
impedance for convenience. If we now use a measuring bandwidth of 1kHz, the
level of power we expect to measure is 1000 times as high, being ImW. (You
can imagine this is 1000 windows stacked side by side, each one is 1Hz wide,
each of which lets 1uW pass. The total amount of power is therefore the sum of
all the windows.) This is an increase of 30dB. If we use a 1IMHz measuring
bandwidth, the power level will be 1000 times higher still, it will be 1W.
Therefore it is much easier to measure the power in a wide bandwidth than it is
in a very narrow bandwidth. As the level of noise power in a 1Hz bandwidth is
likely to be very small, it is easier to use a wider measuring bandwidth and then
calculate the effective 1Hz bandwidth figure. In fact, we can choose any suit-
able bandwidth and then work back to find the 1Hz-bandwidth value.
Everything can be scaled to a new bandwidth.
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Now imagine a bandwidth 1MHz wide in the centre of which we place a carri-
er that occupies a bandwidth of 1Hz. If the noise is measured in a broadband
power detector the carrier will need to be more than 1 million times greater in
amplitude (60dB) to appear above the noise floor. If we now reduce the meas-
uring bandwidth to 100kHz the signal only needs to be 100,000 times greater
(50dB) to appear above the noise floor. Taking this concept further, if we further
reduce the measuring bandwidth to, say, 1kHz the signal only needs to be 1000
times greater (30dB) than the noise to appear above the noise floor. When the
measuring bandwidth is reduced to 1Hz only the signal will be left and all the
other 1Hz segments containing noise will be excluded. Hence, by reducing the
measuring bandwidth the signal appears to rise out of the noise floor. This caus-
es the SNR to improve as the system bandwidth is reduced. The situation for
radio astronomy receivers is a little different and this is covered later.

Sky noise

The noise we measure when an antenna is pointed to different parts of the sky
is determined by various factors. One of these is the operating frequency. At low
frequencies, the sky noise is high, reducing as we increase the frequency. The
second factor is the elevation angle of the antenna and where the main antenna
beam is pointed. At low elevation angles, the antenna sees a far greater portion
of the warm lower atmosphere than when pointed vertically. Excluding any Fig 3.4: Sky noise
. Y + : - . . . - temperature
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From this graph can be determined the minimum and maximum sky temper-
atures for the various frequencies. The lower dashed curve is the lowest tem-
perature to be expected when all other sources of noise are excluded. If you
examine the lower dashed curve you will see that at 144MHz the lowest sky
temperature is about 200K. This sets the lower limit to the noise figure required.
Reducing the receiver noise figure below this point does not bring any signifi-
cant improvement in sensitivity and is likely to cause intermodulation products
to be generated by strong in-band signals if excessive gain is used.

Of interest are the two bumps in the noise curve at 22GHz and 60GHz; these
are due to water absorption and the oxygen resonance effects respectively.
Therefore it is not useful fo observe at these frequencies from the Earth because
they will cause severe attenuation. However, if the receiver were mounted on a
space probe listening on these frequencies it would identify water and oxygen
by the increase in noise level.

As mentioned above, radio-astronomy systems usually operate close to the
theoretical noise limits. With a few exceptions, signals are usually extremely
weak. One such exception is the Sun. Depending on frequency, solar cycle,
antenna size, and system noise temperature, pointing an antenna at the Sun nor-
mally increases the received power several fold. Toward other sources, it is not
unusual to detect and measure signals that are less than 0.1% of the system
noise. The increase in power, measured in K, due to the presence of a radio
source in the beam is given by

R
2%

where: A is the effective aperture (m2), or aperture efficiency times physical
aperture,
F is the radio flux density in Wm2Hz-!, and
k is Boltzmann's constant, 1.38 x 10-22 WHz-!K-! (more commonly
JK).

The factor of 2 in the denominator is because radio astronomers usually
define the flux density as that present in both wave polarisations, but a receiver
is sensitive to only one polarisation. Radio telescopes use linear or circular
polarisation depending on the type of observations being made, and with two
LNAs and two receivers, two orthogonal polarisations can be detected simulta-
neously. In order to detect and measure signals that are a very small fraction of
the power passing into the receiver, signal averaging, or integration, is used. If
the receiver gain were perfectly stable, our ability to measure small changes in
signal is given by the noise equation, where AT is the 16 measurement noise.

If the receiver bandwidth is IMHz and T, = 100K, for example, we can
measure down to 0.013K in one minute. For a sure detection, we need to see a
change of 10 sigma or about 0.1K change. The receiver gain in practice is sel-
dom exactly constant, and the additional spill-over noise and atmospheric noise
may also be changing, so it will be difficult at this level to distinguish a real sig-
nal from a change in gain or atmospheric noise. There are several solutions to
this problem, depending on the type of observation, all of which rely on some
way of forming a reference. If we are making spectral-line measurements, the
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reference is often just adjacent frequencies. If we scan the frequency or simul-
taneously divide the spectrum into many frequency channels, then the gain or
atmospheric noise changes will be largely common to all frequencies and will
cancel with baseline subtraction in the final spectrum. In making measurements
of broadband, or continuum, radio emission, we usually use a synchronous
detection technique known as 'Dicke switching' after its inventor Robert Dicke.
An example of Dicke switching is the use of a switch to toggle the input of the
LNA between two antenna outputs that provide adjacent beams in the sky. If we
switch fast enough in this case and take the difference between the power of the
two outputs synchronously with the antenna switch, receiver gain changes will
largely cancel. Furthermore, if the two antenna beams are close together on the
sky, then changes in the atmospheric noise will tend to be common to both
beams and will also cancel. Since we are taking a difference and spending half
the time looking at the reference, the T given above will have to be doubled.

Another powerful technique for extracting weak signals from noise is corre-
lation. The radio telescope in this case has two or more receivers either con-
nected to the same antenna, or, more often, two or more separate antennas. The
signal voltages are multiplied together before averaging instead of multiplying
the signal voltage by itself to obtain the power. With separated antennas, the cor-
relation output combines the antenna patterns as an interferometer, which gen-
erates lobes on the sky that are separated in angle by the wavelength divided by
the projected baseline between the antennas. Correlation techniques are com-
mon in radio astronomy, and they are becoming popular also in communica-
tions. Correlation is used, for example, to detect and demodulate spread-spec-
trum signals as in code-division multiple-access (CDMA) digital cellular tele-
phones.

RECEIVER BANDWIDTH

The signal from a distant radio star or other object is inherently a very wideband
type, perhaps occupying several GHz of spectrum. A radio star is the same as
our Sun and it generates a large amount of broadband noise, hence we need to
use a receiver bandwidth of similar value. In practice, this is normally not pos-
sible because of other users of the spectrum. However, the noise power per unit
bandwidth is relatively constant, so it makes little difference if we observed at
144MHz, 432MHz or 1296MHz. Typical radio telescopes use bandwidths of
anything up to 100MHz or more at the microwave end of the spectrum to try
and encompass as much of the noise as possible and avoiding other occupied
frequencies. By international agreement, there are special portions of the spec-
trum exclusively allocated to radio astronomy, in which no other services are
allowed to operate.

If you consider the amateur bands, this approach will not work, because there
are so many signals present. In a case such as this, we would need to utilise a
receiver bandwidth that can exclude all but the wanted signal. In the radio tele-
scope, there is normally only one signal under observation and the choice of the
observing frequency is not normally very critical, except in a few specialised
cases. One of these is the Hydrogen Line at 1420MHz. Here, the receiver needs
to be centred on the nominal frequency, but also needs to have sufficient band-
width to accept as much of the noise power as possible. Another problem is
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Doppler shift. If the object under investigation is moving away from the observ-
er, the signal will be shifted in frequency; this is a function of the operating fre-
quency and the velocity of the object. The average velocity of a receding star or
other object is of the order of 50kms-! or higher; hence the Doppler shift can be
quite high. Typically, this requires a receiver with about 50MHz bandwidth.
(50MHz bandwidth at 1420MHz is approximately 3.5%.)

One radio telescope might use an observing frequency of 160MHz, whereas
another might use 250MHz. When both are pointed at the same radio star, the
magnitude of the signals received will be different. Although the absolute noise
power received is different for the two cases, this can be attributed to the dif-
ferent antenna gains and beamwidths, the receiver noise figure and the receiver
bandwidth in use. If each radio telescope were to be normalised, the signal
power would be the same for the same radio star.

Some powerful radio stars can be used as 'calibration sources'. The two
strongest radio stars, Cassiopeia-A and Cygnus-A, have similar signal levels,
but the radio star with the greatest output power is the weaker of the two. This
is because it exists a far greater distance away. Note: The signal powers quoted
are in 'janskys' (Jy), the accepted way of measuring radio stars.

Cassiopeia-A 57 x 1024 Jy
Cygnus-A 38 x 104 Jy

These signal levels were established by Dr John D Kraus, W8IK, using the
Ohio State University radio telescope at 250MHz using a 4MHz receiver band-
width. Irrespective of the actual receiver bandwidth used, the two radio stars
will still have the same ratio of signal levels, being 57/38 = 1.5:1.

If the receiver uses a very narrow bandwidth, the received signal power falls
to a lower value. This is exactly the opposite of the case where a very narrow
band signal is being searched for in a wideband background noise floor.

As the wanted signal is, in most cases, a broadband noise, the way this can be
detected is quite difficult. Connecting a voltmeter to the receiver output is one
way. If the antenna is positioned to point at a vacant spot in the sky, we will
measure the ambient background noise plus any receiver noise. When the radio
star transits the antenna beam we will see a gradual increase of the voltmeter
reading and then a gradual decreases as the source passes through the antenna
main beam. If the telescope is a transit type, this occurs at the rate of 15° per
hour due to the Earth's rotation. By measuring the half-power points on the volt-
meter, and knowing the antenna beamwidth, we can estimate the apparent size
of the object.

MAIN RECEIVER DETAILS

In many radio telescopes, the main receiver is used for all the different fre-
quency bands. The receiver often utilises a frequency of around 70MHz to
100MHz and contains the necessary different bandwidth filters for IF filtering
and the logarithmic detection. Often the main receiver can be tuned in IMHz or
smaller steps around its nominal frequency, which then gives variable frequen-
cy coverage at the input frequency. The receiver is permanently connected to a
chart recorder or digitising computer for signal processing.
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As the main receiver is an expensive item, it is preferable to use this approach.
The different frequency bands are provided for by up- or down-converters, each
with its own LNA, mixer and local oscillator. These are often mounted at the
antenna and the coax cable from them to the main receiver carries the 70MHz
to 100MHz signals to the operating room. This means it is simple and quick to
change frequency bands by remote control to the antenna-mounted components
in the receiver. The feeder cable can be quite long. In the case of Jodrell Bank
Mk1, it is approximately 200m long. By utilising a relatively low IF, such as
70MHz, the feeder loss is not as serious as the sensitivity has already been
defined by the LNA and mixer stages.

For radio telescopes using GHz front-ends, the 70MHz to 100MHz IF is often
too low, and a higher first IF of about 1.5GHz is often used. This is then further
down-converted to the normal IF for processing.

Today, the predominant method is to use two parallel receivers contained in
one front-end unit. These cater for lefi-hand and right-hand circular polarisation
and supply two parallel IFs to the processing equipment.

MODERN APPROACH TO RECEIVERS

Today, the use of a dedicated receiver is more the norm. For example, Jodrell
Bank and many other radio telescopes have chosen a different technique, where
each 'receiver' is dedicated to a particular band. In the new approach, the receiv-
er front-end is still much as before, but the IF processing is quite different. At
Jodrell Bank, the receiver first LO is carried by a low-loss coaxial cable from
the observing room to the dish focal point where the LNA and first mixer are
situated. For an L-band receiver, the loss in the coax may be too high, so a lower
frequency is used that is then multiplied up to the final frequency in the front-
end and then filtered to remove spurious products. The technique at Jodrell

Fig 3.5: Typical
hydrogen line
receiver front-end
block diagram.
(Courtesy Max
Planck Radio
Observatory)
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Fig 3.6: The equip- [

ment racks contain
the receiver first
LO generator and
the first IF process-
ing equipment.
(Photo: J Fielding
2005)

Fig 3.7: Simplified
diagram of Jodrell
Bank Hydrogen
Line receiver for
one channel
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Bank uses the Hydrogen-Line receiver at about 1.42GHz (1364 to 1428MHz)
where LOI is 386MHz; this is then multiplied by 4 to 1544MHz. This produces
a wideband first TF of 116 to 180MHz. The first IF is then carried back to the
observing room by another low-loss coaxial cable.

In the observing room is a series of band-splitting filters. These are 32MHz
wide and consist of two banks of 32 separate filters, each of 1MHz nominal band-
width. The filters are supplied with two 'channels' each 32MHz wide by using two
second LO signals. These LO signals are at 100MHz and 132MHz. The 116 to
180MHz wideband first TF has a total bandwidth of 64MHz. The second mixers,
therefore, supply two new 'channels' of 32MHz bandwidth. The filter bank out-
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puts 2 x 32MHz (64 channels each IMHz) wide of 16MHz to 48MHz. These are
then fed into 64 separate DSP detectors that process the signals in parallel.
Hence, there is a contiguous coverage of the first IF over a 64MHz bandwidth.
Each DSP processor is clocked at 1.2GHz and is able to sweep across each indi-
vidual IMHz wide slot to search for signals. The search for a signal within the
Hydrogen Line spectrum is then possible by resolving the signals down to as lit-
tle as 1Hz bandwidth in real time.

e
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/ / 14 Fig 3.8: Jodrell
Wi Bank IF filter bank
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Fig 3.9: One of the
g IF filter bank cards
/ 'rﬁif:;’;” / / containing 16 fil-
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) [l J Fielding 2005)
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To measure spectral-line emission or absorption from molecules or atoms, we
need a device to measure power spectra - a spectrometer. An intuitive method to
measure power spectra is to scan a narrow tunable band-pass filter across the
frequencies to be measured and record its power output as a function of fre-
quency. A variant of this scheme, actually used in spectrum analysers, has a
fixed filter in the IF that is scanned, in effect, by scanning a LO in a heterodyne
configuration.

A significant improvement in observing efficiency results from having a
comb or bank of band-pass filters placed side-by-side in frequency and record-
ing all their outputs simultaneously. Fig 3.8 and 3.9 show an example of such a
filter bank. Choosing filter shapes and spacing for such a spectrometer is, how-
ever, not intuitive. The popular almost-square filters placed just touching, for
example, give spectra that are difficult to interpret whenever spectral features
are comparable to the filter widths. With today's technology, filter banks are
expensive and troublesome compared to various digital alternatives.

Digital Signal Processing

With the advent of digital signal processing (DSP), the main receiver design has
changed considerably over the last 10 years. Whereas, in the early days of DSP,
it was difficult to manufacturer fast Analogue-to-Digital converters (A/Ds) with
acceptable noise performance and dynamic range, today it is possible to make
very fast converters that work in real-time, with clock rates up to 2GHz. Today,
the receiver does not consist of much hardware, the IF amplifiers have been
replaced in some receivers with a simple wide-band amplifier and then this is
fed into the A/D converter.

In earlier days, because of the limitations in the available ICs, the A/D con-
verter worked at a very low IF and the signal was down-converted and then
applied to the A/D converter. With very fast A/D converters becoming afford-
able, the DSP now directly converts the noise spectrum at the input frequency
into a digital bitstream for later processing. With computers becoming more
powerful, it is now possible to do the processing in something approaching real-
time. Modern DSP receivers are zero-IF types and the mixing, filtering and
detection are performed directly in software using the raw digital bitstream. The
advantage of the DSP approach is that it is possible to make continuously-variable
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Fig 3.11: Cobra digital signal processing rack. (Photograph: J Fielding 2005)
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IF filters with only software and one piece of DSP hardware. This makes the
DSP receiver approach much more cost-effective because, once the initial high
cost has been overcome, the receiver depends entirely on the software used.

The most advanced system to date is the new Jodrell Bank Cobra DSP system
which can simultaneously sweep across up to 96MHz of IF 'channel' in real
time, although normally only 64MHz is used.

Many other radio telescopes use similar techniques. The diagram below is the
method used by the Max Planck observatory in Germany. Here, the 1st TF at 130
to 170MHz is split into 60 x 666kHz segments and then processed by fast digi-
tal circuits to provide a composite serial bitstream.

Signal Integration

One of the ways we can extract a very weak signal from the background noise
is to use a process known as integration. Integration is the process of continu-
ously adding one signal on top of the previous ones to build up a stronger sig-
nal. A similar technique is used in the spectrum analyser and, in this case, it is
known as video averaging. If integration is used on a very weak source over a
long time period, the wanted signal rises up out of the background noise and
then can be detected more easily. Integration of radio signals is exactly the same
principle as used by the optical astronomers using long time-exposure photog-
raphy. In an optical telescope, the light from a distant star is so weak the human
eye or any electronic means such as Charge Coupled Devices (CCD) cannot see
it. However, if the object is photographed with a long time-exposure, some
detail is visible from the photographic plate.

One of the most persistent and difficult problems in spectral measurements in
radio astronomy involves the difficulty of obtaining good flat baselines, the
parts of spectra with no signal. The corresponding baseline problem with con-
tinuum measurements involves stable measurements off-source (ie cold sky) to
subtract from on-source measurements. There are numerous instrumental
effects that contribute to bumpy baselines, and many of the effects are a sub-
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stantial percentage of the system temperature and are typically much larger than
the signals to be measured. To reduce the severity of such instrumental effects,
almost all radio-astronomy measurements are made using one of several possi-
ble switching schemes. The ideal switching scheme would have the source itself
turn off and on synchronously with a prescribed periodicity and with nothing
else changing. Then the difference between signal and comparison is precisely
the desired measurement. Provided that Ts does not change between the on-
source and off-source observations, it can be shown that noise is minimised by
spending half the observing time on-source and half the time off-source.

Another method used is phase-switching of the antennas. If the phase of one
antenna is rapidly switched with a 90° delay added and the signal is compared
to another antenna with no delay, the net result is that the sky noise is nulled and
only the wanted signal is left.

Among practical switching schemes, we can move the antenna pointing on
and off the source either by actually moving the antenna or by offsetting the
effective pointing by moving the feed or its image. But this works only if the
source is confined in angle. Or we can move the source in and out of the pass-
band by moving the LO frequency. But this works only if the source is confined
in frequency. Or we can switch the input to the receiver alternately from the feed
to an absorber or load. This last scheme is less good because many of the instru-
mental effects to be ameliorated are in the feed and beyond. This technique is
known as the Dicke Swilching method (see later).

Switching schemes are needed for cither continuum or spectral measure-
ments. A price to be paid for switching is increased noise. There are two contri-
butions to the added noise. The receiver spends only half the time looking at the
signal, and the result is the difference between two equally-noisy measurements.
The result is twice the noise compared with not switching for the same integra-
tion time or four times the integration time to achieve the same noise.

DICKE SWITCHING RECEIVER

This was developed by a Canadian engineer working on radar receiver design
during WWIL. R H Dicke was working at the Massachusetts Institute of
Technology (MIT), where a similar problem existed of trying to discern a weak
return echo against a background of noise. In the Dicke receiver, an antenna
relay rapidly switches the receiver between the antenna and a load resistor.
When the switch is connected to the load resistor the output is simply the resid-
ual noise generated in the receiver plus the thermal noise of the resistor at ambi-
ent temperature. When the switch is connected to the antenna the noise is the
product of the inherent receiver noise plus any signal within the bandwidth. A
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CONTROL

Fig 3.13: Dicke
switching receiver
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switch-frequency rectifier, synchronised to the switching waveform, performs
detection. By using the Dicke switching method, it is casier to see if a signal is
present. Dicke, in his original experiment, was able to measure a change in tem-
perature of the Moon of 0.5K using a microwave receiver with a bandwidth of
8MHz and an integration time of 2s. This is equivalent to about 0.01dB change
in signal level.

IF BANDWIDTH CONSIDERATIONS

Because the noise power per unit bandwidth from a radio star is relatively con-
stant, we would ideally use a fairly wide band IF filter to allow the maximum
amount of signal to be collected. If a very narrow band IF filter is used, the time
it takes to build up a detectable signal using integration is longer. So the IF band-
width is normally quite wide. For a radio telescope, this is not normally a prob-
lem because, by international agreement, certain portions of the spectrum are allo-
cated only for radio astronomy. For an amateur band this cannot work; you can-
not expect everyone else to stop transmitting while you are trying to receive,
Consequently, if an amateur band is chosen as the receiving frequency we need to
use narrower band IF filters than are optimum. A good compromise might be a fil-
ter with a 50kHz bandwidth. These can be constructed with LC filters because the
widest crystal filter commonly available is only about 30kHz bandwidth.

RADIO FLUX UNIT

When one considers that the signal may have travelled a distance corresponding
to more than 5 billion light years to arrive at the antenna, it can be appreciated
that the signal is extremely weak and great efforts must be made in order to
resolve and detect it with the least degradation.

Because the levels of signals we are dealing with are so small, it is impracti-
cal to use conventional measures of signal strength. Accordingly, a notation of
'radio-flux-units' is used to quantify the signal level that takes into account the
antenna collecting area and system bandwidth. This is known as the jansky (Jy),
and was defined by J S Hey in the 1950s in honour of Karl Jansky, and is
defined in watts per square metre per unit bandwidth. 1Jy is defined as being 1
x 1020Wm2Hz . :

This means that if the effective aperture of the antenna is 100m?, and the
receiver being used has a bandwidth of IMHz, and a flux unit of 1Jy is being
received, the power collected is 10-'8W. The example given is equivalent to a
signal of 10-15mW or -150dBm. Present-day radio telescopes can directly detect
radio sources down to 10-3Jy flux units (-180dBm) without post detection pro-
cessing or integration.

It is important to appreciate the significance of the flux unit, as it relates
absolute received power to the antenna aperture and receiver bandwidth. By
using this, it is possible for two radio telescopes to compare the received signal
strengths in an unambiguous way. The two radio telescopes will most probably
not have the same antenna or receiver bandwidth, but it is possible to directly
calculate the signal strength for each one, from the antenna size and receiver
characteristics, by knowing the flux of the distant object. Conversely, if the
parameters of the receiver and antenna are accurately known, it is possible to
assign a radio flux figure to a particular object.
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It is different from the case’of two communications receivers fitted with S-
meters. Here, the sensitivities of the S-meters will most probably be different,
as will the antennas, so to get any meaningful relationship is practically impos-
sible. At best, the S-meter is purely a rough guide.

Calibration of the radio telescope system is done by injecting a precise known
level of signal or noise into the antenna from a small sub-antenna or via a direc-
tional coupler directly into the LNA. Periodic checks are made to ensure the
receiver sensitivity is not degraded. A crude noise source is the Sun but, as the
solar radio flux varies widely, it cannot be considered an accurate means. Jodrell
Bank Mki, when operating at maximum gain, saturates and overloads the
receiver when pointed at the Sun.

RADIO HORIZON OF RADIO TELESCOPES

It is difficult to visualise the vast distances that the signals from remote radio
stars travel before we on Earth are able to receive them. One of the biggest prob-
lems is designing the correct antenna and receiver to observe a remote radio star.
This factor sets an upper limit to the range at which radio stars might be detect-
ed with a particular radio telescope.

If one considers Cygnus-A as being typical of the brightest radio star, we can
estimate the radio horizon for other stars of a similar power output. Cygnus-A
is situated approx. 550 x 106 light years from Earth and is the strongest known 7
emitter of radio-frequency energy.

To calculate the 'ultimate radio horizon', we need to calculate the ultimate sen-
sitivity of the radio telescope system. This is done using the formula

2kTN

Suin =———
AvntAf

min

where:  S_;; = minimum detectable power flux density (Jy),
k = Boltzmann's constant (1.38 x 10-23JK-1),
T = receiver ambient temperature (K),
N = noise factor of receiver,
A = effective aperture of antenna (m?2),
n = number of records averaged,
t = time constant of output integrating circuit,
f = receiver bandwidth in Hertz.

Note: The factor 2 is included because the telescope is only sensitive to one
polarisation component of the signal.

Calculating for the Ohio State University telescope at 250MHz gives an ulti-
mate sensitivity of 1.9 x 10-27]y. Using Cygnus-A as a reference, which is 550
x 106 light years distant, gives the radio horizon as 28 x 107 light years.

Because of receiver gain instability and interfering signals, the horizon will be
somewhat less than the above figure. However, the value given is the ultimate
that might be achieved under favourable conditions. It should be mentioned that
the range calculated is unlikely to be achieved for one very important reason.
The objects at or near the radio horizon are travelling at a great velocity away
from us, approaching the speed of light, and hence the chance of detecting a sig-
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nal from these is very unlikely. At a range of about 7 billion light years, the rate
of recession equals the speed of light, so above this range no signals can be
expected to be detected. The range of 7 billion light years is known as the 'celes-
tial horizon'. The Ohio State University radio telescope exceeds the celestial
horizon by about a factor of 4, and the best Earth-bound optical telescope
equates only to half the celestial horizon at the present time. However, we now
know from measurements recently made (2004) that the age of the universe is
approximately 13 billion years, so the 28 billion light years predicted is out by
a factor of more than 2:1.

Sufficient sensitivity does not nccessarily imply the ability to detect an object.
If the observed object is very close in angular displacement to other stronger
sources, the telescope may not be able to resolve it from the other interfering
signals. In such a case, the telescope is said to be resolution limited. Conversely,
at short wavelengths, where sufficient antenna resolution is usually possible, the
telescope may be limited due to insufficient sensitivity because of too high a
noise figure; in such a case the telescope is said to be sensitivity limited.

IN-BAND INTERFERENCE SIGNALS

A serious problem affecting all radio telescopes is the radiation of weak signals
that fall within the bandwidth of the receiver. A typical case occurred in the UK
in the 1970s. An amateur 70cm converter utilised a 404MHz local oscillator to
convert down to 28MHz. This was a home-made unit, not very well screened,
and some of the local oscillator energy was able to leak into the antenna feeder
and was radiated. The amateur lived approximately 20km from Jodrell Bank
and caused the wiping out of the telescope whilst it was receiving on the
400MHz portion of the spectrum. The reason was that the Jodrell Bank receiv-
er tuned in steps across the 400 to 410MHz spectrum to find deep space signals.
Today the 400 - 408MHz spectrum is heavily polluted by many ISM, LPD and
other devices, making the radio telescope usage difficult. Hence, this portion of
spectrum has largely fallen into disfavour by astronomers.

When radio astronomers first started searching the sky for signals, there were
not many interfering signals from man-made communications systems and plen-
ty of spectrum to choose from. Today, the situation has changed radically.
Frequencies that in earlier days were unused are now crowded with many differ-
ent types of radio communication systems. Also, the broadband noise power radi-
ated by some of these is far greater than the radio telescope sensitivity, so causing
interference. If one imagines an aircraft flying overhead nearby radiating a signal
from its radio altimeter in the 1.5GHz band of perhaps 100W, this will severely
affect a receiver trying to receive on 1.4GHz. Although the receiver is operating
100MHz away, it has a wide first IF of maybe as much as 100MHz, and the
broadband noise spectrum from the aircraft radio altimeter is only some 100dB
below the transmitted power. This will be seen as an increase in the received noise
floor and cause a false signal. Other typical problems are cellular telephone sys-
tems. When you visit a site such as Jodrell Bank, there are notices asking the vis-
itors to switch off any cellular handset to stop interference to the telescope.
Although the cellular handset is transmitting about S00MHz away from the
1.4GHz receiving frequency, the broadband noise radiated from the simple hand-
set is quite high and this can spread over into the radio telescope band.
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RADIO ASTRONOMY FREQUENCIES

The allocation of spectrum for radio astronomy is performed by the ITU, and
the usage is controlled by the Committee for Radio Astronomy Frequencies
(CRAF), a division of the International Astronomical Union (IAU). Some of the
spectrum allocated is exclusively set aside for radio astronomy, and some is
shared with other services. The spectrum covers from 13.36MHz to 141GHz.

The following radio astronomy frequency bands were recognised at the 1979
World Administrative Radio Conference. Many are shared segments, not specif-
ically protected from interference by other authorised users, but are nevertheless
generally accepted spectral regions for radio astronomical observation. The
lower two segments are generally used for solar and Jupiter observations; the
73, 150 and 406MHz segments are quite popular for pulsar detection, and the
1400MHz band is used for hydrogen line and Pulsar measurements.

13.36 i 13.41 MHz
2555 - 25.67 MHz
37.50 - 38.25 MHz
73.00 - 74.60 MHz
150.05 -- 153.00 MHz
322.00 -- 328.65 MHz
406.10 -- 410.00 MHz
1400.00 - 1427.00 MHz

There are also many higher frequencies set aside purely for radio astronomy
work, but these are in the upper microwave spectrum and unlikely to be suitable
for amateur observation.

As can be seen, many of these border traditional amateur bands, and so the
modification of equipment is quite simple. Note that these frequencies are des-
ignated for passive use, which is receive-only and no transmitting is permitted
within these bands.

RX NOISE PERFORMANCE CALCULATIONS

The formule for calculating the system noise performance are listed below:

Available SNR at input
Available SNR at output

Noise factor F =

.F: i s tm no

(}:lpiﬂ :

i 50

where: P, = input signal noise power,
P,, = output signal noise power,
P,, = available noise power at the receiver output,
G, = available power gain, and
P,; = available input noise power (W) due to kT B,,.

ni

Note: Noise Factor and gains are expressed as power ratios.
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Noise factor (F) is a unit-less measurement. Noise Figure (NF) is the loga-
rithm of noise factor and is expressed in dB.

NF = 10log,,F

Hence:  Noise factor of 1 is equal to a noise figure of 0dB,
Noise factor of 2 is equal to a noise figure of 3dB,
Noise factor of 4 is equal to a noise figure of 6dB, etc.

The available input noise power, P, is the noise power resulting from a
matched source resistor at temperature T ,.

The SNR at the output of an amplifier will always be less than that at the
input, as any practical amplifier will add some noise. Noise factor, F, is a meas-
ure of the amount of noise added. F will always be greater than unity (or NF >
0dB).

When several stages are cascaded to form a system, the following formula is
used (Friiss's formula).

=1 F, -1 F,—1
Fou=F+2+2—+=—3 + :
G GxG, G,xG,xG,

Note: Noise Factor and gains are expressed as power ratios..

From this it can be seen that the overall noise performance is largely deter-
mined by the first stage (F,), and that the addition of later stages degrades the
overall noise figure to a lesser extent, defined by the gain of the first stage (G;),
provided the first stage is not a lossy line with G < 1.

In a radio telescope, the noise contributions of the second and possibly the
third stages can be significant, and so extra care must be taken with the design
of the receiver. Due to the very low noise figures that are typically used in a
radio telescope, it is more convenient to express these in terms of equivalent
noise temperatures. The noise power at the output of an amplifier stage (P,) is
defined as: '

_ F-1
% XTBG,

where:  k is Boltzmann's constant = 1.38 x 10-23JK-1,
To is the equivalent noise temperature of the amplifier,
B is the bandwidth of the amplifier (Hz),
Ga is the gain of the amplifier as a power ratio.

The noise characteristic of this stage can alternatively be represented by
assuming that it has an equivalent noise temperature such that the noise power
produced at the output of the stage due to internally generated noise is given
by

P, =KkT.BG,
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Thus

kT,BG,=——— or szﬁ.
kT,BG T

a

The cascaded noise factor equation can be written in noise temperature format
(modified version of Friis's equation)
T2 JE3
e
G 1 G AxGE 2

T,=T1+

As an example:
The current generation of 5GHz LNAs used by Jodrell Bank use HEMT
devices and liquid helium cooling. The published noise temperature of the
system is S5K.

The noise figure of a 5K device is

5
NF =10log(1)+ —— = 0.074dB.
og(l) 500

CRYOGENIC COOLING

Many modern radio telescopes today use some form of cooling to lower the
ambient temperature of the LNA to achieve a lower system noise temperature.
Common forms are liquid nitrogen and liquid helium. Helium is usually the pre-
ferred medium. Liquid helium exhibits a temperature of about -260°C or about
13 degrees above absolute zero.

Fig 3.14: Decanting
liquid helium in the
Jodrell Bank Receiver
Design Laboratory.
(Photograph: J
Fielding 2005)
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Fig 3.15: Close-up
of a typical
microwave receiver
unit. (Photograph:
J Fielding 2004)

In practice it is normally possible to hold the LNA and associated metalwork
to about 15K. Whereas this technique works very well it is not the sort of thing
that amateurs are likely to incorporate in a low noise amplifier because of the

engineering problems encountered.

Using liquid helium to lower the temperature of the LNA and other parts of
the front-end unit brings about some very interesting engineering problems. In
the picture above, there is a white former to the left and near the bottom of the
unit with several enamelled copper wires wrapped around it. It looks a bit like
a RF choke; in fact it is a "thermal choke'.

Fig 3.16: Liquid
Helium pump on

a completed _ i ) ) 7 /
front-end unit. iy / s i f/?f;

. m m
(Photograph:  J _ / A ///’% i

Fielding 2004)
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The wires run from the DC input connector to the right, which has feed-
through capacitors and other RF filtering to stop interfering signals getting into
the unit. However, the biggest problem is stopping heat getting in and raising
the temperature of the LNA and other components.

The wires wrapped around the plastic former carry the various DC supply
lines and control signals and they exhibit a high thermal resistance and help to
prevent the ambient heat getting to the LNA. It takes about 1h to lower the tem-
perature from ambient to the required 15K (-258°C). The rate of change of tem-
perature needs to carefully controlled to prevent rapid contraction of the metal-
work or components from causing a stress-related failure, particularly in sur-
face-mounted components.

The liquid helium is pumped up the main support tubes to the top plate, which
serves as a heat sink (heat-extractor) to which the LNAs and other parts are
mounted. Having passed through the extractor the heated liquid helium exits via
another supporting pipe and is then sent through an external heat exchanger to
remove the heat energy. It is then sent back to the helium pump for another cir-
cuit. The liquid helium is pumped by a DC powered 'shuttle-pump' mounted on
the bottom of the unit.

ANTENNA NOISE TEMPERATURE

The concept of equivalent noise temperature may be extended. If an arbitrary
source of noise (thermal or non-thermal) is random, it can be modelled as an
equivalent thermal noise source and characterised with an equivalent noise tem-
perature. Thus, components and systems can be characterised by saying that
they have an equivalent noise temperature.

For example, a non-thermal device, such as an antenna, may be associated
with an effective noise temperature, T. If the noise power received by the anten-
na is Pn in a system bandwidth, B, then Tant may be expressed as

where:  k is Boltzmann's constant = 1.38 x 10-23JK-!, and
B is the system bandwidth (Hz).

The term T, includes all noise contributions up to the 'reference plane',
which is normally taken as the input to the first amplifier stage (commonly
referred to as the Low Noise Amplifier, LNA).

There are basically two major contributors to antenna noise temperature,
namely sky noise and noise from ohmic losses in the antenna or coaxial cable.
Sky noise comprises all external noise that enters the antenna. In satellite and
radio astronomy systems, the sky noise is due fo extra-terrestrial noise, ther-
mal radiation from the atmosphere and man-made noise reflected from the
earth.

The atmosphere affects external noise in two ways. It attenuates signals pass-
ing through it from outer space, and also generates noise because of the energy
of its constituents. Sky noise generally varies with frequency, elevation angle of
the antenna, (at low elevations the antenna 'sees' a greater portion of the atmos-
phere and some of the warm earth), and surface water vapour concentration.
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EFFECTS OF SKY NOISE

As the sky noise reduces so dramatically as the operating frequency rises, it is
often more productive to choose a higher rather than a lower frequency to
observe a distant object, even though the expected path loss is greater. One can
safely assume that for frequencies up to about 144MHz half the system noise
temperature is due to antenna and sky noise and the remainder is due to the
LNA. Therefore, there is no significant benefit to be gained by reducing the
LNA noise figure much below half of the total system temperature.

For example:

At 144MHz, with the antenna pointed at the horizon in an urban environ-
ment, the typical sky noise will be of the order of 1000K. With the antenna
elevated to 45°, it will be reduced to approximately 200K. This is an equiv-
alent LNA noise figure of 1.15dB. With the antenna pointed at the horizon
with a 1000K sky noise, the lowest noise figure required is about 6.5dB. In
a rural environment, the ambient noise with the antenna pointed at the hori-
zon will be lower, perhaps as low as 300K, and then a lower noise figure
can be used to advantage. Even so, it is limited to about 3dB.

At 432MHz, the sky is less noisy and the typical figures for these two
cases will be approximately 150K and 20K. This is an equivalent minimum
LNA noise figure of 0.3dB.

At 1296MHz, the sky noise has dropped to about 5K for an antenna point-
ed vertically upwards, assuming no radio star is in the beam. This is an
equivalent LNA noise figure of 0.07dB. It is extremely difficult to get any-
where near this with conventional microwave transistors at a modest cost.
To achieve this very low noise temperature requires cryogenic cooling.

Turning this fact around explains why there is no great improvement to be
gained by using an extremely low noise figure on the lower bands. At
144MHz, for all modes except satellite or EME, there is no advantage in striv-
ing for less than about 2dB NF. For 144MHz EME, going down to as low as
1dB is all that is required. On 432MHz and above, the lowest noise figure that
can be achieved is of benefit as the sky noise is so low at the higher frequen-
cies. _

An equation for determining the antenna noise temperature up to the reference
plane is:

_ (,-1290+T,,
ant 1

a

?

where 1, is the numeric value of the system ohmic losses up to the reference
plane.

For an antenna-receiver system, the total effective system noise temperature,
T, can be defined as

sys?

Fes

£yE ant

T

rx:

where Trx is the equivalent noise temperature of the receiver.
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SPECIAL RECEIVER TECHNIQUES

In a receiver for very weak-signal detection there are several techniques we can
use to enhance the probability of detection. Apart from the obvious one of
ensuring the system noise figure is as low as necessary, the detection process in
the intermediate amplifier stages and post detection signal processing are par-
ticular areas that have involved a great deal of study. Much of this is due to the
development work done on long-range military radar systems. Here, a similar
problem exists - how to determine if a response in the IF and detector is in fact
a genuine target or simply a random burst of noise. Today, with digital signal
processing (DSP), the TF signal is converted in an analogue-to-digital converter
and the final filtering and detection is performed at a digital level.

In simple radar receivers, the amplifier stages could all be fixed-gain linear
amplifiers and the detector a simple amplitude detector similar to an AM detec-
tor. The increase in [F level when an echo signal is received causes the DC com-
ponent to rise above some preset level and then a target is assumed to be pres-
ent. This works for the perfect case but, in practice, many factors can effect the
detectability. Common problems are insects or birds flying through the antenna
beamwidth at a few miles range. These will give a radar return (echo) similar to
an aircraft at much greater distance. If only amplitude information is available,
the operator could assume it was a threat. With range information, the operator
could distinguish between close-in targets and those further away. A target clos-
ing on the radar would in each successive echo show a shortening of the range
and a consequent increase in echo amplitude. With knowledge of both of these
pieces of information, a decision is made more easily.

In order to be able to detect targets both very far away and very close in, the
problem arises that a manually-set IF gain system is no longer acceptable. For
maximum range the gain needs to be high, for close-in targets the gain, if set too
high, could cause blocking of the receiver because the echo is very strong. A
system where the receiver can set the IF gain for each successive echo is
required. The attack time of the AGC needs to be very fast, as does the recov-
ery time. If the recovery time is too slow, a weak echo from a distant target
could be missed. No practical AGC system can satisfy this requirement.

Limiting amplifiers
A possible solution to this problem is to use IF amplifiers that give a limiting

action to strong signals but operate near full gain for weaker echoes. This is sim-
ilar to the IF amplifiers used in FM receivers. The process of limiting, howev-
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er, removes all the amplitude information. Hence, all echoes above a certain
level will appear to give the same amplitude output. Therefore target size infor-
mation is lost.

Limiting amplifiers can adjust their gain very quickly, in some cases in less
than a few nanoseconds. What is required is a version of a limiting amplifier that
can adjust its gain automatically, but still preserve the amplitude information.
Because of this requirement, special [F amplifiers were developed. These are
known as 'logarithmic amplifiers'.

Logarithmic amplifiers

A logarithmic amplifier is a type of IF amplifier that adjusts its gain logarith-
mically, based on the level of the input signal. The typical gain of a log-amp
might be approximately 10dB for very small signals. However, over a 10dB
increase in signal level the gain falls to 0dB in a linear manner. The log-amp
also contains a precision detector that produces a DC output voltage or current
which is an exact measure of the gain ruling at any particular time. Hence, a log-
amp might output zero volts when the gain is maximum, 0.5V when the gain is
reduced to 5dB and 1V when the gain has fallen to zero dB. This would give a
range of 100mVdB-!. With this precision, it is much easier to see a very small
change in input power level.

The 10dB range of a single log-amp is not of much use for a receiver IF,
although it could be used to measure power very accurately in, say, a through-
line power meter. By connecting several log-amp stages in series, the total gain
rises in 10dB steps as each new amplifier stage is added and the dynamic range
also increases by the same amount. A 'log amp strip' with three 10dB devices
would give a maximum gain of 30dB and a dynamic range of the same value.
Hence, it could accurately measure the signal level over a 30dB range with an
accuracy of approx. 0.1dB.

For a typical long-range radar, the IF gain would need to be 100dB or more.
This would require ten log-amps to be connected in series. However, a problem
now arises for very strong echoes. When the input level exceeds the level fo
cause 0dB gain, the log-amp does not give any further increase in the DC
detected output voltage or current.

The last log-amp stage in the series-connected chain will be the first to com-
press to 0dB as the signal level rises. The penultimate stage will then start to
compress towards 0dB, and so on. This is known as 'successive detection',
When the total 100dB range has been used up the first stage will have fallen to
0dB, and hence the detected output will not increase any more no matter how
much bigger the input signal becomes.

The basic problem with this scheme is that the final stage will almost certain-
ly be in total compression due to the intrinsic receiver noise and will be giving
full-detected output on just the noise. This means the output DC level will not
extend to zero volts and leaves a DC offset in the system. This can be trimmed
out in the succeeding post-detection processing amplifiers.

To extend the range any further by adding more log-amps in series is not a
feasible scheme, because then the last two or more stages will be driven into
compression on quiescent receiver noise, thus reducing the available dynamic
range by a large amount. What is required is another approach.
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Centre frequency 60MHz
Dynamic Range ~75dBm to +15dBm
Videa rige fime 70nSec
Bandwidth approx. 20MHz

Quiput voliage 0-1.5v

Typical log accuracy +2dB

Fig 3.17: Inter-
stage noise filter-
ing
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Log amp lift stages

If another short chain of series-connected log-amps are connected to the input
in parallel with the first log-amp stage and these are fed from an attenuator to
provide a level that will start the new parallel stage to begin compressing when
the first stage has just reached compression, the parallel stage can carry on giv-
ing valid detector output information for a further 20dB if two stages are used
in series.

This extends the 100dB range to at least 120dB. This technique is known as
a 'lift stage' as it lifts the dynamic range a further amount. Fig 3.17 shows a log-
amplifier chain. At the top is the normal chain, the lift stages are the two ICs
below. These are fed with a resistive potential divider to attenuate the input to
this stage. A typical log-amplifier with lift stages would use a parallel-connect-
ed stage of two or three devices.

Most log-amplifier ICs are inherently very wide-band devices. Typically,
they utilise DC-coupled stages and can operate from DC to 900MHz for the
most modern devices. If this extremely wide bandwidth was used, the SNR
would be severely degraded as the noise power per unit of bandwidth is con-
stant. It is normally necessary to insert one or more inter-stage noise filters to
limit the bandwidth. The overall bandwidth of the receiver would normally be
set by a band-pass filter after the receive mixer, but this does not help in the
case of log-amplifiers. This is because the skirt selectivity of a typical crystal
filter extends only to about 90dB; below this, the attenuation does not signif-
icantly increase

Also, many crystal filters, because of their multi-pole design, have spurious
responses at frequencies removed from the centre frequency that can be as lit-
tle as 70dB of the pass band attenuation. As the log-amp can have a dynam-
ic range of some 30dB more than this, it causes a problem. In the previous dia-
gram can be seen a single band-pass noise filter half-way down the first chain
of ICs.

This filter needs to be carefully designed so that it does not upset the loga-
rithmic law of the chain. In very high-quality log amplifiers, such as those used
in spectrum analysers, a noise filter is often used between each stage to improve
the SNR.
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Detected output

The detected output of a log-amp is a voltage that varies between zero volts and
some maximum. If you look at the diagram the total dynamic range is from -
75dBm to +15dBm, a total of 90dB. The detector output varies from zero to
1.5V for this range. Therefore a 90dB range is compressed into a 1.5V range.
This gives a figure of 16.66mVdB-1. Subsequent DC amplifiers can be used to
expand this range. For example, if the DC amplifiers change the full-scale out-
put to 5V, the figure becomes 55.55mVdB-!. By scaling the DC output to suit
the sensitivity of the display, the full dynamic range can be made to just fill the
display vertical scale. The log-amplifier is the IF used in precision measurement
instruments, for example, spectrum analysers and measuring receivers. It is the
most accurate S-meter available. Normally the log-amplifier dynamic range is
more than the displayed dynamic range. This is known as the 'on-screen' dynam-
ic range. The 'off screen' dynamic range is often as much as 30dB more than the
'on-screen' range to allow for abnormally-large signals.

Receiver muting

As the log amp is inherently free from blocking when a very large signal is received,
such as the transmitted pulse, the IF can recover very quickly. A typical log-amp
strip, although it will hard limit when the transmitter pulse occurs, can recover in a
few hundred nanoseconds, and be ready to give a valid output very soon after the
transmit pulse ceases. Hence, there is no requirement to mute the IF during transmit,
only the receiver front end needs blanking to prevent burn-out damage.

A LOW COST LOG-AMPLIFIER

The circuit previously shown is for the Plessey SL-1613 series of log-amplifiers.
Today, these are obsolete. However, another option is to use a more modern
device. One such device is made by Analog Devices and is usable to 50MHz. This
device is the AD-606 and features a log range of up to 90dB with a built in lift
stage and video filtering. The block diagram of the AD-606 is shown here.

FUNCTIONAL BLOCK DIAGRAM
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Fig 3.18: Analog

Devices  AD-606
block diagram.
(Courtesy Analog
Devices)
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(left) Fig 3.19: Vig |

output for a pulsed
10.7MHz input. Top
trace: -35dBm to
+5dBm. Middle trace:
-15dBm to -55dBm.
Bottom trace: -35dBm
to -75dBm

(right) Fig 3.20: Vo
response to a
10.7MHz CW signal
modulated by a 25us-
wide pulse with a
25kHz repetition rate
using 200pF input
coupling capacitors.
The input signal goes
from +5dBm to -
75dBm in 20dB steps
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The log-amp output is a DC voltage which varies between 0.5V to approxi-
mately 4V for the 90dB range, 3.5V = 90dB or 38.88mVdB-1. The response to
a rapid pulse signal is good, as shown here.

A lower cost approach

A line-up using log amplifiers is not the least expensive method of getting accu-
rate amplitude information. Many of the modern ICs designed for wireless com-
hmmcatl on contains a similar type of measurement circuit.

\ In cellular telephone systems, the base station needs to know the level of
received si ignal from a handset to allow it to adjust the transmitter power to
reduce inter-modulation in its multi-channel output stages. Handsets situated
close to the base station do not require as much base transmit power to attain a
good SNR, and hence transmit power can be turned down. The handset also
contains an IF amplifier with a signal-measuring device, which performs a sim-
ilar function to adjust the handset transmitter power to conserve battery life and
thus allows longer ‘talk-time' between recharges. On the modern cellphone, the
received signal level is displayed.

This method is known as RSSI (received signal strength indicator). Many of
the FM integrated circuits today contain some sort of RSSI circuitry which,
although not as accurate as a true log-amp, is adequate for most amateur appli-
cations.

A typical IC is the Philips NE 604/614. This is conventional FM IC and con-
tains circuitry to drive a quadrature detector with a good RSSI circuit. For our
application, the FM detection is not required only the RSST, this covers a range
of 90dB. The bandwidth of the NE604 is limited to about 1MHz so the best
option is to use it with a 455kHz IF which is converted down from either
10.7MHz or 21.4MHz.

The application notes available from Philips detail the use as a measuring
receiver and it has been used in several designs for an amateur spectrum
analyser. The response of the RSSI is fairly slow with the standard circuit but,
if the NE624 version is substituted, it can be speeded up to approximately 2us
with suitable component substitution, and a low-pass post-detection filter to
reduce the quiescent noise.

For full information on how to use the NE604, the reader is advised to look
on the Philips website for application notes and data sheets. The NE604 is not
the only suitable IC; Philips make a bewildering range of similar devices for
receiver applications.
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Another suitable device is the NE605 or NE615 which combines the IF and
the NE602 mixer into one IC. There are many others from other manufacturers.

SPECIAL FILTERING TECHNIQUES

As we have seen, the optimum bandwidth for a radio telescope might be far
greater than the types used for normal communications. As the use of a low IF
allows easier filtering and high gains to be used, the industry has adopted cer-
tain frequencies for these applications. In a VHF receiver, we might use a first
IF of 21.4MHz or 10.7MHz. These two frequencies are very popular and many
filter manufacturers make a variety of filters with different bandwidths.
Typically, the narrowest bandwidth is approximately 2.5kHz, which suits
receivers using SSB; the widest filter available is approximately 30kHz. If fil-
ter bandwidths greater than this are required, we have to resort to other, more
expensive technologies. One of these is the Surface Acoustic Wave filter, know
as a SAW filter. With SAW devices, it is possible to make filters with band-
widths up to 10MHz wide when a centre frequency of 70 or 100MHz is used.
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The lower frequency filters are normally available at 455kHz, 1.6MHz, 5MHz
and 9MHz, and these use either quartz crystal technology for the higher fre-
quencies and ceramic technology for the popular 455kHz types. In a typical
amateur VHF receiver, the use of 10.7MHz and 455kHz are very common, as
these filters are readily available at low cost. UHF receivers normally require a
higher first IF due to the image filtering problems. Here, a popular choice is
45MHz, as this is a readily-available filter used in cellular telephones.

If we require a wider bandwidth filter and cannot tolerate the cost of a SAW
filter, we need to resort to other methods. In the early days of communications
receivers, the use of LC-coupled filters provided acceptable filtering if the IF
was sufficiently low - perhaps as low as 100kHz in some designs. The reason is
the limited Q that it is possible with conventional coils and capacitors. If the fil-
ter needs to have a low insertion loss and a steep cut-off, a high Q is essential.
If the Q of the inductors is poor, the insertion loss increases and the skirt selec-
tivity is also poor.

With practical inductors wound on ferrite coil formers or a ferrite toroid, the
maximum Q is limited to approximately 250 at frequencies above about
10MHz. If we needed a filter with a bandwidth of 5kHz at 10.7MHz, the induc-
tor Q needs to be greater than 5000. This is impossible and explains why crys-
tals are used to construct these types.

But when we require wide bandwidth filters, such as is the case for a radio
astronomy receiver, conventional inductors and capacitors can get the job done
for a reasonable cost. The author has developed a technique for narrow-band fil-
tering for a radio telescope receiver that required a bandwidth of 100kHz and
good skirt selectivity. Normally that would require an expensive SAW filter
which, once purchased, meant that he was stuck with that bandwidth unless
another expensive filter is purchased. Although there are a number of ceramic
filters manufactured for FM broadcast receivers using 10.7MHz as the IF, these
have poor skirt selectivity. They are also quite wide, being typically 300kHz at
the -3dB point.

Multiple conversion filtering

In a conventional superhet receiver, we might start with a first IF of 10.7MHz
and then convert to 455kHz. The 10.7MHz filter does not need to be very nar-
row; approximately 500kHz is adequate and this can easily be achieved with LC
or ceramic filters. The main selectivity is obtained at 455kHz after the final mix-
ing process.

In the author's case, this was not acceptable for a very good reason. The main
IF uses a 10.7MHz log-amplifier. This is used for all frequencies and is essen-
tially a wide-bandwidth amplifier strip with a bandwidth of 2MHz. To increase
the sensitivity, we need to reduce the bandwidth. For optimum performance, we
might settle on a 50kHz bandwidth to increase the noise power accepted from a
distant radio star. The inductor Q required to construct such a narrow filter is
much greater than that which is possible using conventional inductors if the
insertion loss is going to be kept low. We can probably tolerate up to 10dB of
insertion loss at this point in the receiver, as the front-end largely defines the
ultimate sensitivity and the generation of 10dB of gain to make up for the filter
loss 1s simple to achieve.
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The technique used is a little unusual, but follows standard practice. If the
10.7MHz signal from the mixer is mixed down again to a low frequency, the fil-
tering can be done at this low frequency. Having defined the TF bandwidth at this
low frequency, the signal is mixed back up to 10.7MHz before passing to the
main log IF module. The system requires a second LO, but this does not have to
be very stable, as any drift will be cancelled out when the signal is mixed back
up to 10.7MHz. In practice, this could be a free-running oscillator but, in the
author's case, a suitable crystal was obtained from the junk box. This crystal is
12.050MHz and hence defines the second TF as being 12.05 - 10.7 = 1.35MHz.

Using the ARRL Radio Designer software package, a suitable filter was
designed using ferrite toroid-wound inductors. It was determined using a
Marconi Q-meter that the possible Q with the available toroidal cores was of the
order of 150 at 1.4MHz. Hence, in the circuit simulation, a value of 100 was
used to allow a little extra leeway. The circuit simulation file gave good results
and the plot below shows the overall filter response.

The overall insertion loss mid-band is approximately 6dB, and the ultimate
selectivity at 1IMHz is over 100dB down. The upper frequency is slightly less
because of the circuit topology used, but is still more than 80dB down. The
bandwidth is 50kHz at the -3dB points and the filter has a Gaussian response,
which is better at rejecting impulse interference from 1gmllon and other man-
made noise.

The filter design is basically a four-stage network with top coupling with low
value capacitors; hence it tends to behave like a high-pass filter on the high-fre-
quency side of the response. On the low-frequency side, it behaves like a low-
pass filter and this is why the rejection is better at 1MHz than at 1.7MHz.
During the optimisation process the capacitor values were constrained to E12
values for ease of manufacture. The filter circuit is shown below.
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Fig 3.25: Circuit diagram of the 1.35MHz band-
pass filter

Fig 3.26: Complete circuit diagram of the down-up

filter mixer.
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The resonating capacitors are made up from two parallel capacitors to obtain
the required value and to maintain the higher Q possible with smaller capacitor
values. Hence, the 780pF capacitors consist of two 390pF in parallel and the
720pF consist of a 390pF and a 330pF. All capacitors are ceramic plate types
with a Q of greater than 2000 and are made by Philips.

The inductor values are as follows:

L1 & L4 16.74uH
12&L3 18.13puH

The overall schematic of the rest of the circuit is shown in Fig 3.26. The crys-
tal oscillator uses an NPN ftransistor configured as a Colpitts oscillator with
feedback provided by the tapped capacitors between base and emitter. Two
high-value resistors to bias the base at one-half the positive rail voltage provide
the base bias of the transistor. The output from the oscillator is capacitor-cou-
pled to the bottom npn transistor in the modified Gilbert cell mixer. The
10.7MHz output from the filter/mixer is provided by a variable inductor res-
onated to 10.7MHz by the 150pF capacitor.

SYSTEM CALCULATIONS

In order to establish if the proposed receiver is able to fulfil the required param-
eters, we need to do some calculations using the various building blocks.
Whereas it is quite simple to do these with a scientific calculator, the availabil-
ity of analysis software makes the task less onerous and allows many different
combinations to be examined in a short time. The author uses the program
SysCalc.
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Fig 3.27 shows a typical analysis for a proposed Hydrogen Line receiver at Fig 3.27: Analysis

1420MHz. This receiver requires a very low noise figure and an IF bandwidth software

of approximately 50kHz. Using a wide-band IF reduces the ultimate sensitivity,
but allows more noise energy to be captured and a shorter integration time.

The various blocks are constructed with the gain or loss, noise figure and
intermodulation parameters assigned. The system will consist of a two-stage
PHEMT LNA mounted at the antenna, and the main receiver is situated remote-
ly with a feeder cable connecting the two units. The relay connecting the LNA
to the antenna is used as part of the Dicke switching to allow a load resistor or
the antenna to be connected to the LNA; this was measured to have a loss of
(0.1dB. This is a microwave changeover relay obtained from a scrap Hewlett-
Packard piece of test equipment which covered 1 to 18GHz. As this precedes the
LNA, this loss adds directly to the overall noise figure. The predicted noise fig-
ure of the LNA first stage is 0.18dB with a gain of 13dB; this design uses
Agilent ATF-34143 PHEMT devices in a strip-line circuit. The first stage is
optimised for the best noise figure and the second is optimised for best gain of
17dB consistent with obtaining a noise figure of 0.3dB. The overall LNA noise
figure is 0.21dB and the gain is 30dB.

The input signal level assumed was -140dBm and so the power levels shown
throughout the analysis results show how this level varies with the gains and
losses of the various stages. At the output of the main receiver, prior to the
detector, the level has risen to 72dBm because the overall gain is approximate-
ly 68dB. The detector is the AD606 log amplifier, which has an intercept point
sensitivity of -88dBm and a useful input sensitivity of approx. -80dBm.
Therefore the receiver system will be able to resolve signals much below -
140dBm; by altering the input power level, we can see that the minimum dis-
cernible signal is -148dBm with the 50kHz bandwidth. If we choose to use a
narrower IF bandwidth, say 10kHz, then the MSD level falls accordingly.
However, a very narrow IF bandwidth would require the LO to be variable in
frequency to correct for the expected Doppler shift from distant objects.

The main receiver consists of a band-pass image rejection filter at 1420MHz
and then an LNA prior to the mixer stage. Connecting the LNA and the receiv-
er is a length of low-loss feeder with a predicted loss of 1dB; this will be a
piece of foam-filled microwave coax. It would be preferable to eliminate this
extra loss by siting the receiver down-converter at the antenna, but environ-
mental problems concerning weatherproofing and ambient temperature
changes made this a difficult challenge. By changing the analysis file, we can

screen

output
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see what advantage is likely to occur if we choose this route. In fact, there is
no significant improvement, the overall noise figure remains the same; the only
change is 1dB more output signal at the input to the log amplifier, so there is
no need to go to all the trouble and inconvenience of mounting the receiver at
the antenna. In fact, with 6dB of feeder loss, the overall noise figure rises only
to 0.34dB, so the loss in this piece of cable is relatively insignificant.

The noise figure of the main receiver is approximately 2.7dB, being the band-
pass filter loss and the noise figure of the receiver LNA stage and the following
stages.

The other thing the SysCalc software is able to do is to analyse how large a
signal is needed to paralyse the receiver. If the input signal is above a certain
level, the later receiver stages will be driven into a non-linear region and will
generate IMD products that will mask the wanted signal. With an input level of
-140dBm, the spurious-free dynamic range (SFDR) is 59dB. So, as long as the
input signal does not exceed 140 - 59 = -81dBm, the receiver will perform sat-
isfactorily. If the input level is anticipated as being greater than -81dBm, it will
be necessary to provide some form of manual gain control in the receiver, per-
haps in the IF amplifiers following the mixer. The AD606 log amplifier can
safely handle large input signals up to +10dBm without overload.
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t is obvious that the antenna directivity (gain) plays a very significant
part in the receiver equation. In fact, it has been said that 'the best low
noise amplifier is the antenna'. Whereas there is some element of truth

in this statement, it should not be taken in the wrong context. Nevertheless, the
antenna is one of the most important items in any radio communications sys-
tem. The terms directivity and gain are somewhat interchangeable. An antenna
with a small beamwidth inherently has a high gain; conversely an antenna with
a low gain will have a wide beamwidth.

Antenna gain is also in direct proportion to the effective aperture size (cap-
ture area) of the antenna. It is relatively easy to see the connection between the
physical size of a parabolic dish or dipole array and the apparent gain, but in the
case of a Yagi or other types of antenna, it is not so obvious.

ANTENNA DIRECTIVE GAIN

The directive gain of a transmitting antenna (Gd ) may be defined as

s Maximum radiation intensity
"

Average radiation intensity

where the radiation intensity is the power per solid angle radiated in the direction
(0, ¢) and is denoted P(6, ¢). A plot of the radiation intensity as a function of the
angular co-ordinates is called a radiation-intensity pattern, or polar diagram.
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Since the average radiation intensity over a solid angle of 4% radians is equal
to the total power divided by 4, the directive gain can be written as

__4m(maximum power radiated per unit solid angle)

G, :
total power radiated

The gain of the antenna, G, is defined as

Maximum radiation intensity from antenna

Intensity fom isotropic source of same power

Accordingly, the gain of an antenna is related to that of an isotropic source, in
dBi, Another way of expressing antenna gain is to refer it to a half~wave dipole
at the same frequency, or dBd. Another means of comparing the apparent gain
is to use a reference antenna such as the IEA dual-dipole over a ground plane;
this, if correctly constructed, gives a gain of 7.7dB relative to a half-wave
dipole.

Professional antennas, as used in radio astronomy, always quote gain in dBi.
A dipole is semi directional, having two major lobes, or directions of radiated
energy, and it has a gain over an isotropic source of 1.64 times expressed as a
power ratio or 2.15dB when expressed in logarithmic terms.

ANTENNA EFFECTIVE APERTURE EQUATION

The effective aperture (capture area) of a parabolic antenna is expressed in
terms of the area, Ay, by

A = Aph}'s XM,

where: A, is the effective aperture area (m?2),
1 is the aperture efficiency, and
Aphys 18 the actual collecting area of the antenna (m?).

From this, antenna gain, G, can be derived

_4mAe
ant 7\42 ?
where: A, = effective aperture of the antenna (m2),
G,y = gain of the antenna as a power ratio, and
A = operating wavelength (m).

For a parabolic antenna

7D’ %
=Tr %

phys — 4

where: D is the diameter, and
r is the radius (m).

For practical circular aperture antennas (parabolic dish, etc) the formula needs
to take into account the efficiency of the antenna, and the formula becomes
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Where 1 is the efficiency (n = 1 = 100%).

To give some indication of the implication of the efficiency factor, most par-
abolic antennas have an efliciency factor of approximately 0.5 to 0.6. What this
means is that although the dish may be, say, 1000 m? in actual surface area, if
an efficiency factor of 1 (100%) was possible the dish would only need to be
about 500 to 600 m? to achieve the same gain as the larger parabolic antenna.

Taking Jodrell Bank Mk1 as an example at 408 MHz:

Diameter = 250ft = 76.2m,

Apys = T2 = 4560m?,
n=0.5,
A=0.69.m
4mA L
G, = Tﬁ"*‘*xn =6.017x10%

Therefore G, = 10log(6.017 x 104) = 47.8dB1.
Working out A, from the gain of 47.8dBi = 2148m?.

This is equivalent to a parabola of 52.3m in diameter (171ft). So, if it were possi-
ble to achieve an efficiency of 100% the saving in the parabolic size would be con-
siderable. However, any improvement, even a few percent, is worth striving for.

BEAMWIDTH VERSUS ANTENNA GAIN

It is as well to appreciate that the apparent 'gain' of any antenna is solely due to
confining the radiated power into a small conical beam area. An approximation
of the antenna gain can be calculated from the half-power beamwidth (-3dB) of
the antenna, derived from the formula of Dr John D Kraus, W8JIK

27000

ant e'lP

where 6 and  are the horizontal and vertical components, or

=9
oy’

ant

if the beamwidths are in radians.

If the efficiency of the antenna is taken into account, due to-the ochmic losses
etc, the equation can be re-written as
27000

= %1,
oy i

ant

for the beamwidth in degrees.
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Fig 4.1: 327MHz
crossed-dipole
array and feed-
trough  reflector
used at Jodrell

Bank for receiving |

the Deuterium line.
(Photograph: J
Fielding 2004)
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Note: The gain derived is expressed as a power-ratio.
For the gain of the antenna in dBi, the formula becomes:

G 1olog[@]xn dBi.
By

Note: To express the gain relative to a half-wave dipole (dBd), subtract 2.15dB
from the result.
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An antenna has vertical and horizontal -3dB beamwidths of 5°. The appar-
ent gain is therefore approximately 30.33dB1, or 28.18dBd.
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A parameter often quoted for directional antennas is the front-to-back ratio.
Some antenna manufacturers quote some unbelievable values for this parameter
and the reader needs to appreciate what it actually means. As the F/B number
gets bigger, the average amateur assumes this is a really superb antenna. Don't
be fooled!

If F/B is, say 20dB, this means that the signal power received from a source
at the rear of the antenna is 100th of that of the same source viewed from the
front. Sounds good? However, an antenna with F/B of 20dB may have a for-
ward gain of about 13dBd. Hence, the difference, in practice, is really only 7dB
below a dipole. Front-to-back ratios need to be more like twice the forward
gain to prevent strong signals causing interference. For a parabolic antenna,
F/B is often as high as 50dB or more because of the construction. Yagi anten-
nas do not have such good values of F/B; the best you can expect is about 30dB
with a long-boom design. And this quickly falls to less than 15dB when the sig-
nal is at a point about 30° off the back of the array, due to side lobes in the polar
pattern.

To put F/B into perspective, you need to consider the signal strength being
received. If, for example, the signal received off the front of the antenna is
S9 +40dB then when this same signal is received off the back with a F/B of
20dB the signal will be S9 +20dB, in other words it is still a very strong sig-
nal.

If we look at it another way, which is applicable for all forms of weak-signal
reception, assume the wanted signal is equal to S1 and the interfering signal
from the rear of the antenna is S9. With 6dB per S-unit this is a difference of
48dB. If F/B is 30dB, the interfering signal is still 18dB stronger than the sig-
nal we are trying to receive.

YAGI AND OTHER BEAM ANTENNAS

As a slight diversion, it is useful to explain how the aperture or 'collecting-area’
of a Yagi or other beam antenna varies with gain. A very long Yagi - with many
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directors - will have a high forward gain. In order to achieve this, it confines the
vertical and horizontal radiated pattern into a small area, or a narrow quasi-con-
ical beam. _

Hence, a Yagi with only a few elements will have a low gain, a wide
beamwidth and hence a small aperture - expressed in m2. A very high-gain Yagi
will have a narrow beamwidth and hence a large aperture or effective signal col-
lecting area, although the antenna physical dimensions can be much smaller
than the apparent collecting area.

If you take a Yagi designed for 144MHz and scale it to make a 432MHz ver-
sion, the forward gain should end up being the same. However, at the higher fre-
quency, the collecting area or aperture is only 1/9 of that of the 144MHz anten-
na. To obtain the same level of signal power we would need to increase the gain
by the same factor (nine in this case) of about 8dB. '

Because of the factors constraining a Yagi or other beam antenna design, you
cannot simply keep adding director elements to infinity. The elements further
away from the feed-point have less and less effect as the director number
increases.

There is a certain maximum number of directors beyond which each addi-
tional element contributes so little extra gain it becomes insignificant, and the
mechanical problems with supporting a long slender boom become excessive.
Consequently, a practical Yagi antenna is often limited to about 24 directors or
less.

In experiments, it has been shown that, for a very long Yagi (=30 director ele-
ments), you can cut off the front third of the antenna and the gain only falls by
about 1 to 2dB. If more gain is desired, it is mechanically better to stack two or
more medium length antennas to constrain the vertical beamwidth to achieve
extra gain.

Below is listed some experimental data obtained from various Yagi antennas
obtained by Fishenden and Wiblin [1]

It is perhaps worthwhile pointing out the apparent incorrect name of the Yagi
antenna. Uda, a professor at the Tohoku Imperial University in Japan, performed
the original work. Uda published his paper [2] in Japanese and, because of this,
very few antenna designers were aware of it for many years.

Subsequently Yagi, a colleague of Uda, in another paper written in English
and published in an American journal, described the experiments performed by
Uda.

A
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Yagi antenna stacking distance

A1t

The optimum stacking distance is, in reality, a function of boom length. For
example, if two horizontally-polarised 6-element Yagis are stacked vertically,
the distance required is approximately one wavelength, which is approximately
the boom length.

It two 20-element Yagis are stacked vertically the distance required is approx-
imately five wavelengths, which is also approximately the boom length. When
four Yagis are stacked in a box configuration the vertical and horizontal stack-
ing distances will often not be the same. This is because the vertical and hori-
zontal beamwidths are usually not the same value. The exact distance required
is that which just causes the individual antenna patterns to fringe at some far
point.

If the separation is too small, the patterns overlap and, due to wave distur-
bance, the gain falls several dB. If the separation is too great, the patterns do not
fringe correctly and the loss of gain is a little less, but can still amount to sev-
eral dB. In order to calculate the optimum separations, we need to know with
some accuracy what the vertical and horizontal beamwidths are at the 3dB
points. Without this information, we cannot accurately determine the best dis-
tance.

The formula to calculate optimum vertical stacking for horizontally-polarised
antennas is

I
= ZSin(q)% )

= distance in wavelengths for vertical stacking.

D

The formula to calculate optimum horizontal stacking for horizontally-
polarised antennas is

1
A,
2sin(®1)

= distance in wavelengths for horizontal stacking.

¢y, and ¢,, are the horizontal and vertical beamwidths -3dB values in degrees.

To convert to the distance in metres, multiply Dy, and Dy, by A.
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Example:

A 144MHz horizontally-polarised Yagi has horizontal and vertical -3dB
beamwidths of 20° and 30° (a gain of 16.5dBi or 14.35dBd). If two such

Yagis are stacked in a horizontally-polarised form, two antennas can be
positioned one above to form a vertical bay. Alternatively, the two Yagis
could also be stacked side by side to form a horizontal bay.

T

For the vertically-stacked case, you only need to know the vertical pattern
beamwidth. For the side-by-side stacking, you only need to know the horizon-
tal pattern beamwidth.

If four Yagis are stacked in a box configuration, this is now two sets of verti-
cally-stacked and horizontally-stacked arrays, and both the vertical and hori-
zontal pattern beamwidths are required.

The optimum distance in this example for vertical stacking is 4.3 (8.9m) and
the horizontal stacking distance is 6.4\ (13.3m). At 144MHz, A = 2.083m.

Note: The distance is the boom centre-to-centre measurement. To calculate for
vertically-polarised antennas, transpose the vertical and horizontal beamwidths
in the above formulas.
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Since the maximum theoretical increase in gain with perfect stacking of two
antennas is two (3dB), it can be seen that the correct stacking distance is criti-
cal. When four antennas are stacked, the maximum theoretical gain increase is
four (6dB). In practice, the net gain will be lower due to imperfect stacking dis-
tances and the additional feed-line and the combiner losses. At best, we can
expect 2.5dB for a two-stacked array and about 5dB for a 4-stack atray.
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When several antennas are stacked, the various feed-points need to be con-
nected together with low-loss power combiners and feeder cables. The match-
ing of impedance, amplitude and phase are extremely critical to achieve maxi-
mum gain. If the impedance, amplitude or the phase is in error, a loss occurs. If
only the amplitude or phase is in error, as well as a loss of gain the antenna beam
is skewed away from the boresight axis of the boom, causing a 'squint'. In severe
cases, this also causes the horizontally-polarised antenna to become predomi-
nantly vertically polarised, and vice versa.
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One of the most important factors to consider before several antennas can be
stacked is that they must all be identical. The impedance match and gain need
to be as close as possible for all the antennas. Another point to watch out for is
the connection to the driven elements. If one or more driven elements have the
feed transposed, a severe loss of gain will result. Although each individual
antenna might have the same gain within a fraction of a decibel, the phase will
be 180° different if the driven element is connected incorrectly. If when you
look at the driven element from, say, the rear and the centre lead of the coax
goes to the right-hand side element,all the other antennas must be connected in
the same way. Also, do not mount some of the antennas upside down unless the
driven element is also connected correctly to compensate for this. In a four-stack
array with two antennas one way up and two the other way up, the net gain will
be 0dB. We will return to this problem a little later when we discuss various
arrays using dipoles or Yagis.

Combiner and cable loss

Any practical power combiner will have some loss. Generally this is quite small
for a well-designed and constructed unit. However, even 0.25dB is ~3% of the
total power. The length of cable required from the power combiner to each
antenna can end up being quite long and this introduces extra loss. It is neces-
sary to use the lowest-loss cable possible for these connections. (Low-loss cable
is, however, a large diameter and hence adds extra weight and may cause prob-
lems with sagging of the rear portion of the boom, necessitating additional brac-
ing which, if of a metallic structure, can cause some interaction with the main
array and a further loss of gain to occur.) The extra loss of the combiner and
connecting cables may well be more than the extra gain achieved by stacking.
Hence, a stacked Yagi array is not very suitable where the ultimate performance
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is required, such as in radio astronomy. It also limits the radio telescope to a sin-
gle narrow band of frequencies.

A further factor is that the simple Yagi is a plane-polarised antenna, and it is
either mounted so that the predominant polarisation is horizontal or vertical. For
radio astronomy, it is useful to be able to select many different types of polari-
sation so that the signal polarity may be ascertained.

Especially at low frequencies, this is essential due to variable Faraday rota-
tion to which low-frequency signals are susceptible. This would require
crossed-Yagis and consequent extra feed-lines, phasing networks and combin-
ers. This then becomes a very big compromise and a somewhat self-defeating
exercise.

However, for low frequencies, a relatively small plane-polarised Yagi array
can develop more gain than a practical sized parabolic dish. As an example, the
author's 23cm long-Yagi array of 26 elements x 4 is equivalent to a dish 4m in
diameter.

The array occupies a frontal area of approximately 0.5m2. The 4m-diameter
dish occupies 12.6m? and hence has considerably more wind loading. For a
144MHz array of four 22-element Yagis with a nominal gain of 24dBi, the
equivalent dish would need to be approximately 15m in diameter.

Antenna bandwidth

One of the most misunderstood facts about the Yagi and other beam antennas is
what is meant by bandwidth. Depending on the perception of the most impor-
tant criteria changes the definition. Criteria for bandwidth might be gain, axial
directivity, F/B, level of side lobes, squint level of vertical or horizontal polar
diagram and impedance match. Most amateurs regard the bandwidth criteria as
being solely the impedance matching.

An average long Yagi in practice will have a 2:1 VSWR bandwidth of about
1%, at 2m this is about 1.5MHz. This means if you have designed the antenna
to have an optimum impedance match at the bottom of the band, when you
attemplt to use it in the satellite portion above 145.8MHz the VSWR is too high.
Long Yagis behave very much like narrow-band filters; in fact they are narrow
band filters!

However, VSWR is not the be-all and end-all of Yagi antenna design. With a
flexible enough matching network you can match just about any antenna to
50€2. What is more important is the gain-bandwidth product. If the constructor
has had to modify element lengths to provide a low VSWR match, the chances
are the antenna is no longer resonant on the design frequency.

Take the simple half-wave dipole as an example. When the element lengths
are resonant, the feed impedance will be close to 75 non-reactive; in fact, the
exact value is 73.1 +j0C2..

If this dipole is connected to a 75€) transmission line, the VSWR will be very
close to 1:1. However, if it is connected to a 50€2 transmission-line, this will
yield a VSWR of ~1.5:1. In actual fact, the antenna will radiate perfectly well
whether the transmitter 'likes' the match or not. All the RF power entering the
feed point will be radiated.

The portion of the RF power that is reflected back towards the transmitter will
eventually return, because it will also be reflected back again by the output net-
work in the transmiller.
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In days gone by, before the through-line VSWR meter was invented, a differ-
ent method was used. The transmitter used an aerial ammeter that showed the
RF current being sent to the antenna. This was a much better indication; one
simply tuned for maximum current. The output network in the valve transmitter
could normally match over a wide range of impedance and, when maximum
current was reached, the transmitter was putting out maximum power info the
antenna. When the VSWR Bridge type of meter was invented, amateurs sud-
denly became aware of the mismatch that had always existed but did not limit
the performance. We became obsessed with the VSWR reading; before, we were
blissfully unaware of it and everyone was happy!

Many amateur conceptions about VSWR are wrong. One of the misconcep-
tions is that if the antenna feed-line is open circuit, the voltage becomes very
high and can cause arcing. This simply is not true and it can be shown that,
under an open circuit condition, the voltage at the open end of the transmission
line only increases to a value of twice that of a properly-matched line. Similarly,
under a short circuit condition, the current can only rise to a value of twice the
matched-line condition.

When you alter an antenna element length because you are obsessed by the
VSWR, you change its resonant frequency. In many cases you can get a good
VSWR match, but the antenna is now some way off its resonant frequency.
Walter Maxwell, W2DU, in his book Reflections, gave a hint of how the anten-
na industry works. A junior engineer proudly presented to Maxwell a new, com-
pact, wide VSWR bandwidth, spacecraft antenna he had designed, for his com-
ments. Maxwell commented "I have an antenna in my drawer which no doubt
radiates better than this one". He then produced a 50Q dummy load!
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Very few amateurs, when they build a Yagi antenna, bother to do even basic
tests with a field strength meter to determine the forward gain and side lobes.
Even a rudimentary set up can be used to get an idea of the -3dB points and the
gain relative to a dipole. Elements that have been radically altered in length,
apart from reducing the gain at the expense of a VSWR improvement, usually
exhibit a squint along the boresight of the antenna. This is because they are
operating either above or below the correct frequency. This means the maximum
gain is now at some angle to the centre line of the boom. Often it is the vertical
component and, if the antenna is mounted so that it is horizontally-polarised,
you will not be aware of this. It could mean that a good deal of your precious
power is either being sent skywards or into the ground! This type of 'electrical
steering' is used in many radar and radio telescope antennas to bend the beam in
another direction without moving the antenna.
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The bottom line is this. If you build an antenna to a published design and find
the VSWR is not what it should be then the chances are that you have made a
mistake somewhere and 'fudging' the element lengths is a poor way of correct-
ing the problem. Alternatively the antenna was a poor design to start off with!

A higher-than-normal VSWR can be caused by many factors. The antenna
impedance, as seen by the transmission line, is made up of two components,
resistive and reactive. In practice, the resistive part also comprises two compo-
nents. One is the radiation resistance of the antenna and the second is the ohmic
loss due to non-perfect electrical conductors. The second component, the ohmic
loss, is normally quite low, because we normally use high-conductance materi-
als, such as aluminium, for the antenna, because it has a high strength-to-weight
ratio, but any joints can be the cause of ohmic loss.

The radiation resistance is the transformation of the free-space impedance of
approximately 377Q to the antenna design impedance of, say, 50€2. The anten-
na is thus an impedance transformer with a ratio of about 8:1. Any dimensional
inaccuracies in element length or spacing will change the transformation ratio
and cause a loss in coupling to the free-space impedance. If the ohmic losses are
more than a small percentage of the radiation resistance, the gain falls.

The reactive components, in theory, cannot dissipate power and, therefore, are
incapable of introducing loss. With high-Q matching components, either induc-
tive or capacitive, the inherent losses are very small. The problem comes when
you use less-than-perfect components for matching networks.
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If the antenna design requires an inductive element in the network to cancel
out a capacitive reactance at the feed-point (for example a 'hairpin loop'), the
inductor needs to have a very high Q. If the inductor has excessive loss, the
overall result is that you are introducing resistive loss, and this can dissipate
power.

Many amateurs are stumped when they come across a situation like this and,
because they can't see the wood for the trees, start altering element lengths and/or
spacings to try to find a solution. Professional antenna designers have access to
complex test equipment such as vector network analysers and vector voltmeters
to solve the problem. The vector network analyser displays impedance on a
Smith Chart and the exact value of reactive and resistive components can be read
off the chart. A Vector Network Analyser (VNA) on its own is not of much use,
apart from displaying the impedance match. If a 502 load resistor were con-
nected to a VNA, it would display a perfect match across a very wide frequency
range. All the VNA is capable of doing is to show the designer how the imped-
ance match varies with frequency and the phase relationship, ie capacitive or
inductive; knowing this, the designer can alter the matching components to
obtain the best match over the frequency range of operation.

Vector voltmeters measure the amplitude of the voltages and the phase angle
separating them. If a two-element vector voltmeter is connected across the two
outer ends of a dipole cut for a particular frequency, the voltages should be iden-
tical and 180° out of phase. In many antenna designs, apart from narrow band
dipoles, this is not always the case. In Yagi-Uda arrays, the alternate elements
in the director string exhibit a phase change of approximately 90° as the vector
voltmeter probe is run down one side of the dipole ends. As long as the other
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Fig 4.2: Experimental
data for five-element
television Yagi anten-
na. (From Jasick's
Antenna Engineering
Handbook [5])

end of the element shows a 180° difference, the element length and spacing is
correct. Amateurs do not normally have access to such luxuries. The crux of the
problem is that the simple through-line VSWR meter cannot determine the actu-
al antenna impedance seen by the feed-line.

YAGI ANTENNA DESIGN

Tt has been said that if you take a selection of aluminium tubes of varying

lengths, and randomly distribute them along a boom, you will end up with a

Yagi antenna. This is not far from the truth. However, to gain some insight of

the constraints of the Yagi-Uda design, it is useful to read what Yuen T Lo of the

University of Illinois has to say in Jasick's Antenna Engineering Handbook [5].

The analysis of a Yagi-Uda antenna with more than three elements is difficult, but
there are a few general properties, which may be useful for experimental design.

1. The radiation pattern of a Yagi-Uda antenna is almost independent of the
length of the driven element. Thus the length and the construction of the
driven element are determined only by the impedance characteristics.

2. For the radiation patterns, close spacing will result in a higher F/B with a
broader main beam. Wider spacing gives a sharper beam, but more and
larger minor lobes. This is particularly true for the spacing of the director
next to the driven dipole.

3 In order to allow for manufacturing tolerances, and for the effect of rain
or snow on the antenna, it is preferable to choose directors slightly short-
er and reflectors slightly longer than the optimum values.

4. Since the director length decreases very slowly with the increase of the
number of directors, it is logical first to adjust the spacing every time a
director is added and then to shorten all the lengths slightly.

Y. Since a large Yagi antenna has too many parameters to be optimised, it is
simpler to design two stacked Yagis, each with few elements, rather than
a single Yagi of many elements.

In television reception, the problem is to manufacture an antenna that can sat-
isfy as many of the television channels as possible. For the low VHF channels,
this involves 'broad-banding' the design. When this is done, the gain falls dra-
matically. As an example Yuen T Lo gives some experimental data for a five-
element Yagi-Uda design that covers the American TV channels 2 to 6 (54 to
88MHz). In the dia-

J SR gram, we can see two
- examples: one design

SOLE CoatRE: T es: {
was optimised for a sin-

gle channel (Ch 4, 66 to

72MHz); and a design
that covers the whole

band.
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The single-channel design needs to cover approximately SMHz to encompass
the vision and sound carriers fully; the design shown covers 6MHz with a 1dB
variation at band edges. By inference, we can see that, if the single-channel Yagi
was made even more narrow-band, the gain should increase a little more and
over 9dBd should be possible from a carefully-optimised version.

Skin depth and ohmic loss

There is a general misconception amongst amateurs, and some professional
engineers, as to what constitutes a good material for antennas and other con-
ductors commonly used. The writer has seen some unsubstantiated comments
made about unsuitable materials for low UHF and microwave antennas. One
article stated that "... under no circumstance should brass tubing ever be used
for a 23cm Yagi antenna because of the high skin-effect losses". This is simply
not true and shows a basic misunderstanding about this topic.

For all conducting materials, such as copper or aluminium, the resistivity is
measured in Q/cm. Copper and aluminium both have very low resistance fig-
ures; brass and stainless steel are somewhat higher. The skin depth at a particu-
lar frequency is a function of the resistivity. For a low-resistivity material, such
as copper or aluminium, the skin depth is small, but for a higher-resistivity
material the skin depth is much greater. Hence, although the material may have
a higher resistivity, this is offset by having a greater skin depth and hence the
overall ohmic loss can be similar or even lower, because there are more parallel
paths for the current to flow in.

Skin depth really only becomes an issue when we get to the higher microwave
bands; even brass, which has a poor resistivity figure compared to copper or alu-
minium, is quite acceptable, even in an unplated form, up to a few GHz. The
original writer of the article was correct in condemning brass because of its
stress fatigue characteristics under vibration and low temperatures. Brass, like
copper, work hardens with repetitive bending, and stress fractures are likely to
occur. This is especially a problem with sub-0°C temperatures. All common
materials used for antenna construction suffer from this problem, some more
than others. Aluminium is a common choice but, if the wrong grade is chosen,
the fatigue stress can be a problem with constant buffeting by the wind.

As an aside, one of the companies | worked for manufactured UHF high-
power solid-state amplifiers. These used coils made from silver-plated copper
wire. It so happened that one day we somehow managed to run out of the silver-
plated wire and a batch of amplifiers was halted in production due to this short-
age. As the order was urgent, | decided to try normal tinned copper wire as a
stopgap measure. The difference in performance between one using silver-plat-
ed wire and standard tinned copper wire was hardly measurable (about 0.05dB
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less gain with the tinned copper wire) and the amplifier met all the specifica-
tions. As the silver-plated wire was much more expensive and was imported, it
raised the question as to why the design used it. It turned out that the engineer
who designed it had some silver-plated wire given to him as a sample and used
it in the prototype design. When it proved to be acceptable, it was written into
the parts list, and no-one questioned the material. Had the engineer taken the
trouble to try normal tinned copper wire, which was a standard stock item and
used in many other products on the production line, it would have saved a con-
siderable amount of money.

Complex feed impedance of multi-element arrays

When several antenna elements are mounted in close proximity to others, the
mutual coupling existing between adjacent elements causes the feed-point
impedance to change. The antenna design where this is most easily seen is the
Yagi-Uda array. Here we have a driven element, often a simple half-wave
dipole, a reflector element and several director elements. Calculating the exact
feed-point impedance of the antenna is very difficult, because the lengths and
spacings of the elements all interact.

If the driven element is considered in isolation, the feed-point impedance at
resonance will be 73.1 +j0€, if the element is a half wave dipole made from two
metal rods, tubes or wires of small diameter relative to the wavelength. When
the reflector element is added, the spacing, as it is varied, causes the feed-point
impedance to change. If the reflector is mounted so that it is in close proximity
to the driven element, the feed-point impedance of the driven element will
become lower. When the first director is added, this again changes the imped-
ance, usually bringing it to a lower value. Additional director elements normal-
ly lower the feed-point impedance even more. In some instances, the feed-point
impedance (with a half-wave dipole driven element) can fall to very low values,
perhaps as low as 5. If the chosen feed-line is 50€2 the VSWR now equates to
10:1 and is very difficult to match.

For example - a three-element Yagi with optimised element lengths and spac-
ings for maximum forward gain, will have a feed-point impedance of approxi-
mately 26 +j59Q. Tf we cancel the inductive reactance of 59Q with an capaci-
tive reactance of -59€2, we end up with a resistive load of 26€2. This will yield
a VSWR to the 50Q transmission line of ~2:1.

One way around this problem is to start with a higher impedance, as is offered
by a folded dipole driven element. This type of element has a feed impedance
of four times the same length simple dipole, or about 300Q. Now, with the par-
asitic elements added, the feed-point would only fall to a value of four times the
original design (approximately 120Q when the capacitive reactance is resonat-
ed out). This makes the matching simpler, as the difference in the impedances
is not as great.

To get some idea of how complex the Yagi-Uda array is, we can consider
some experimental results of a 13-element array. Generally, the spacing between
the driven element and the reflector is chosen to be ~A/4, and the spacing
between the first director and the driven element is chosen to be between A/4 to
/2. The director element lengths are usually tapered to achieve equal current
amplitudes in successive directors, as per Uda's original paper.
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Below is a table of experimental results for such a design. In this design, the
director spacing is fixed at 0.34A and the reflector is 0.5A long. It can be seen
that the spacing of the reflector has a profound effect on the feed-point imped-
ance, as does the director length.
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FEED-LINE IMPEDANCE

Today, the use of 50Q coaxial cable is almost universal, but is it the best choice?
If you examine the various properties of different impedance coaxial cables you
might not spot the real story. To appreciate how we ended up with 50Q cable
requires a step back in time to WWIL

At the time, the coaxial transmission lines in common use were rigid and con-
structed from copper tubing. The inner tube was supported coaxially within the
outer tube by thin insulating discs somewhat like a washer so, effectively, the
major dielectric was air with a dielectric constant of unity. The spacing discs
were placed approximately every 50mm. As the need was to make transmission
lines quickly, in large volumes, the need was to select the impedance that could
accommodate all users' requirements. The biggest user of transmission line was
the US Navy, because the average warship contained many thousands of feet for
all sorts of purposes. Consequently, a committee was formed in America to
decide on the standard impedance. This consisted of engineers and scientists
who deliberated on the ideal impedance.

One faction of this committee argued for the use of 75€2. This, they claimed,
would make the matching of the transmission line simpler as the predominant
antenna feed was a half-wave dipole, an impedance of about 75Q. Tn addition
to this, they showed that 75Q lines had the lowest attenuation per unit length,
and this is why television feed-line still uses this today. Another faction
favoured 60€; this was the standard impedance used by the Germans, arguing
that the use of 60Q would allow the use of captured German hardware to be
turned against the enemy. (A similar situation existed with small-calibre ammu-
nition, where the Germans had adopted 7.62mm and the allies used 0.303 inch,
the difference between these is so small that either ammunition would work in
both rifles).

Several other factions argued for other impedances, one being 932, which has
the lowest phase shift and hence is used today for data transmissions. The com-
mittee quickly reached a stalemate situation were none of the factions was pre-
pared to concede that the other parties had a valid argument. In the end, 502
was chosen as a compromise, despite the fact that it had never been proposed as
a possible choice. Quite why this occurred is very interesting.
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An engineer who attended the many committee meetings, but hardly entered
into the discussions, put forward the fact that, with the commonly-available cop-
per water piping, it was possible to make a 52Q transmission line in any
required size. This was because of the way that American copper water tubing
was graduated in size. So, because of a practical manufacturing factor, 520
became the standard impedance. When flexible transmission lines (coaxial
cable) became practical to manufacture, it had to conform to the rigid transmis-
sion lines standard and hence was also 52Q. Over time, as the manufacture of
coaxial cables grew in volume, the impedance was revised to 50€2, although
there are still many of the older 52Q cables manufactured today.

Television receivers still use 75€2 transmission lines and they are available in
many sizes and can carry many kilowatts in the larger sizes. It is an excellent
choice for low-loss antenna feed-line and one the author has used for many
years. They are inherently better shielded than standard 50Q type, as the prob-
lem with ghosting requires the use of a solid copper sheath or double shielding.
Most of the popular low-loss connectors, such as the 'N' type, are available in
758 versions.
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ANGLE PROBLEMS

In a vertically polarised antenna, such as a A/4 whip, the radiation is approxi-
mately 30° to the vertical or 60° to the reflecting ground. Hence, the majority of
the signal is launched skywards and little signal is projected towards the hori-
ZOn.

With longer antennas such as 5A/8, the radiation is tilted more towards the
horizon but, in practice, it is still about 75°. For optimum long-distance com-
munication in a terrestrial system, we would prefer the radiation to be closer to
90° to the vertical (or 0° elevation). In multi-element vertically-polarised colin-
ear arrays, the angle is close to 0° and these give good omnidirectional cover-
age with considerable gain.

A former colleague recounted an interesting tale to me. A local municipality
in Cape Town had installed its VHF repeater on top of Table Mountain, a 1000ft
site which is about Skm from the city centre, which is at sea level. The commu-
nications were extremely poor close to the repeater but improved further afield.
The installers, in an effort to correct the problem, changed the original repeater




CHAPTER 4: ANTENNA PARAMETERS

/4 ground-plane to a SA/8 type. This made a slight improvement, but it was still
patchy in the town centre, which was visible from the mountaintop. A test with
the new antenna showed that reception at a distance of 50km was perfect.

My friend Jim was called in to help sort out the problem. Being an amateur,
he helped, having played with antennas most of his life. He took one look at the
mountain from the town centre and told the installers to give him the A/4
ground-plane antenna. They protested and told him it was hopeless, as they had
already tried everything to make it work. My friend took it anyway and got on
board the cable-car up the mountain. An hour later he called and told then to try
the system. It was perfect and had no weak spots. When he came back down the
mountain they quizzed him on what he had done. He was obstinately silent and
told them to go up the mountain and take a look for themselves.

When they got up the mountain they couldn't believe their eyes. The A/4
ground plane antenna was mounted upside down! Then the penny dropped. The
signal was now beaming down into the town instead of up to the heavens.

Incidentally, this also saved the municipality a bundle of money. Because of
the patchy coverage, they had begun fitting SA/8 whips to all their vehicles. By
changing back to A/4 whips, the radiation angle threw the signal up towards the
mountain so giving an improvement in signal level.

VSWR AND WHY IT IS A PUZZLE

The through-line VSWR meter only fells you one fact, the mismatch ratio
between the transmission line and the antenna. Take the VSWR formula and
examine it closely and you will see the problem.

VSWR = Feed- line.impedance £ Antem‘la ifnpcdancc .
Antenna impedance Feed - line impedance

(The two different formule are necessary because the antenna impedance can
be higher or lower than the feed-line impedance. The fraction is always adjust-
ed to give a value 21.)

If the antenna is different in impedance from the feed-line, the VSWR can be
any value except 1:1.

Suppose the VSWR meter reads 2:1, what are the possible impedances the
meter sees? If the antenna impedance is 25€2, the VSWR is 2:1. The same holds
for an antenna impedance of 100€2. So how do we tell which way we need to
go? 25 or 100 impedance can be made up from many different reactive and
resistive values.

A simple way is to use some low-value non-inductive resistors. With a little
power applied at the centre frequency of the antenna, we can place a low-value
non-inductive (carbon composition) resistor with very short leads across the
antenna feed-point and observe the change in VSWR. Let us suppose we have
a VSWR of 2:1 and we place a 100€2 resistor in parallel with the feed-point. The
VSWR now drops to close to 1:1. Hence, we can be sure the antenna Z was
close to 100€2. If the VSWR only changes very little with the resistor, we know
the impedance is more likely to be near the 25Q value, and to correct it we
would need to insert a 25Q resistor in series with the feed-line to correct the sit-
uation. However, this would dissipate half of the transmitter power!
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We can do the same experiment with capacitors or inductors. Capacitors are
more convenient as we can use a low-value high-Q air-variable capacitor con-
nected across the feed-point. Suppose we leave the 1002 resistor in position,
which gives us a VSWR close to 1:1 and then connect a variable capacitor in
parallel. By adjusting the capacitor we will see if the VSWR gets better or
worse. Suppose it improves. We now know that the feed-point is still inductive
and requires an equal capacitive reactance to tune it out. If the capacitor makes
the VSWR worse, we know the impedance is already too capacitive and would
need an inductive reactance to cancel it. In layman's terms, matching is a case
of '"Two wrongs making a right'.

Although the feed-point impedance is inductive and requires a capacitor to
correct the problem, we should be aware of the real cause. The driven element
of a Yagi is composed of two A/4 rods or tubes connected in series and fed in
the centre. The total length should be an electrical A/2.

One of the interesting characteristics of the A/4 transmission line (which is
what the element half actually is) is that it is an impedance inverter. If you take
a section of coax which is cut to /4 and connect one end to an impedance meas-
uring instrument such as a Vector Network Analyser or Impedance Bridge, and
the other end is left open, the instrument reads a short circuit. Similarly, if the
open end is now shorted the instrument sees an open circuit. But the A/4 line
also inverts reactance. If you place a capacitor across the open end with a reac-
tance of 100, the instrument will measure an inductive reactance of 100€.

So, although the feed-point requires additional capacitance to tune out the inductive
reactance, the real reason is because the end of the element is actually capacitive, the
element being an electrical /4 has inverted the reactance. An element that is capacitive
at the open end is one that is too short electrically. To correct the problem the driven ele-
ment length needs to be increased. The story below serves to highlight the problem.

These very simple measurements tell us a lot more than the VSWR meter can
ever do on its own.

Quarter—Wave
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The A/4 stub can also be used for filtering. If we have an interfering signal at,
say, the image frequency, we can eliminate it simply with a short piece of coax
cable. Suppose the interfering signal occurs at 100MHz. If we make a A/4 (elec-
trical length, see later) stub cut for 100MHz and attach it in parallel with our
receiver input, it appears as a short-circuit to signals at 100MHz, if the other end
is left open-circuit. The insertion loss is practically zero. But there is another
phenomenon with the A/4 stub. At a frequency where the stub is a length of 3A/4
or 5A/4, and all other odd A/4 lengths, it behaves in the same manner. So a stub
cut for I00MHz will work at 300MHz and 500MHz, etc.

If we now short-circuit the inner and outer of the stub, the properties reverse.
At 100MHz the stub appears as an open-circuit and at other frequencies it
appears as a short-circuit to the signal. This will also occur at 300MHz and
500MHz.

The shorted A/4 stub is a good way of protecting the front-end from lightning
damage as the DC condition is a short. When cutting the stub, allowance must
be made for the velocity factor of the coaxial cable used.

The same effect happens if we use a A/2 stub. In this case, the impedances
appearing at both ends are the same. So if we place a A/2 stub across the receiv-
er input and leave the far
end open, it behaves as an
open-circuit across the §
receiver at that frequency
and a short circuit at other
frequencies  correspon-
ding to when the coax is
resembling A/4 or odd
multiples. If we short-cir- |
cuit the far end, it appears |
as a short across the |
receiver input at the |
design frequency. '
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Fig 4.4: Simulation
of a M4 shorted stub
cut for 50MHz. At the
operating frequency,
the stub appears as
an open circuit. At
150MHz, 250MHz
and 350MHz, it
behaves in a similar
manner. At 100MHz,
200MHz, 300MHz
and 400MHz, it
appears as a short-
circuit across the
input
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Fig 4.5: A short-cir- |
cuit A4 stub for a |
linear |

1kW  2m
amplifier. The stub
is made from a
piece of RG-213/U
cable 350mm long
with N-type male
and female connec-
tors. The insertion
loss at 144MHz is
approximately
0.05dB and the 2nd
harmonic rejection
40dB at 288MHz
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Stubs as harmonic filters

Another useful property of the coaxial stub is that that it can perform as a har-
monic filter with virtually zero loss. A common problem with 50MHz transmit-
ters is the 2nd harmonic that falls in the FM broadcast band. By using a A/4 stub
cut for SO0MHz with the far end shorted, the impedance the transmitter sees is an
open circuit, so no power is lost. But at 100MHz, the stub behaves as A/2 length
and appears as a short circuit. In many S0MHz amplifiers using a n-tank net-
work, the need exists for an RF choke across the output to blow the high volt-
age fuse should the anode blocking capacitor fail short circuit. The shorted stub
can replace the normal RF choke and also provide additional harmonic sup-
pression with less loss.

Coaxial stubs as ‘metal insulators’

In open-wire feeder systems, it is necessary to support the wires mechanically
and to maintain the correct spacing for the impedance to be correct. Often this
is performed by 'metal insulators'. These are two lengths of stout wire or tube
that have one end connected by a shorting disc and the open ends connect to the
parallel wires. If the length of the stub is such that it appears as an electrical
length of A/4, the open ends present an infinite impedance and can be connect-
ed across the wire lines with no ill effect. The shorting disc allows the bottom
of the stub to be bolted to a supporting structure. By selecting different stub
lengths, it can also be used for matching purposes. This technique was very pop-
ular in the days when open-wire feeders were the common method of trans-
porting signals between the portions of a large dipole array. (See the Yagi array
designed by Weiss later in this chapter.)

PRACTICAL METHOD OF BUILDING YAGIS

Today when T build a Yagi antenna from scratch, T have several other tricks to
get the element lengths correct. T have a collection of aluminium tubing that I
keep for use as temporary elements. Initially, I do not worry about the VSWR
at all. I use a fairly long piece of coaxial cable with a fair loss to absorb the
VSWR mismatch; the transmitter can safely work into about a 5:1 VSWR and
the lossy coaxial cable behaves as a low value attenuator to protect the trans-
mitter. [ mount the antenna boom on a pair of tall wooden stepladders, so that it
is at least one wavelength above the ground, with the boom pointing horizon-
tally. I start by fixing the reflector and driven element at approximately the cor-
rect spacing, derived from calculations. At the feed-point, I mount a W2DU
balun to convert the unbalanced coaxial line to a balanced feed. I have a sensi-
tive field strength meter that has a large meter, and is fitted with a horizontal
dipole on a wooden pole the same height as the antenna being constructed. (The
wooden pole is guyed with thin nylon string to keep it vertical). I place this
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about 5\ away (or that distance where T obtain about 3/4 full-scale deflection)
and directly in front of the Yagi. | feed the antenna with about 1W of RF and
observe the meter through a pair of binoculars. I then adjust the element lengths
and spacing for maximum reading on the meter. (For every adjustment it is nec-
essary to move away from the antenna to prevent body capacitance from affect-
ing the result.) Then I add the first director and adjust again for maximum read-
ing. T continue adding each new director and adjusting the element length and
spacing for the maximum reading on the meter. As the signal level goes up, I
move the field strength meter further away, hence the need for binoculars! When
the gain has increased and 1 run out of garden length, I then fit an attenuator
between the search dipole and the field strength meter.

To assist in adjusting the element lengths T use several small telescopic pieces
of aluminium tube that are a push fit into the element ends. By adjusting these
I can make minor adjustments to the element lengths. When I have reached the
final director and everything is adjusted for maximum field strength, T measure
all element lengths and spacings and write these down for later reference. I then
turn my attention to the impedance match.

To measure the VSWR, I mount a directional coupler hard up against the
antenna feed-point with the shortest possible cable. (I normally use N-type con-
nectors and the directional coupler is connected directly fo the feed-point con-
nector with a back-to-back coupler). I feed in a little RF and measure the reflect-
ed power. Minor adjustments of the driven element spacing to the reflector and
driven element length are normally all that is required to find the biggest dip in
reflected power. Finally I make new elements to replace the temporary ones.

MEASUREMENT

Measuring beam patterns

With the prototype antenna still mounted on the wooden stepladder I then move
the field strength meter and dipole antenna to explore the polar pattern. I do this
by using a long piece of string. T attach one end to the stepladder and run out a
length to reach the field strength meter. I then pick up the meter and dipole mast
and holding the string in one hand move in a constant radius until the meter indi-
cates the reading has dropped to the 3dB point. (Fortunately I have a large gar-
den approximately 40m in width and 75m in length without many trees or other
obstructions. If space is a bit limited, and you are unable to move far in one
direction, by turning the antenna over you can explore both halves by only
walking in one direction.) Having found the point that corresponds to the -3dB,
T mark the spot with a peg or stone. I then measure the distance from the anten-
na centre line to the sideways point and then work out the corresponding angle
with trigonometry. T keep a piece of thin nylon rope with distances marked in
metres by making a knot in the rope. This allows me to measure the two dis-
tances quickly without resorting to a long tape measure. It might not be very
accurate, but the results give a reasonable idea of the actual polar diagram.

If I wish to examine the other polar pattern, T turn the antenna through 90° so
that it is now vertically polarised and change the search dipole to vertical. 1
repeat the measurements with the string to find the -3dB points.

To measure the F/B, I use a similar technique. With the antenna pointing down
the garden 1 select a suitable meter reading and mark the rope. I then turn the

133



AMATEUR RADIO ASTRONOMY

134

antenna so that the rear faces the meter. For more exact measurements, I run a
long coax cable from the spectrum analyser to the search dipole. This can meas-
ure to within 1dB.

Gain measurement

This is done by substituting a dipole for the prototype antenna. Again, the spec-
trum analyser is used to establish a reference point. Once this is set, the trans-
mitter power must not be altered. 1 normally place a 10dB attenuator between
the transmitter and the antenna to ensure the load is constant. The prototype
antenna is then connected in place of the dipole and the difference in signal level
read off the spectrum analyser screen. This allows measurement to within 1dB
uncertainty. Although not in the same league as a professional antenna range it
does allow some measurements and serves to confirm the anticipated gain.

Many years ago, the local amateurs were involved in experimenting with
23cm antennas and we would take our gear down to the local beach when the
tide was out. This is an almost perfect antenna-measuring range and long dis-
tances of unobstructed area allowed accurate measurements to be made. We had
an accurate measuring receiver and a 'Pip-Squeak' transmitter radiating into a
dipole. (See Chapter 10 for details of signal sources for testing.) With a separa-
tion of about 100m between the signal source and the antenna, we got results
very close to an expensive antenna test range.

END-EFFECT

Many radio amateurs have come across this effect when making a wire dipole for
the lower frequency bands, such as 40m. The speed at which radio waves travel
on a conducting material is somewhat slower than the free-space velocity of 3 x
108ms-!. This slower speed means that we have to shorten the dipole slightly to
achieve resonance. This factor is, in round terms, about 98% of the calculated
length, so for a 40m dipole we end up trimming about 1ft off the total length to
achieve resonance. Alternatively, if the antenna is a bit short we can add capacity
to the ends by suspending it as an inverted-V with the ends near the ground.

This is not just the case for HF antennas; the effect gets more pronounced as
the frequency goes up. At SOMHz, the effect is very apparent, and at 144MHz
it can really spoil your day. I was involved in building an EME array for 2m.
Being poor I decided to copy a commercial antenna (what we call 'reverse engi-
neering'), and build the required number from locally-available material. I had
the good fortune of having a fellow amateur who owned a company that made
antennas for the commercial market and so I was able to use many of his parts
to assemble the antennas.

One of things we decided to do was to fit plastic bungs on the end of each ele-
ment to stop the wind noise. Having made our first antenna and tested it to our
satisfaction, we fitted the plastic bungs. The antenna was now hopeless. The
gain dropped several dB and the VSWR match was awful. Scratching our heads
we went and took a closer look at the original design to find it did not have ele-
ment bungs. Then the penny dropped!

The fitting of the plastic bungs had effectively increased the element lengths by
about 5% by adding capacitance. To cure the problem would mean recalculat-
ing all the element lengths and then making new elements. As we had four Yagis
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to make and had already cut all the available tubing to the correct lengths, we
decided this was too much work and gave up on using the bungs. In some
respects, this was a good thing because, not long after, 1 saw a convincing
demonstration as to why plastic end caps are not a clever idea. A new high-
power VHF broadcast transmitter used a commercial antenna that had similar
plastic end caps. When the power was cranked up to 1kW, the end caps started
to smoke and at 2kW they caught alight due to the very high voltage at the tips
of the elements. Clearly the material used was quite lossy at VHF.

One thing T always do when I make elements is to chamfer and polish the ends
to remove any sharp edges. These are stress risers for corona discharge and, ide-
ally, any element should have a rounded end to prevent corona discharges. The
writer's location is on top of a mountain nearly 900m above sea level and suf-
fers from heavy mists during the winter months; in fact, at times, we are about
100m above the cloud base. Heavy mist or rain causes a Yagi antenna to detune.

Another way of looking at this is that if T end up with an element that is a lit-
tle short sometimes I can correct the problem by fitting end caps!

BALUNS

Most beam antennas that are fed by an unbalanced coaxial transmission line will
require some sort of balanced-to-unbalanced transformation. These are known
as 'baluns', because they convert a balanced configuration, eg a dipole, to an
unbalanced feeder such as coaxial cable. In many cases, the balun is part of the
impedance-matching network between the driven element and the coax cable.
Incidentally, a lot of people incorrectly pronounce the word balun - it is not pro-
nounced 'baylen' but 'bal-lun'.

The importance of a balun should not be overlooked. The dipole or driven ele-
ment in a beam antenna requires a 'push-pull' drive, with the two halves of the
dipole being driven with signals of equal amplitude but opposite phase. If either
the amplitude balance or the phase is incorrect, the gain will fall and the anten-
na will develop a squint away from its boresight axis.

Many baluns are lossy and contribute to the total ohmic losses. 1f you consider
the 4:1 impedance step-up balun made from a half-wavelength of coaxial cable,
it can be shown that this inherently will always give an amplitude imbalance.
The reason is simple to see. The signal is delayed by 180° by travelling the extra
half wavelength of coax between one half of the dipole and the other. As no coax
has zero-loss, the small but measurable loss causes the amplitude imbalance.

A much better balun is the one described by W2DU. This is a 'choke-sleeve'
balun which is a short length of coaxial cable with ferrite loading in the form of
toroidal rings or sleeves on the outer sheath. This balun gives a 1:1 impedance
transformation with perfect amplitude and phase balance. It is so simple that it
is surprising that nobody had thought of it before. The author having tried one
and confirmed its effectiveness with laboratory instruments has not used any-
thing else since. It is virtually lossless, being only the loss caused by a few cen-
timetres of cable, and the power handling capability is in the kW region. It can
work from |MHz to several GHz. A typical HF balun is approximately 300mm
Jong and covers from 1MHz to 60MHz with perfect amplitude and phase bal-
ance. If the ferrite cores are a tight fit on the coaxial cable they don't need any
additional fixing in most cases.
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Fig 4.6: W2DU
choke-sleeve balun
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The W2DU choke-sleeve balun

Here is picture of a typical VHF choke-sleeve balun. The cores are a slightly
loose fit and are held in place with nylon cable ties. The coax cable forming the
balun is 150mm in total length, the ferrite rings occupy approximately 50mm
and are suitable for SOMHz to 200MHz. The power rating is in excess of TkW
limited, not by the ferrite, but by the coaxial cable used.

VSWR caused by baluns

Some baluns do not correctly transform impedance or prevent the RF from
flowing on the outside of the coaxial cable. If RF currents are able to flow on
the outer of the coaxial cable sheath it will confuse the VSWR meter, this then
gives an erroneous reading. Even if the antenna impedance is absolutely spot-
on, the balun, because it cannot stop the backward flow of RF along the sheath,
makes one believe the impedance match is faulty. The RF flowing on the outer
of the coaxial sheath has nothing to do with the impedance mismatch. The mis-
matched power would be reflected back down the coaxial cable on the inside
and not the outside.

What the amateur is observing is that the antenna is in fact doing its job and
radiating the RF. Some will be picked up on the coaxial outer sheath because the
portion close to the radiating antenna also acts like an antenna, it is a low resist-
ance conductor and RF is able to flow along it until it reaches the VSWR meter.
When the RF gets to the VSWR meter, it cannot decide what is 'real reflected
power' flowing in the inside of the coaxial cable and what is 'phantom-power’
flowing on the outside, and it lumps the two together to give a high reflected
power reading. To prove this factor, do this simple experiment. Transmit with a
10W HF transceiver into a dummy load with about 2m of RG-58 coax connect-
ing the two and then hold a 2m handheld close to the coax and see what VSWR
reading you get. You will be surprised to find the VSWR jump up when the 2m
handheld is keyed! If the coaxial cable has rather loose weave to the sheath, the
effect is made worse and the small gaps allow RF to pass through to the centre
conductor. If you replace the coaxial cable with some semi-rigid solid copper
sheath cable the effect is not as pronounced. Many cheap VSWR meters are not
well shielded; some even have silly field strength connectors that accept a small
whip antenna. If you have one of these, take it to pieces and disconnect the
detector diode from the field strength portion. This led me a merry dance some
years ago when I couldn't get a decent VSWR reading on a dummy load.
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Alternative balun designs

There are quite a few balun types in common use on the VHF/UHF and
microwave bands. Several different types can achieve the basic concept of plac-
ing an open-circuit at the operating frequency. One of the earliest types was the
Pawsey Stub, designed by an Australian radio astronomer, Dr J L Pawsey. This
uses a section of A/4 coax with one end shorted between the inner and outer and
the other end open circuit. This is placed across the feed-point and the shorted
end connected to the sheath of the main feed-line coax. When calculating the
length of coax to form the A/4 stub, the velocity factor of the coax needs to be
taken into consideration. A variation of the original Pawsey stub is to use a short
length of open wire feeder to replace the coaxial stub. In this version, the stub
is a piece of tubing of similar diameter as the feed-line cable and it is spaced the
required distance to make a balanced feeder with an impedance similar to that
of the coaxial transmission line. The end of the stub closest to the antenna feed-
point is connected to the centre of the coax feed-line and the other end is
grounded with a low inductance shorting bar or strap to the jacket of the coaxi-
al feed-line.

A derivation of the Pawsey Stub balun is often used for parabolic dish feeds
with a simple dipole. In this, the A/4 section is made as part of the main trans-
mission line, which is often constructed of two pieces of copper or brass tubes.
The centre of the coax is connected to the outer to form one half of the dipole.

The outer tube is slotted to a length corresponding to A/4. The second half of the g5 4.9: side view

dipole is connected to the outer tube.

of dipole feed

PAWSEY
STUB

INPUT [ lge BALANCED

%‘jﬁ s FEED POINT

Fig 4.7: Pawsey stub balun
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Fig 4.8: End view of dipole feed
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MYTHS ABOUT COAXIAL CABLE LENGTHS

Some amateurs still persist in the belief that an antenna should only be fed with
a feed-line of an electrical length that is a multiple of A/2. This is absolute non-
sense and shows either a lack of understanding of the subject, or that the anten-
na is not correctly matched to the feed-line impedance. If the antenna presents
the correct terminating impedance to the feed-line, the length of coaxial line
required is completely immaterial. To prove that this is the case, it is simple to
substitute the antenna for a resistive dummy load. If, with the dummy load con-
nected, the addition of an arbitrary length of coaxial cable causes the VSWR fo
change, there is something very strange occurring. The only way the VSWR can
be different from 1:1 is if there is an uncompensated reactive component.

The correct length of coaxial feed-line is the shortest length required between
the equipment and the antenna feed-point. If the antenna matches the feed-line
perfectly, altering the physical or electrical length of the feed-line should not
cause the VSWR to change.

The only cases where the electrical length is critical is where the coaxial cable
is used as an impedance-matching network or when lengths of cable are used
with a power splitter to feed several antennas combined into an array. For this
case,the feeder lengths do not need to be exact multiples of A/2. Provided the
electrical length of all of the phasing harness cables are the same, the same
amplitude and phase will exist at each antenna feed-point. It may prove to be
more convenient to make the lengths exact multiples of A/2 from a measurement
viewpoint, if the individual lengths are set up as a stub for measurement of the
resonant frequency. For example, if the physical length required is, say, 2A, the
measurement frequency when the stub is connected as a A/2 short circuit stub
will be 1/4 of the operating frequency.

However, the velocity factor of commercially-available cable can vary by a
significant amount along the reel or drum from the same batch of manufactured
cable. (This was something the author found out when, as a student, he spent
several days measuring to determine the variation to be expected.) For the more
exotic cables, the variation is a lot less, but still measurable. For the types of
cables typically used by amateurs (ie the cheaper varieties), it is beneficial to
spending some time and effort in getting the cable lengths correct.

The way the author tackles this problem is firstly to make one piece of cable
to fit neatly between the power splitter / combiner and one antenna. No consid-
eration is given to the electrical length; quite simply, the cable needs to be just
long enough to reach between the two points with adequate stress relief and sup-
port being catered for. Often an alternative mechanical routing can be achieved
to shorten the cable, so reducing the ultimate power losses. When the shortest
cable length has been found, the required coaxial plugs are then fitted to each
end, and the piece of coax is then attached to a Vector Network Analyser (VNA)
as an A/4 open circuit stub. The VNA is set to sweep from 0Hz to some higher
frequency, say 100MHz.

The VNA is set up to measure the input reflection coefficient (S;;). The fre-
quency of the first dip in the response is recorded; let us assume it is 16.6MHz.
This means the stub is behaving as A/4 at this frequency. The remaining pieces
of coax are then prepared by fitting a connector to one end and the length cut to
be about 5% longer than the first piece. The connector on the first piece of cable
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is then removed and the new frequency ascertained where the first dip occurs.
(If using N-type connectors, simply remove the outer front shell leaving the cen-
tre-pin in place; this will be a very small shift in frequency). Each new length is
then adjusted in length to get the dip at the same frequency as the first piece.
(This technique makes an allowance for the connector that is to be fitted.) When
all the coaxial cables have been trimmed to length and the connectors fitted,
each one is again measured on the analyser. Normally they are all within 0.5°
electrical length, which is more than adequate.

This method gives excellent results if you have access to a VNA, but most
amateurs will not be in this lucky situation. A signal generator and a receiver can
also be used with equally good results. For this you will need a T-piece to fit
between the receiver input and the signal generator matching the connector type
to be used. The prototype stub is then connected in parallel across the signal
line. If there is no need to make the cable an exact length and we can add a lit-
tle to the length, we can calculate where the A/4 open circuit stub notch should
occur in frequency by measuring the cable and allowing for the velocity factor.
This can bring the notch frequency within the measuring range of the receiver
and signal generator.

Suppose the cable measures 3m in length physically, and we are using a cable
with a nominal velocity factor of 0.66. This cable acts like a cable electrically
3m / 0.66 = 4.545m in length in free space where VF = 1.00. Calculating the
wavelength of 4.545m gives us a frequency of 66MHz. The notch will therefore
occur at 0.25 of this frequency (16.5MHz) if used as an A/4 open circuit stub. At
twice this frequency (33MHz) it will act like a A/2 electrical length. If you have a
signal generator and a general coverage HF and VHF receiver that covers this
spectrum, you have all you need to trim the stubs to length. Ascertain the exact
frequency where the deepest null in signal occurs and cut all the other pieces to
the same frequency. For the 16.5MHz measuring frequency, leave the stub open
at the far end: for 33MHz, short the stub end. An alternative to the receiver is a
sensitive broad-band power meter. Simply connect the stub across the line and
sweep the signal generator frequency until you find the largest dip in power level.

Because of the slight variation in the velocity factor along a reel of coaxial
cable, you will not expect each piece to be exactly the same physical length. By
using this technique, the variation in velocity factor is compensated, and the
cables will all have the same electrical length, which is the important criterion.

POLARISATION

Plane polarisation and Faraday Rotation

As has already been mentioned, Faraday rotation is caused by the signal pass-
ing through a variable propagation medium such as the ionosphere. The rotation
of the wave can be more than 360°. If a horizontally polarised antenna is
attempting to receive a pure vertically-polarised wave, the cross-polarisation
signal loss can be as high as 20dB or more; in theory the loss is infinite. If the
system fade margin is less than 20dB, which it often is for EME systems, the
signal will be so weak that it will seem to disappear. Faraday Rotation is worst
on the lower frequencies, up to approximately 200MHz; EME signals for
432MHz and higher do not suffer from the fading as much. The rotation can last
for a few seconds or several minutes.
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The angle of rotation is defined by the formula below.

_ 1.35x10°N_Hcos(0)!

7 degrees,

where:  Q is the angle through which the wave is rotated,
N, is the number of electrons per cm3,
H is the magnetic field in oersteds,
0 is the angle between the magnetic field and the path of the wave,
| is the path length in the medium in cm, and
f'is the frequency of the radio wave in hertz.

If the case of EME is considered the angle Q is doubled as the wave travers-
es the ionosphere twice.

From the above formula we can see that an EME signal at 432MHz will only suf-
fer ~11% of the rotation of a 144MHz signal for the same ionospheric conditions.

An interesting fact, not generally known about polarisation effects, is that
even when there is no Faraday rotation present, a station trying to receive an
EME signal, even though the station parameters are sufficient may not hear any-
thing. To understand why this is so needs some explanation.

Imagine a station in the UK, situated on the Greenwich meridian, transmitting
a pure horizontally-polarised signal to the Moon. With no Faraday rotation, the
signal will strike the Moon's surface still horizontally polarised. Assume also
that the signal is reflected with no change in polarisation, ie it is still a pure hor-
izontally-polarised wave and it arrived back at the UK station still horizontally
polarised. Now consider a station situated in another country which is 90° to the
East or West of the UK; the signal wave being received will be vertically
polarised, ie rotated by +90° or -90°. So, in order to receive the signal, the lis-
tener would need to switch to a vertically-polarised antenna. If the station was
situated 45° either East or West they would need to use a 45° or 135° slant-
polarised antenna for best reception.

To get around this, the best method is for both stations to utilise circular-polar-
isation, which counteracts the Faraday rotation. However, one station needs to
use left-hand circular and the other right-hand circular for this to work. If both
used the same circular polarisation, the signal at the receiving station would be
completely cancelled as the wave upon reflection from the Moon is reversed in
rotation direction.




CHAPTER 4: ANTENNA PARAMETERS

Optimum polarisation for a radio telescope

Often, when considering the factors to take into account before a radio telescope
is constructed, one of the most vexing ones is what antenna polarisation to
choose. We normally describe these as either horizontal or vertical in normal
terms. These terms are meaningless unless the reference plane is also defined.
Ordinarily these are accepted as being the surface of the Earth, but when an
object is far out in space there is no such reference plane.

Many radio telescopes use at least two polarisation methods; these are often
simple vertically- or horizontally-polarised feeds. Some types utilise circular
polarisation, either right-hand or left-hand, and sometimes both are provided
for. None of these polarisation types will be able to receive the full signal level
because of errors in the polarisation.

A contributing factor is the polarisation of the signals arriving from a deep
space object. From measurements made by many radio telescopes, there is no
coherent polarisation in most cases. Therefore, all antennas suffer a loss in
detectable signal power of 3dB because they cannot be configured to the actual
polarisation of the radio waves from the distant object. Another contributing
factor is any Faraday rotation that might be present, due to the signal travelling
through the Earth's upper ionospheric regions. Dr John D Kraus. W8JK, at Ohio
State University Observatory, spent a great deal of effort to establish the polar-
isation of many radio stars.

The weaker stars are difficult to resolve because of the high ambient noise in
the galaxy. However, there are several radio stars that are very strong and allow
fine details to be explored of their polarisation patterns. The brightest radio star
is Cassiopeia-A; however, this is not the most powerful emitter of radio waves
- this honour belongs to Cygnus-A which is a much greater distance away than
Cassiopeia-A.

The power output of Cygnus-A must be enormous. Tt is situated some 550 x
106 light years away from Earth and is, in fact, not one star but two galaxies in
collision with a 'black hole' at the centre. It is well to bear in mind what actu-
ally constitutes a light year; it is a distance of 6,000,000,000,000 miles (6 x
1012 miles, 6 trillion miles) or about 9.7 x 1012km. So the Cygnus-A noise
source is at a distance of 5.5 x 1015km. Even when one takes into account the
enormous path loss for such a large distance, the received signal level is quite
high.

Using Cassiopeia-A as a reference, other radio stars can be evaluated in terms
of signal level. The relative signal levels of some of the other stars are detailed
below, including the average 'quiet sky' taken near the Galactic North Pole
(GNP). The units used are the jansky (Jy), which is 1 x 10-26Wm-2Hz-1.
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Fig 4.10: Ohio State
University record-
ing of the Cygnus-
A emission
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These signal levels were determined using the Ohio State University radio tele-
scope at 250MHz. The actual levels measured are 0.5 of the above figures,
because the polarisation loss incurs a 3dB factor. A radio telescope antenna,
whether linearly- or circularly-polarised, will accept only half the radiated
power.

PARABOLIC ANTENNA

Factors affecting efficiency

In order to achieve efficiency close to 100%, it is necessary to provide uniform
illumination over the entire surface of the parabola. The radiating source needs
to be positioned at the focal point of the parabola. This means that there should
be equal power flux density over every unit area of the parabolic surface, but no
power flux at the extreme outer surface (edge) of the dish. This is impossible to
achieve with a practical feed mechanism. An ideal feed would radiate from an
infinitesimal point source and hence provide uniform power density over the
entire surface area, falling to zero at the outer edges. This feed would thus need
to be an isotropic source, but it is practically impossible to make such an
isotropic radiator at low frequencies.

The consequence of illuminating more than the extreme outer surface area is
that some energy will 'spill over' the edge and excessive side lobes will appear
in the polar diagram, causing unwanted responses not under the control of the
operator, and a loss of gain to occur. Consequently, the illumination of a parabo-
la needs to be tapered to provide less illumination at the outer surface. Usually
a power flux density of -10dB over the outer 10 to 15% of the surface is chosen
to reduce the formation of side lobes. As the outer surface, for unit distance from
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the centre, has a far greater surface area than the surface nearer the centre, this
causes a loss of efficiency and hence gain. In practice, the efficiency of a typi-
cal parabolic antenna will be between 50 and 60% at best.

Focal length considerations

Another compromising factor is the choice of focal length. In a parabolic reflec-
tor antenna the ratio of focal length to diameter is known as the f/ D ratio, and
is the ratio of the distance of the focal point from the centre of the parabola to
its diameter. Typical terrestrial communication parabolic antennas use f/ D
ratios of between 0.6 to 0.8 and, consequently, the parabolas are very shallow.
If'the f/ D ratio exceeds about 3 the dish, in effect, becomes a flat circular plate.

The longer the focal length the further out the feed is positioned and the eas-
ier it is to provide a more uniform illumination over the whole surface using a
simple feed. A negative factor of a long focal length is that the feed is then posi-
tioned a long way from the centre of the parabola and three important factors
come into play.

The first concems the screening of the feed-point from noise sources from the
side. In a deep dish, (short f/ D ratio), the feed can be positioned at or just below
the edge (rim) of the parabola as viewed from the side. This provides addition-
al attenuation of noise sources from the earth, which often are many times
stronger than the object under investigation. Where the feed is positioned in the
plane of the lip (f/ D ratio of 0.25), this is known as a focal-plane system. (The
German Wiirzburg-Reise radar described in Chapter 1 used a quasi-focal plane
dish for this reason.)

The second factor 1s a mechanical problem. If the focal point is positioned at
a large f/ D ratio, the leverage of the feed supporting structure on the parabola
can be considerable. Husband, the civil engineer who designed Jodrell Bank
MKk1, came across this problem. In order to reduce the deformation of the para-
bolic surface as the antenna was declined from the zenith towards the horizon,
due to the out of balance leverage from the feed-point supporting tower,
Husband and Lovell decided to use an extremely short £/ D ratio of only 0.24
(a quasi-focal-plane dish). This saved a great deal of trouble and additional
steelwork to counter-balance the leverage problem. In a small parabolic anten-
na, the problem is
not as severe but,
nonetheless, still
present. In the case
of the original
Jodrell Bank Mkl
telescope, the feed
tower was a four-cor-
nered tapered lattice
tower situated at the
centre of the dish and
rising 60ft (~20m) to
the feed-point. This
structure is con-
structed from heavi-
ly-braced angle sec-

Fig 4.11: Rear View of
Jodrell Bank Mk1A,
showing additional
support steelwork to
replace the original
‘bicycle wheel'.
Compare this with the
picture of the 1957
version. (Photograph:
J Fielding 2005)
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tion steel and weighs some 20 tons. This weight needed to be counterbalanced
by extra steel under the dish to prevent excessive over-turning moments. When
the conversion to the Mk1A took place, the f/ D ratio was increased and so the
feed support tower needed to be increased in length. However, the addition of
more structural supporting steelwork under the dish was also included to stiffen
the bowl and this balanced the added leverage of the extended feed tower.

A further problem is that the supporting structure causes some obscuring of
the surface, (aperture blocking); this, in most cases, is very small and can be
neglected except in the case of a very high (GHz region) operating frequency.
Here, it may be necessary to use special feed configurations, such as an offset-
feed or a Cassegrain sub-reflector to prevent gain loss due to this effect.

Fig 4.12: Arecibo 1000ft (300m) spherical dish with feed supports. Each of the tow-
ers is 180ft (60m) in height and the feed consists of a rotating structure weighing 600
tons. Winches position the feed at the focal point. By reeling in on one winch and
paying out by the other two, the feed can be varied over 20°, so steering the beam
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Fig 4.13: Parkes,
Sydney, Australia
210ft (64m) antenna

Fig 4.14: Max Planck
100m antenna
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The third factor concerns the additional length of feeder cable required in a
long f/ D ratio, causing degradation of the system noise figure. (If you look
carefully at the picture of the Parkes dish, you will see the heavy coax running
down the support leg closest to the observer and then across to the dish centre.)
This can be overcome by using better cable, but this will be a larger diameter
and hence weigh more so compounding the mechanical leverage problem. In
practice, the LNA is normally positioned directly at the feed-point of the anten-
na and the length of coaxial cable required is very short. However, the coaxial
cable from the feed-point LNA to the receiver is still a problem. In the Jodrell
Bank Mk radio telescope, the signal from the receiver converters mounted at
the feed-point are connected to the main control room and the receiver IF with
a coaxial cable 200m in length.

As can be seen, the loss of efficiency causes, in a practical case, a loss of gain
to occur. For an efficiency of 0.5 (50%), the gain will be 3dB less than the the-
oretical due to illumination deficiencies and other factors. Increasing the diam-
eter slightly and hence the surface area can compensate this, if economic and

mechanical factors allow.
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Fig 4.15: Jodrell §
Bank acoustic dish
(Photograph: J
Fielding 2005)
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Surface accuracy

A further potential loss of gain is the surface accuracy of the paraboloid. If the
deviation from a perfect parabola exceed a certain amount (~10% of the wave-
length) the loss of gain starts to become considerable, and this limits the maxi-
mum frequency at which the parabola can produce adequate gain. This, howev-
er needs to be put into context. This condition only holds true if the gross devi-
ation occurs over a major portion of the dish surface, normally the outer third.
Where the gross deviation is only over a relatively small percentage, the loss of
gain is proportionately less.

For the case where surface inaccuracies occur, the amplitude and phase of the
signal at each unit area of the surface will not be the same when focused at the
feed, and so some amplitude and phase error will occur, hence some signal can-
cellation will exist. An approximation of the loss of gain due to surface inaccu-
racies was deduced from a study in which it was shown that surface irregulari-
ties of 0.25in (6mm) on a 85ft diameter dish produced a gain loss of 1dB at
1GHz. The total gain for such a dish is approximately 45dB, so the loss of gain
at this frequency is relatively insignificant. As the operating frequency increas-
es, and hence the wavelength decreases, the physical error becomes more sig-
nificant until, at some high frequency, it would be possible to use a smaller dish
with a more accurate surface profile than a large dish to produce the same gain.
This was one of the contributing factors when Jodrell Bank constructed the Mk2
telescope, as it can operate at higher frequencies than the Mk1 and provide more
gain, although it is only 10% of the size of the Mk]1.

Deviations in the surface accuracy can be due to many factors, apart from the
obvious physical dimensional errors during construction. The surface accuracy
is also affected by wind loading, elevation angle and icing, which can cause
variable deformation of the dish. In the case of Jodrell Bank Mk, an elaborate
drainage system was used to ensure rainwater did not collect in the dish when it
was pointed upwards. The stowing position for Jodrell Bank MKk1A is in such a
position and the weight of rainwater would cause an excessive load to be placed
on the dish surface if the rainwater was allowed to collect.

Fig 4.16: Jodrell
Bank Mk1A stowed
for maintenance.
(Photograph: J

| Fielding 2005)
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Fig 4.17: Holographic
diagram of the surface
inaccuracies of the
Jodrell Bank Mk1A dish
at 5GHz. The non-uni-
form illumination at this
high frequency can be
clearly seen. This
prompted a modification
to be made in 1999 to
improve the dish sur-
face with a better reflec-
tor. With the new skin,
the dish is usable up to
10GHz. (Photograph by
courtesy of University of
Manchester Archives)
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Electrical conductivity

A perfect parabolic antenna would have a low resistance and a continuous,
metallic surface. If cost were no object, the surface would be gold-plated to
improve conductivity. Small microwave dishes are often made from fibreglass
mats and resin with a layer of thin aluminium foil buried just below the surfaces
to act as reflectors. In other small dishes, the entire dish is spun from a high-
conductivity material such as magnesium alloy. The 50ft dish used at the US
Naval Research Laboratory (NRL) was constructed by the Collins Radio
Company and made from 50 aluminium castings, that were machined to a tol-
erance of 0.25mm, bolted together and capable of operating at up to lem wave-
length (30GHz). The Arecibo dish uses a perforated aluminium mesh to provide
adequate reflection up to several GHz.

In some cases, in an effort to reduce wind loading, the surface is constructed
from mesh. This is only an effective reflector up to a certain frequency. Above
the frequency that corresponds to A/8 of the physical grid size of the mesh, more
and more of the signal will be able to pass through the mesh and be lost, caus-
ing a loss of gain. This also has a side effect as it means that the feed is no longer
screened from the rear of the dish and so interfering signals can pass through
and become a problem if they emanate from the rear of the antenna.

Husband and Lovell, during the design and construction of Jodrell Bank Mk,
had originally planned to use a 100mm square wire mesh for the entire reflec-
tor, as the operating frequency was not expected to exceed 408MHz. During the
construction, the discovery of the hydrogen-line emission at 21cm was made in
1955, and it was decided to use a smaller aperture mesh for the central 100ft
portion of the dish, to allow acceptable operation on frequencies up to 1.5GHz.
Initially this was 50mm x 100mm, later reduced to 50mm x 50mm and then
50mm x 25mm.
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The change in design caused problems due to the weight of the additional
structural steelwork to cater for this and the vast number of tie-points that would
be needed to secure the mesh in place and maintain an accurate parabolic con-
tour. A solid electrical connection would be needed between adjacent layers of
mesh, which it was proposed to spot weld together. In the end, due to increas-
ing mechanical, electrical, financial and logistical problems with sourcing suit-
able steel mesh and attaching the mesh to the framework, it was decided to
abandon the idea and instead construct the surface from 1/8in (3mm) thick mild
steel plates, welded together to form the parabolic shape. This required approx-
imately 7100 metal plates to be welded in situ. This formed a stressed structure
and was a major portion of the parabola's strength and contributed greatly to the
overall rigidity of the antenna.
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The wind-loading tests performed by Husband on a scale model in a wind tun-
nel had assumed the worst-case condition where the mesh was completely filled
due to icing and so the change to the solid surface was not out of keeping with
Husband's calculations. Subsequent results during a freak hurricane in January
1976 vindicated the integrity of Husband's and Lovell's decision to use a solid
steel surface. It certainly reduced the cost and added much needed stiffness to
the dish structure, although not a very elegant solution with thousands of small
metal plates to be aligned and then welded in place. Nevertheless, it proved to
be a good substitute and one that would be used again when the Mkl was
upgraded to the MkI1A.

Modifications to Jodrell Bank Mk1 to convert it to the Mk1A involved con-
structing a new, shallower, mild steel dish above the original, thus increasing the
'/ D ratio. This was to improve the surface accuracy to allow operation on fre-
quencies up to 3GHz and improve the side-lobe suppression. This double skin
provided considerable extra stiffening to the whole structure. The accuracy of
this new skin was a serious problem and each panel was aligned with a laser-
surveying system to obtain a maximum deviation of not more than Smm across
the dish surface. Only when all the panels had been welded in place could meas-
urements be made with the dish at various elevation angles. For the welding
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Fig 4.18: The modified
Mk1A antenna shows
the longer focal
length and the feed
box. The stabilising
semi-circular  twin
back-girder, which
replaced the original
‘bicycle-wheel’, was
added to the back of
the antenna to pro-
vide extra stiffness to
the structure to
relieve the stress on
the elevation trun-
nions. The elevation
trunnions are ex-Navy
warship 18in gun ele-
vation racks, sal-

vaged from HMS |

Royal Sovereign and
HMS Revenge when
they were scrapped in
1951. (Photograph by
courtesy of University
of Manchester Archives)
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operation, which occupied a team of welders for nearly nine months, the dish
was stowed pointing straight upwards to the zenith. When the scaffolding was
removed, the dish was moved to 45° elevation and the laser surveying equip-
ment used to measure the deformity of the surface. The results were very good
considering the extra weight added to the structure. (With age, the new dish sur-
face has relaxed and the 1999 measurement showed that as much as 30mm
errors occurred at certain points. These points of stress are visible on the holo-
graphic image produced at 5GHz and are due to the supporting structure under
the dish surface).

Tests performed with the dish pointed vertically upwards, before painting,
showed that a coin could be thrown from the centre to the outer edge where it
would roll around the dish in a circular manner, and its passage was observed to
be like a ball in a roulette wheel. At each welded joint, the coin would skip and
the worst points were noted and then ground down to obtain a near-perfect sur-
face. This paid huge dividends as the overall gain rose a few decibels after the
lengthy exercise. The steel had to be painted to slow down the corrosion. A
microwave low-loss paint with low solar reflection was prohibitively expensive,
and so good-quality enamel paint was used instead. The dielectric loss from this
paint caused a few dB loss to the overall gain at 3GHz. The paint added sever-
al extra tons to the structure but this was acceptable. The conversion to the
Mk1A added nearly 600 tons to the original structure, mostly extra stiffening
and strengthening steelwork.

In the latest modification, which took place in phases between 1999 and 2002,
the entire upper-dish surface was removed and replaced with a galvanised sheet
steel covering. This was made up in 64 ‘petals’ and fixed in place on top of the
existing MkIA structure with 100,000 stainless steel self-tapping screws. The
older mild steel plates by then had started to show severe corrosion and the
choice of galvanised sheeting was an attempt to slow down the corrosion and to
provide a better reflecting surface.
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Fig 4.20: Grinding off the old welds
after a section of panel had been
removed. (Photograph by courtesy
of University of Manchester
Archives)

Fig 4.22: Fitting a new galvanised steel panel to the
Jodrell Bank surface. The new panel has a bed of water-
proof mastic to prevent corrosion. Note the many stain-

Fig 4.19: Work on the
new dish surface dur-
ing 1999 to 2002 to fit
a new galvanised
steel reflector. The
details of the feed
supporting tower are
clearly visible in this
picture. (Photograph
by courtesy of
University of
Manchester Archives)

Fig 4.21: An early frial
piece of the new gal-
vanised surface. Note
the thousands of mild
steel plates laid dur-
ing the MKk1A conver-
sion. The ladder to
gain access to the
feed box is visible
running up the tower.
Note the size of the
man sfanding at the
hase of the tower and
the size of the low-
loss coax cable.
(Photograph by cour-
tesy of University of
Manchester Archives)

less steel screws fixing each segment in place. (Photoby ~ Fig 4.23: Progress at the end of 2001. (Photograph
courtesy of University of Manchester Archives) by courtesy of University of Manchester Archives)
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Fig 4.24: Fitting the
last screw. In tradi-
tional style,
one is a gold-plated
one! (Photograph
by courtesy of
University of
Manchester
Archives)

Fig 4.25: Antenna
half-power beam-
width and subse-
quent  resolving
ability to separate
two closely-spaced
objects. If the half-
power bandwidth is
more than the
angular distance
between the two
objects, they
appear to merge
into one
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The choice of galvanised steel sheeting was prompted by two factors. One
was the cost and the second was the mechanical balance. If aluminium had been
chosen, with its lighter weight, this would have entailed a similar reduction in
the 'under-the-dish' mass to relieve the out-of balance-moments.

Note: The factor 1] in the antenna gain calculations quoted previously takes
into account the losses due to surface irregularities, surface conductivity and
any other losses, such as the dielectric loss of paint.

SPECIAL ANTENNA CONFIGURATIONS

The single greatest problem with radio astronomy is the limited angular resolv-
ing power of the antenna. Whereas any required narrow beamwidth is theoreti-
cally possible to achieve, provided that a very large antenna can be constructed,
the angular beamwidth required is often less than one second of arc, and the
antenna size then becomes measured in kilometres rather than metres. The
beamwidth of the antenna gives the minimum resolving power to separate two
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distant radio stars; if the beamwidth is wide the star appears to have much
greater angular size. Similarly, two stars very close in angular distance appear
as one object.

The formula for antenna beamwidth can be converted into the formula below,

_57.3M

it

where: ¢ is the 3dB beamwidth in degrees,
A is the wavelength in metres, and
D is the diameter of the antenna in metres.

In the case of the Jodrell Bank Mk1A, the 3dB beamwidths are approximately

152MHz 1.4

408MHz 0.54
1.5GHz 0.15
3GHz 0.075

If the resolving accuracy of the unaided human eye is taken as the minimum
required, this is a resolution of 0.05°. This is far from the required resolution to
be able to separate, for example, two of the nearest radio noise sources in our
nearest galaxy, the Milky Way, at a distance of 25,000 light years. If the wave-
length used is 1.89m (152MHz), the diameter of the antenna required to produce
a 3dB beamwidth of 0.05° would be 20km. This is impossible to realise in prac-
tice. However, if two antennas are connected together in an interferometer net-
work, the required antenna sizes can be quite modest, and the resolving power
is equivalent to a dish of diameter the same as the antenna separation, known as
the baseline distance. It is necessary to point both antennas at the same point in
the sky.

Interferometer networks

The simplest version of an interferometer is known as the Michelson
Interferometer. This consists of two half-wave dipoles connected in the manner
shown in the diagram. Note that the two dipoles are connected in phase Lo pro-
duce the 'grating lobes', this i1s an analogy to the optical version. The dipoles
could be replaced by Yagis to achieve more gain.

Fig 4.26: A simple
interferometer net-
work. (Courtesy of
University of
Manchester Jodrell | A Simpile Interferometer
Bank Observatory)
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Fig 4.27: The
Michelson Interfer-
ometer

Fig 4.28: The Multi-
Unit Interferometer
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The lobes produced allow more
precise angular resolution of a
source. The formula to determine
the position of the first nulls in the
polar pattern is given by

LOBES O FHNGES
L&T QR AROVE naLy-
FPOWER LEVEL)

il

ENVELOPE

Null = -5?5—3 degrees,
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Where: S = the distance in wave-

lengths (see diagram).

In order for the Michelson
Interferometer to work correctly,
the two antenna outputs need to be
summed together into a common
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receiver input with zero phase

error and minimal signal loss. If
two lengths of coaxial cable were used to connect the antennas to a signal com-
biner, several problems arise. The first is the attenuation of the signals. Two
antennas placed 20km apart would require a minimum of 20km of coaxial cable
to connect them. Each antenna would be equipped with a cable 10km long and
the signal combiner would be situated at a point midway between the two anten-
nas. Not a very practical situation! Ensuring a zero phase shift is extremely dif-
ficult to guarantee as the operating frequency changes. Techniques that have
been used with antennas placed up to 200km apart have been to utilise
microwave links to bring the two signals to a common receiver with adjustable
phase shifting to synchronise the signals. A variation on the Michelson
Interferometer is the Multi-Unit Interferometer shown below. This combines
two Michelson elements to form a more powerful resolving antenna. (This tech-
nique was used by Watson-Watt in the GL2 anti-aircraft radar set to give accu-
rate azimuth indication, described in Chapter 1).

The technique of using two or more antennas in an interferometer network has
been developed over the last 50 years into a powerful technique. Dr (later Professor
Sir) Martin Ryle, G3CY, at

= LOBES OR FAINGES

; Cambridge, was the pioneer in this

B/ Boneh tbvetr work and the later idea of aperture
synthesis. The largest distance

separating the antennas was the

two-antenna interferometer set up

CENTER LOBE between Virginia, USA and the
Crimea; USSR which had a base-
line of 6,500 miles (~10,000 km)

SUPPRESSED LOBES in 1961. This had a resolving

power of 0.001 seconds of arc,
which is approximately twice as
good as the resolving power of the
best optical telescope. This
became known as a Very-Long

N
_\’Z#r‘

Baseline Interferometer (VLBI).
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Using the formula above we can calculate what diameter antenna (or antenna

separation in a two-element interferometer) is required for a particular resolving
angle, or beamwidth.

57.3\
qJ - T"

where: ¢ is the 3dB beamwidth in degrees,
A is the wavelength in metres, and
D is the diameter of the antenna in metres.

Fig 4.29: Cambridge

University

‘| Interferometer by
Martin Ryle, G3CY
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Fig 4.30: The Very

For an antenna with a -3dB beamwidth of, say, 1° at 144MHz, we can find the
antenna diameter. (At 144MHz, A = 2.083m)

D= % =119.37m, or 370ft.

Assuming an efficiency of 0.5 this gives an apparent gain of 43dBi or
40.85dBd. The difficulty of constructing a dish of over 100m is enormous; the
difficulty of installing two small antennas at a separation of 120m is relatively
trivial.

Apart from the impossibility of constructing an antenna of such enormous
size as would be required, the problem of maintaining the antenna fixed on a
radio source using a servo-controlled motor system would be extremely diffi-
cult. Even a gentle breeze would cause the dish to deform and hence the beam
would shift enough to push it off-target. It is necessary to have some prior
knowledge of the position of the source for this to be a viable technique. As
radio telescopes, for a large percentage of their time, are used to explore
unknown regions of the sky in order to identify new radio sources, having such
a narrow beamwidth could be a severe disadvantage.

Multi-element interferometer systems

The interferometer technique is not limited to two antennas in close proximity.
The UK MERLIN system (Multi-Element Radio-Linked Interferometer
Network) uses up to seven antennas spread across the country to form a very
high-resolution interferometer. The Australian radio observatory has up to 350
dish antennas linked in a complex multi-element system. Some of the dishes are
on railway tracks so they can be moved to new positions to change the '3D pic-
ture' acquired. The largest example in use today is the Very Large Array (VLA)
at Socorro, New Mexico, where 27 dishes of 23m in diameter are located on rail-
way tracks. This allows a maximum separation of 36km between two dishes.

44 /IJJ!{;,{!JM}HH.-‘.’:‘,’}‘}'

Large Array (VLA) Wi

at Socorro, New
Mexico. (Picture
courtesy of NRAO,
USA)
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AN INTERESTING PROPOSAL

As has been previously noted that an antenna does not have 'gain’ as such
because it is a passive device. However, the concept of antenna gain due to con-
fining the vertical and horizontal beamwidths gives an increase in transmitted or
received signal over a single half-wave dipole. Now consider the case where the
antenna has a low-noise amplifier mounted at the dipole feed-point.

Does the antenna now have more gain? The answer is yes, and this gain can
be appreciable with modern low noise devices, perhaps consisting of two or
more cascaded stages. The writer used this trick at an antenna gain-measuring
contest for 2m antennas some years ago, where the maximum antenna size was
limited to 2m boom-length by the rules. The reference antenna was a half-wave
dipole and each antenna was measured with a precision measuring receiver and
a constant power signal generator radiating into another dipole. A local school
soccer field was used as the test site.

Consider the case where two such antennas are used in an interferometer sys-
tem and separated by approximately 20 wavelengths. The angular resolution
will be improved, as will the overall sensitivity of the receiver, by this tech-
nique. The lengths of coax connecting the two antennas will have little effect as
the system noise figure is already kept to a low level by the masthead preamps.
The power to each preamp is fed up the coax and the two coax cables connect-
ed to a zero degree power combiner.

Amateurs dedicated to meteor scatter originally employed this technique. A
single transmit antenna is used and the two receive antennas are placed either
side of the transmit antenna at right angles.

As the side lobe suppression of the antennas at right angles can be expected
to be of the order of 30dB, and the distance between the transmitter and receiv-
er antennas is large, the receiver can be run continuously without danger of
burning out the preamps. The spaces between the slow Morse dots or dashes
allow the operator to hear meteor reflections just like radar does. This is because
the AGC in the transceiver when operated on CW has a fast attack and a fast
decay.

For meteor scatter, the antennas all point to one part in the sky, usually with
an elevation of 40° to 70° and, as this does not vary much, they can be fixed.
The height of the receiver antennas can be as low as 5m if the 2m band is used.
An experimental meteor scatter communications system, operated by the
University of Natal, used such a system between the transmitter site in Pretoria
and the receiving site in Kwa-Zulu Natal near Pictermaritzburg. The receiving
antennas were mounted only 2m above the ground and elevated to 30°. This
used a frequency just below the amateur 6m band.

In a later chapter, T will give construction details for a 50MHz meteor radar
system for observation of meteor reflections.

DIPOLE ARRAYS

Many radio telescopes use a variety of dipole arrays to achieve high directivity
and hence gain. The manner in which this is done is quite complex and can con-
sist of hundreds or even thousands of dipoles fed with different phases to
achieve beam steering. One of the popular varieties is the 'Mills Cross'. This was
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Fig 4.31: Mills Cross
antenna shown in =
plan view, and the = FAN BEAM FOR THIS
resulting two fan- = ROW
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Fig 4.32: Dual fan-
shaped beams
produced by the
Mills Cross array
and the resulting

pencil beam

invented by Dr B Y Mills and first used in Australia to make an 80MHz radio
telescope. The beam of the Mills Cross can be steered over an angle of 80
degrees from the vertical; hence it can be tilted down to 10 degrees from the
horizon.

Essentially the Mills Cross consists of two rows of dipoles which all point in
the same direction. One set is normally aligned to run east - west and the sec-
ond set is aligned to run north - south. A simplified diagram of the Mills Cross
is shown in the diagram.

Each set of dipoles develops a fan-shaped beam that points vertically upwards
when all the dipoles are fed in phase.

By varying the phases fed to the two sets of dipoles, the fan-shaped beam
becomes a pencil beam. Typical half power beamwidths achieved are of the
order of less than 1°. The greater the number of dipoles in each set, the greater
the directivity becomes. The 80MHz Mills Cross erected near Sydney,
Australia, had a beamwidth of about 0.1° (68dBi). Of course this type of array
occupies a lot of land. Modern versions use arms of length 1.5km or more, so
this type of array is not the sort of thing the average amateur is likely to con-
struct.
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Fig 4.33: Mills Cross
array at Molonglo,
Australia. Each arm is
1500m in length

o
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However, the basic principle of the dipole array is quite simple and if, say, 16
dipoles are spaced the correct distance apart and fed with the correct phase rela-
tionship, it is possible to achieve a sizeable amount of gain - more than a 16-
element Yagi.

Basic dipole phasing technique

The polar plot of a half-wave dipole is shown in the diagram. The beam is bi-
directional and radiates equally in two directions separated by an angle of 180°.
In order to confine the beam into one direction, we can place another dipole
or reflector close to the dipole. The optimum spacing is approximately A/4.
Consider the case
where two identical half-
wave dipoles are spaced
A4 apart. To make the
beam directional, the two
dipoles need to be fed
with the correct phases. If
the two dipoles are con-
nected to an open-wire
feed-line which starts at
dipole number one and
connects to dipole num-
ber two, the feed-point of
the second dipole needs to
_ be reversed to get the cor-
rect phase relationship.
This is because the spac-
ing of. two dipoles A/4 Fig 4.34: Polar dia-
apart introduces a 90° i _ gram of the half-
phase shift. wave dipole
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Fig 4.35: Multi-ele-
ment dipole array
with crossover
feed-lines giving a
bi-directional pat-
tern

Fig 4.36: Multi-ele-
ment dipole array
without crossover
feed-lines giving a
unidirectional pat-
tern
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In practice, open-wire feed-line is by far the better option, rather than coax
cable. The reason is that to make a transmission line with a 90° phase lead or
lag requires the cable to be an exact number of quarter-wavelengths long. To
produce a phase lead of 90° requires a 3A/4 cable. To produce a phase lag of 90°
requires a cable length of A/4. When using coax cable, we need to consider the
velocity factor of the cable. Most amateurs know that cables such as RG-58 and
RG-213 use a polyethylene dielectric that has a velocity factor of about 0.66.
This means that to achieve an electrical quarter-wavelength, the cable ends up
being only 66% of the physical quarter-wavelength. Hence, to try to connect
two dipoles spaced a true quarter-wavelength apart is not possible if a quarter-
wavelength of coax is used. The only way this scheme can work 1s if the piece
of coax cable is made 5A/4 long. This is 1.25 wavelengths, and will introduce
some additional loss. Although the phase might be correct, the amplitude of the
signal at the second dipole will be slightly less than that of the first dipole, caus-
ing a slight loss in gain to occur. By using open-wire feed-line that has a veloc-
ity factor of about 0.98 means that only a slight reduction in the spacing of the
two dipoles is required to make the wires reach between the feed-points.

Now assume we have many dipoles set out in a long line, each one a quarter-
wavelength from its neighbour. To feed all the dipoles with the correct phases
requires a lot of coax cable, each piece being electrically 5A/4 wavelengths long.
Using open-wire lines simplifies the situation and reduces the transmission line
losses considerably. All that is required is two parallel wires that run alongside
the dipoles. The driving point needs to fitted with a balun to give the correct
180° phase difference between the two wires and a matching network to trans-
form the total impedance to the feeder cable.

Going back to our original two dipoles - the phase of the second dipole needs
to be reversed to get the correct phase relationship for maximum forward gain.
Using an open-wire line, this can be done by simply reversing the feed to each
successive dipole element. The case of just two dipoles is the basis of the W8IK
beam, designed by Dr John Kraus. This is a popular two-element beam and fea-
tures a gain of more than twice that of a single dipole, or about 6dB when cor-
rectly spaced and fed. It, however, has a two-lobed beam shape, the same as a

DIPOLE n DIPOLE 4 DIPQLE 3 DIPOLE 2 DIPOLE 1
DIRECTION it 5
oy LR BALUN
DIFGLE n DIPOLE 4 DIPOLE 3 DIPDLE 2 DIPOLE 1
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single dipole, which means the F/B is 0dB. By adding more dipole elements to
the array, the directivity is increased. This is the basis of the Mills Cross array.
To produce a unidirectional pattern, we need to change the array design. In the
unidirectional array, all the dipoles are fed with a 90° phase difference between
adjacent elements.

As you might have already worked out, the feed impedance of a two-element
dipole array is going to be half that of a single dipole, or about 36£. If this is
connected to a 75€2 feed-line, the VSWR will be 2:1. If we use a 50€2 feed-line
the VSWR will be about 1.4:1. (If the dipoles are limited to six, the feed imped-
ance will be approximately 12Q which a 4:1 balun can transform back up to
50Q).

The Yagi antenna behaves in almost the same manner, the current flowing in
the driven element being parasitically coupled to adjacent elements, except that
the currents flowing in the adjacent (unfed) elements are not of the same mag-
nitude. As the elements get further away from the driven element, the current
flowing drops off to a low level. This explains why adding more elements does
not give the expected increase in gain. In the dipole array, the current in each
dipole is substantially the same, and so it will deliver more gain for a given
number of elements than a Yagi of the same element number.

With a distributed dipole array fed with open-wire, the theoretical gain
increase, when the number of elements is doubled, is a factor of 2. In practice,
it is slightly less but still worthwhile. The logical method is to keep on doubling
the element count until the connection of more elements becomes too difficult.
Therefore a dipole array would increase in size in the following logical manner
2,4, 8, 16, 32 etc. The Mills Cross uses this method, except the large number of
dipoles is split up into smaller groups, maybe as few as 64 dipoles to a group,
and the individual groups are fed with separate feed-lines which can be adjust-
ed in phase to steer the main beam.

Crossed-dipole array

One of the common dipole arrays used is the crossed-dipole. This consists of
two half wave radiators closely spaced but electrically isolated and mounted at
90°. The feed-points are connected by a section of coax cable that is an electri-
cal length of 90°. This antenna, if mounted with the elements parallel to the
ground, will produce a quasi-omnidirectional pattern with square corners. If the
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Fig 4.38: Crossed-
dipole for the 4m
band

array is mounted above a good reflecting screen made of either a solid metallic
plate or a mesh reflector designed to represent a solid surface, the predominant
radiation is upwards. Crossed-dipoles are popular horizontally-polarised anten-
nas for such applications as beacons or mobile communication. Crossed-
dipoles, like the Mills Cross, have a circular pattern when viewed in the verti-
cal plane, as well as being omnidirectional when viewed in the azimuth plane.

In the pictures above, the array elements are connected with a A/4 coax that is
made from 75Q cable (RG-59/U). The main feed-line is 50€) coax with a
W2DU coaxial sleeve balun made from ferrite sleeves.

Six-element meteor radar array

One of the many antenna arrays that became popular in the early days of mete-
or radar is the type devised by Weiss in Adelaide, Australia. This array of six
Yagis was based on the five-Yagi array originally used by Clegg at Jodrell
Bank. The array of Yagis was fed with open-wire transmission lines of 470Q
impedance. The use of A/4 metal insulators and stubs matched each pair of Yagi
to the common feed-line. The beamwidth is +£3.5° in azimuth and +4.5° in ele-
vation.

Fig 4.39: Diagram of the antenna array
developed by Weiss for meteor radar.
(Document supplied by Dr Graham
Elford, Buckland Park, Adelaide,
Australia)
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In Weiss's antenna he used two groups of six-element Yagis. The second set
of Yagis is connected to the point marked 'Aerial 2' and is a copy of the first set
of Yagis. A picture of a similar array used at Jodrell Bank is shown here.
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In this chapter:

O The noise performance 01  Strong signal handling factors
of valves O Intermodulation performance
1 The tunnel diode amplifier O Special techniques

]

Parametric amplifiers

Tmmmm’| his chapter covers some of the historical aspects of radio astronomy
) receivers. A later chapter covers the more up-to-date devices now used.
. As has been stated earlier, the first stages in a receiving system need
to operate at a low noise figure for maximum sensitivity. Early receivers for
radio telescopes used thermionic valves and consequently did not have very
good noise figures by today's standards, but nevertheless, for the period, were
considered state of the art.

THE NOISE PERFORMANCE OF VALVES

Noise induced in valves can be divided into several mechanisms.

Resistive Noise

This follows the kTB effect found in all resistive networks. Only when the resis-
tive portion is reduced to absolute zero (-273.2°C) will the resistive noise cease.
Thermionic valves operate at temperatures that are considerably higher than
ambient, and so intuitively we can expect the valve to generate a considerable
amount of kTB noise.

Shot Noise

Shot noise arises from the random movement of electrons. It gets the name as
the noise it produces is similar to that which lead pellets (shot) make when
falling on to a metal plate. In a valve, the main electron stream is from the cath-
ode to the anode, and the slight perturbations in the current flow gives rise to
shot noise.

There are two classifications of emission from the cathode of a valve, one
being the saturated emission and the other the non-saturated emission. In the
saturated emission case, and considering a simple diode with a tungsten fila-
ment, the temperature of the cathode directly controls the anode current. When

Early Low Noise Amplifiers
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at its permitted maximum, the anode will 'take up' all the electrons available
from the cathode - there are no 'spares' drifting around. This mode is used by
rectifier diodes.

Under the non-saturated emission condition, there is much more emission
available than that which is being drawn by the anode. This gives rise to a space
charge (reservoir of electrons) around the cathode, and this has the effect of
smoothing out some of the fluctuations in anode current caused by the shot
effect. Most valves are operated under space-charge-limited conditions, ie non-
saturated emission, and the anode current fluctuations are much less than the
saturated emission diode that is commonly used in rectifier diodes or noise gen-
erators.

Flicker Noise

This takes the form of large amplitude pulses, and is produced in most types
of valves at low frequencies, being generally most troublesome in the range of
100Hz to 50kHz. The fact that these frequencies are in the audio spectrum
does not mean that flicker noise has no effect at radio frequencies; quite the
contrary, as the flicker noise causes amplitude modulation of the radio-fre-
quency signal.

Partition Noise

In multi-grid valves, such as tetrodes and pentodes, the division of the total cath-
ode current between the anode and the various other electrodes is subject to the
fluctuations caused by shot effects. In turn, these additional electrodes will, by
a process similar to modulation, cause increased random fluctuations in the
anode current. From this, it will be appreciated that the fewer the electrodes in
a valve, the better, and moreover, why it is that a triode will always have a lower
noise figure than a pentode or other multi-electrode valve of similar character-
istics.

Induced Grid Noise

The random fluctuations in the electron stream emitted from the cathode, in
passing through the grid structure on the way to the anode, will induce a noise
voltage on to the grid structure from the electrostatic charge carried by the elec-
trons. The magnitude of this will depend on the frequency. At low and medium
frequencies this noise will be self-neutralised as the charge on the electrons
arriving at the grid will be cancelled by an equal and opposite charge on the
electrons receding from the grid.

At high frequencies, the time taken for the electrons to pass through the grid
structure will be an appreciable portion of the operating cycle, the fraction
increasing with frequency. This transit time results in a difference in phase
between the electrons approaching the grids and those receding from it. The
result is that the cancellation is not perfect. As the frequency is raised the mag-
nitude of the current induced in the grid also rises. This effect is normally
termed transit time conductance and approximates to a resistive, high-tempera-
ture noise generator, the value of which is proportional to the square of the oper-
ating frequency. In order to assess the merit of a valve for receiver purposes, two
parameters need to be considered. These are equivalent noise resistance and
noise factor.
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Equivalent Noise Resistance

This is defined as an ideal resistance which, when maintained at a normal oper-
ating temperature, would, if placed in the grid of a noiseless valve, produce
anode current fluctuations equal to the shot and partition noise of an actual valve
of similar characteristics. From this it can be seen that the lower the equivalent
noise resistance, the better the valve will perform as a low-noise amplifier.

Noise Factor

Noise Factor, F, is a measure of how a signal passing through an amplifier is
reduced in SNR. Tn a perfect amplifier device, the SNR at the output would be
same as at that at the input. In other words, no additional noise is added to the
signal. If the ideal case were achieved, the noise factor would be unity. In prac-
tice, all amplifiers add a small amount of noise to the signal, making the output
SNR lower than the input SNR, and hence F will always be greater than 1.

Noise Factor, being a ratio, is a unitless measurement. Noise figure is the log-
arithmic value of the noise factor and is expressed in dB.

The measurement of noise factor (and hence noise figure) was conveniently
carried out using a saturated noise diode as the noise source. A typical device
commonly used was the A2027, although today it is obsolete. The noise per-
formance of the A2027 was usable at frequencies up to 1GHz.

Transit Time Conductance And Induced Grid Noise

At high frequencies, the induced grid noise effects predominate, imposing a
shunt conductance across the input circuit of the amplifier valve. In the case of
the grounded-cathode circuit, the interaction of the valve and cathode lead
inductance produces a conductance, Gc, placed across the amplifier input. To
minimise the noise factor of an amplifier, the effects of the equivalent noise
resistance and transit-time conductance, considered as noise sources, must be
made as low as possible at the operating frequency.

Special Low Noise Valves - The Nuvistor

As the search for weaker radio noise sources gained pace, the radio astronomer
had to find better thermionic valves than those currently available. One such
breakthrough came from RCA when it released details of a new type of UHF
valve. This was called the Nuvistor (an example is the 6CW4/8058) and prom-
ised exceptionally-low noise figures and high gain. Today, it is obsolete but, at
the time, it served to bridge the gap between the then valves and the soon-to-
come semiconductor devices.

THE TUNNEL DIODE AMPLIFIER

The tunnel diode amplifier was an idea that, at the time, seemed to be the per-
fect solution to low-noise amplification. A tunnel diode is a p-n junction with a
high level of impurity doping. If the impurity content in a semiconductor is
increased, the reverse voltage is reduced. If the impurity doping is made suffi-
ciently high (2 x 1019 atoms cm=3 in Germanium), the reverse breakdown volt-
age is reduced to zero.

The degree of doping makes the tunnel diode an ordinary conductor in the
reverse direction. It is said to make the semiconductor 'degenerate’. If degener-
ate p and n semiconductor materials are brought together under carefully-con-
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trolled conditions to make an extremely abrupt junction, of the order of 150A
(Angstrom) in thickness, the forward characteristic is also affected. In effect, a
negative-resistance junction occurs, so current can flow out of the junction and
hence provide power and amplification gain. A typical tunnel diode can provide
about 30dB of gain at 150MHz with, in theory, a noise factor of 1 (noise figure
0dB). In practice, the noise figure will be higher than this but will be typically
1.9dB at 400MHz with a gain of greater than 10dB. The tunnel diode shows shot
noise (as does any resistance), but has a noise temperature of about 300K, which
is far better than a valve and, at 400MHz in a practical circuit, exhibits a noise
figure of approximately 3dB worst-case.

PARAMETRIC AMPLIFIERS

The parametric amplifier (paramp) utilises a similar technique to the tunnel
diode. In this case, the amplification is performed by stored charge in a reac-
tance, a variable capacitance diode (or varactor) diode. The varactor diode is
used in a circuit that is driven by a high frequency power oscillator, referred to
as the pump oscillator. The varactor diode stores the charge on one half cycle of
the pump frequency and releases it on the other half cycle. As the source of the
released charge is almost a pure reactance, with little or no resistive component,
the circuit is theoretically noiseless. (Noise cannot be generated in a pure reac-
tance, as it contains no resistive component.)

The signal to be amplified is connected from the antenna via a matching net-
work (which needs to be of the highest possible Q to reduce resistive noise con-
tribution) and the pump is injected into the diode via another matching network.
The amplified signal is coupled out of the network via a selective matching net-
work. Amplification of the order of 30dB or more is possible with a very low
noise figure.

The stability of the network is heavily dependent on the amplitude of the
pump oscillator and the gain is a function of the frequency ratio between the
wanted signal and the pump signal. The greater the ratio of these two, the high-
er the gain and the lower the noise figure. A typical parametric amplifier for
operation at 400MHz will require a pump oscillator capable of delivering 5 to
10mW at a frequency of about 10GHz.

On the face of'it, parametric amplifiers are practically ideal for very low-noise
amplification. The generation of the pump power is not difficult, as several low-
power oscillator klystrons were available from wartime radar receivers with
suitable power and frequency ranges. The frequency stability of the pump oscil-
lator is not a concern and it has only to provide the correct amount of power. A
design published in the RSGB VHF Handbook in the 1960s for a 432MHz LNA
gave a noise figure of approximately 0.8dB and a gain of 25dB. This noise fig-
ure was only bettered in the late 1970s with a solid-state design, which only
achieved 12dB of gain. The total cost of the paramp was less than the expensive
microwave transistor used in the later design, as most of the components could
be obtained on the surplus market after the war for next-to-nothing. In effect, the
paramp was equal to a two-stage solid-state version for a fraction of the cost.

However, many engineers regard the parametric amplifier as a somewhat tem-
peramental device because, if the antenna matching or the pump power vary, the
amplifier (because it consists of a negative resistance with considerable power
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gain capabilities) can break into violent oscillation. This effect is also highly
dependent on the operating temperature - if this varies over too wide a range,
the amplifier can also oscillate.

Nevertheless, the parametric amplifier does provide a very low-noise ampli-
fier with not too much equipment. A technique of maintaining a constant tem-
perature and pump drive level is not too difficult to arrange, and the parametric
amplifier, although by today's standards is something of a curiosity, is still in use
in many radio telescopes around the world.

Once correctly set up, it will hold its tuning for long periods, the one disad-
vantage being that as it is inherently a narrow-band device and, if several radio
astronomy frequencies are in use at a site, a paramp for each frequency will be
required. This involves extra effort if frequent changes are required in the oper-
ating frequency.

Although, by today's standards, the noise figure is well short of what can be
achieved by a modern solid-state device, the gain is still greater than that which
a single modern solid-state device can achieve.

STRONG-SIGNAL HANDLING FACTORS

A secondary factor concerns the signal-handling capabilities. In a typical low-
noise, high-gain amplifier, the ability to handle an interfering signal off-fre-
quency with a considerable input level is highly dependent on the power being
dissipated in the device. A low-noise solid-state device will not be drawing a
large current and so the power handling will be poor. A device that has a rea-
sonable anode, collector or drain current will be more able to tolerate a large
interfering signal.

Inherently low-noise amplifiers have relatively poor large signal handling
capabilities due to the lack of signal filtering before the active device (signal
selectivity inevitably introduces losses which degrade the noise figure), and a
large interfering signal removed from the operating frequency by, say, 10% can
cause gain compression and desensing (desensitisation) to occur. The paramp,
because it is being pumped by a large signal and has some inherent selectivity
provided by the antenna input matching circuit, has a considerably better large-
signal-handling capability, in a practical circuit some 20 to 30dB better than a
bipolar transistor with a comparable noise figure.
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So although a solid-state device can provide a better noise performance in the
absence of an interfering signal, the paramp will continue working with a large
interfering signal and produce a better noise figure than an equivalent solid-state
device. Today, the margin is becoming very slight and modern GaAsFET and
HEMT transistors can better the paramp in most applications.

INTERMODULATION PERFORMANCE

Allied to the strong signal-handling performance is the intermodulation per-
formance of'the low-noise amplifier. This is caused by the same mechanism that
causes gain compression discussed above. When two or more signals are
applied to an active device, the non-linearity inherent in the device operates on
the signals in the same way as a mixer, generating new frequency products.

The effect is that if two signals, far-removed from the input signal and sepa-
rated by a frequency which corresponds to either the input signal, the image fre-
quency or the IF of the receiver, are of sufficient amplitude, they will generate
spurious signals which fall in-band. These intermodulation products are
extremely destructive and will cause severe interference to the wanted signal.
The stage in the receiver that is the most susceptible to intermodulation gener-
ation is the receiver mixer. This needs to be a highly non-linear stage to act as
an efficient mixer.

It is not difficult to appreciate that, as the radio telescope is usually trying to
receive an exfremely weak signal, it does not need a very large interfering sig-
nal to obliterate the wanted signal. In the real world, there are not just two strong
out of band signals but possibly thousands that can have the correct frequency
separation to cause intermodulation products. Admittedly, the radio telescope
antenna can give an appreciable amount of suppression to these interfering sig-
nals by virtue of its frequency selectivity and directivity but, nevertheless, the
problem exists.

As mentioned in the previous section, the strong signal-handling characteris-
tics of the low-noise amplifier are of paramount importance. In an extreme case,
it will be necessary either to include some filtering (with its inevitable loss) to
notch out the interfering signal, or to use an amplifier with a superior signal-
handling performance. Unfortunately, amplifiers with strong signal-handling
are generally not of such low-noise performance.

SPECIAL TECHNIQUES

As the advances made in radio telescope receivers were always for greater sen-
sitivity, it was obvious that the devices in use left much to be desired in terms
of weak-signal performance. The noise factor is closely related to the ambient
temperature of the LNA. Often we see the LNA fitted at the focal point of the
radio telescope dish so as to eliminate as much as possible the losses in the
coaxial cable between the antenna and the LNA. Thermal shielding is nearly
always required. If one considers that the radio telescope dish is equally capa-
ble of focusing the sun's rays at the feed-point, it is possible for very high tem-
peratures to exist. (This is used in third world countries for cooking - the solar
cooker uses a polished parabola to focus the sun's rays onto a cooking pot.)
Without special precautions, the LNA would most certainly be degraded if not
totally destroyed.
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As the ambient temperature plays a significant part in the noise performance
it became normal to use some sort of refrigeration (cryogenics) to lower the
temperature of the LNA. Cooling by liquid nitrogen or helium is commonly
used for radio telescope front-end amplifiers and, whereas this raises some very
special engineering problems, the end result is very beneficial. Reductions in the
noise temperature by several orders of magnitude become possible and most
radio telescopes today use some form of cryogenic cooling for the LNA and
associated components. (See Fig 3.14 for more information)

Jodrell Bank, on the occasion of the last visit by the author in 2005, was still
using liquid helium cooling for the feed-point LNAs and was expected to do so
for the foreseeable future.

Many of the special components required for a radio telescope are not 'off-the-
shelf items. This is not normally a huge problem, as the major radio telescopes
throughout the world are operated by academic institutes who have allied
departments that can design and manufacture one-off solutions as the need aris-
es. The University of Manchester, which operates Jodrell Bank, is a typical aca-
demic institution that has some of the best brains in the world in the microwave
semiconductor field. Many projects undertaken by degree students as part of
their studies are to develop new components or techniques. Closely allied to this
is the support of many large industrial concerns that fund research studies into
new and emerging technologies. The spin-off is that these are available to
Jodrell Bank, and other radio telescopes, when the need arises.

Many research students choose to stay on after graduating as technical experts
working on newer and better equipment, funded by industrial bursaries. If you
trace back to the start of the history of radio astronomy, you will note that the
pioneers were nearly always engineers with a particular expertise in radio
design or implementation and academics as a secondary factor. Funding for the
newer developing technologies has often been lacking from governments,
except where it was in the national interest. This often means military research
often gets first bite at any surplus capital and the pure sciences only get the
scraps left over.
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f'the reader has digested the various sections prior to this, it should be rel-
atively simple for him to work out what is required to assemble a station
to meet his needs. Before we can specify the parameters of the various

components, we need to decide on what the station is going to be capable of and
the types of objects it will be able observe.

It could be that an alternative use for the station is to be able to work EME,
in which case the system could be designed to be dual-purpose with little extra
expense.

BASIC RECEIVER COMPONENTS

In any station we will need certain items; these we can largely break down into
logical parts.

@ An antenna of some type,

a low noise amplifier,

a length of feeder between the antenna and the receiver,

a receiver,

some means of recording the received signals in a permanent way.

CHOICE OF FREQUENCY BAND

It is as well to be aware of the radio window' limits before choosing a suitable
frequency band. The portion of spectrum from approximately 50m (6MHz) to
about Imm wavelength (300GHz) is the width of the window, therefore it would
be pointless to attempt measurements on, say, the 80m band, as the radio waves
would be unable to penetrate the ionosphere, except for limited periods during
the night. The exact upper frequency is difficult to fix at present, but up to 1mm
(300GHz) has been used and the likely upper limit may be higher than this.

Assembling a Station
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The requirements for each type of system will rely heavily on certain factors.
For example, if the desire is to receive meteor trail signals, we can state that the
antenna needs to have a fairly broad beamwidth. Hence, it will be a limited-gain
antenna. The frequency needs to be fairly low, not exceeding about 300MHz,
and the receiver needs to have a high gain with a fairly narrow IF bandwidth.

Because the amateur VHF bands are somewhat harmonically-related and lim-
ited, we are left with three choices for the frequency band. Of these, 5S0MHz
(6m) is a popular choice, but the antenna size is quite large for a reasonable
amount of gain. The next available band, but not in all countries, is 70MHz
(4m), where the antenna size is a little smaller. The final choice would be
144MHz (2m) where the antenna size is even smaller than the other two. In
some countries, amateurs are able to use 220MHz, but this is starting to get a lit-
tle high for reliable meteor-trail reflections.

The type of reflection to expect also varies with frequency. At 6m and 4m, the
majority of reflections are from under-dense trails, and the reflections last for a
fairly long time, often being many pings occurring one after another in rapid
succession, and then they are often referred to as "bursts'. The length of a burst
can be several seconds under favourable conditions, allowing SSB operation. At
2m and above, the predominant mode is from over-dense trails and then the
bursts are much shorter and more like discrete pings. At 70cm, the success rate
drops to less than 10% of that of 2m, so 70cm is much more difficult in this
respect.

The next factor depends very much on physical location. In an ideal situation,
the station would be situated in a remote part of the countryside away from other
dwellings, heavy industry and overhead power lines. Few amateurs are in this -
fortunate position. If you live in an urban environment with a lot of other prop-
erties close by, the level of man-made noise is likely to be high. Hence, S0MHz
or 70MHz would not be as good a choice as 144 MHz.
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For radio astronomy, we need a clear view of the sky, but not at the horizon
in most cases. In order to screen the antenna from interfering signals, it is often
beneficial to mount the antenna low down. In the case of meteor trail propaga-
tion, we need an antenna mounted only a few metres above ground level and
pointed up at an angle of about 40° to 70°. It is necessary to be able to alter both
the azimuth and elevation from time to time, but this can be a manual operation
and, with the antenna close to the ground, is not difficult.

If the intention were fo receive signals from deep-space objects (eg Sagittarius
in the Milky Way), a higher frequency would be an advantage. The antenna
would need to be fully steerable in azimuth and elevation, and a precise knowl-
edge of where in the sky to point the antenna. This could be done with comput-
er software or from celestial charts. In many cases, due to cloud, the sky will not
be visible (occluded) so a visual sighting cannot be relied upon.

Suitable frequency bands would be 144, 432, 1296 or 2300MHz. The higher
the frequency, the narrower beamwidth it is possible to achieve with a reason-
ably-sized antenna. Either a Yagi array or a small parabolic reflector would be
suitable for 432MHz upwards. For 144MHz we are stuck with using Yagi-type
antennas, due to size constraints. An advantage of a higher over a lower fre-
quency is the sky-noise due to the atmosphere. At high f'requencies it falls to low
values and makes weak radio-star detection easier.

The disadvantage of choosing a higher band is the extra path-loss attenuation
suffered by the higher frequencies, both from atmospheric attenuation and nor-
mal free-space loss, and the difficulty of obtaining a sufficiently-low system
noise figure, due to limitations in available low-cost amplifier devices. A good
compromise would be either 432 or 1296MHz, as here it is relatively easy to
construct low-noise amplifiers with suitable noise figures. It should be obvious
that we need to choose a portion of the band where no activity normally takes
place; it is a bit pointless trying to listen on a repeater output channel or a bea-
con frequency!

SOME BASIC RECEIVER REQUIREMENTS

The receiver needs to be carefully considered. By placing a suitable low-noise
amplifier at the antenna, we can effectively determine the system noise figure
so the average commercial multi-mode transceiver is probably adequate. [t may
well be that you already have a VHF or UHF transceiver that covers the band
selected. This is not always the best option as the IF filter fitted may be too nar-
row a bandwidth for the type of sensitivity we require. Often the best option is
a low-noise crystal-controlled down-converter and a tunable HF receiver with a
variety of IF filter bandwidths. It is easier to modify an HF receiver than a com-
plex multi-mode VHF/UHF transceiver. FM transceivers are not at all suitable
unless the IF can be replaced with an amplitude detector. In many cases, an
older type communication receiver can be purchased at a reasonable cost. The
modifications are not difficult to perform and many articles have appeared in
various publications detailing these.

Another factor is that we do not want automatic gain control (AGC). The
receiver gain needs to controlled manually for the best results. It is as well to
appreciate that the signal level variation between not seeing a radio star and see-
ing a strong radio star will only be of the order of a few decibels at best. The
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task of detecting a weak source is difficult, even with sensitive equipment. If the
AGC is continuously changing the receiver gain, because of small bursts of
man-made noise, the chances of seeing a small increase in noise from a distant
radio star are well-nigh impossible. The human ear is not a good detector for
small changes in signal level. Often, even with a well-trained operator, it is dif-
ficult to detect less than a 3dB change in audio level. The detection needs to be
done visually, with an oscilloscope, meter or a pen recorder. The receiver 5-
meter is virtually useless for this task, as it is far too insensitive to very small
signal-level changes. Tn most receivers, when manual gain is selected, the S-
meter ceases to work.

One technique used by meteor scatter operators to determine meteor activity,
is to listen on the frequency of a distant beacon. At most times this will be either
just on the noise floor or below it. To resolve a weak carrier requires a beat-fre-
quency oscillator (BFO), which turns the received carrier into an audible tone.
When a meteor trail occurs the beacon signal reflected off the trail is much
stronger in level and the receiver outputs a strong audio tone while the trail is act-
ing as a reflector. The duration of most meteor trail echoes is only a fraction of a
second in most cases, and this causes the signal to sound like a 'ping’. By count-
ing the number of pings occurring in a minute, you get a good idea of the mete-
or shower intensity. Low-intensity sporadic showers, which occur throughout the
year, give ping rates of one or two in five minutes. In intense showers the pings
can be as high as 1000 in a minute, making an almost continuous means of prop-
agation which can be used for two-way contacts - meteor scatter (MS).

The receiver bandwidth required is the same as for CW; approximately 300Hz
or narrower can be used. The narrower the IF the better, and often extra exter-
nal signal processing will give good rewards. In the author's case, an external
40Hz bandwidth active audio filter is used which gives about 10dB SNR
improvement on weak signals, such as EME.

PERMANENT RECORDING TECHNIQUES

For the sake of accurate data collection, some type of automated system is the
best option. Whereas most people are capable of keeping notes of activity in a
notebook, the events often occur too quickly for an accurate account to be made.
It is a good idea to get into the habit of having a notebook as a rough record as
sometimes systems crash and you would be left with no data in such an event.

In the case of meteor trail reflections one of the simplest and lowest cost, is a
cassette recorder. If the receiver audio is fed into a cassette recorder, the pings
can be recorded and later played back to count the number of pings in a given
time. Today, with the advent of computers, another method is to use a .wav file
to record the data via the computer's soundcard. This has the advantage that,
with suitable software, the pings can also be displayed graphically at a later time
for more precise analysis and time stamped by the computer real-time clock.
Another benefit is that recordings can last for days and only rely on the size of
disk storage available. The downside is that computers can generate broad-band
interference, which can degrade the receiver performance.

If the resources run to it, a chart recorder is a nice way to capture data. It has the
advantage that, with a long enough piece of paper, the records can represent sever-
al days with a slow enough rollout of the paper. (Professional chart recorders have
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a variable speed drive.) The chart recorder paper is normally incremented with
divisions and vital information, such as start and stop times, and can be annotated
manually. The author used this technique when studying signal enhancement at
1GHz during sunrise and sunset, to explore the path loss between two distant sites.
At sunrise and sunset, the signals showed substantial improvements over the aver-
age recorded during the daytime or nighttime. This knowledge allowed the author
to set a new personal best record during a contest on 23cm.

FEED-LINE CONSIDERATIONS

As with most sensitive receiving systems, you can never have too good a coax
cable for the feed-line. In practice, as long as the masthead pre-amp is of suffi-
ciently low noise figure and has adequate gain, more modest types of cable can
be used. Often a type such as RG-213/U will suffice. It is preferable to use a
type of cable that is double-shielded (RG-214/U) to prevent any interfering sig-
nals from leaking into the receiver. You will need to do the system calculations
based on the cable length and predicted loss to establish if the cable loss is
acceptable for the overall system

SYSTEM BUDGET CALCULATIONS

Some years ago, the author wrote a computer program in BASIC for calculating the
path losses and overall SNR for EME (see box overleaf). Using this, and changing
various system parameters, it was easy to see where the weak links i the proposed
system were.

An example of EME system requirements

Using the software, consider a couple of system permutations to see where the
weak points are. We will assume that 2m EME is the requirement and we have
a 100W transmitter with average feed-line cable.

The basic system parameters are

Transmit power 100W
Transmit feed-line 1dB loss
Receive feed-line 1dB loss (the same cable 1s used for Tx and Rx)

Transmit antenna gain (dBd) 22dB - 4 x 16-element Yagis

Receive antenna gain (dBd)  22dB (the same antenna is used for Tx/Rx)
Antenna noise temperature 300K (pointed at a quiet part of the sky)
Receiver noise figure 3dB (no masthead LNA)

Receiver bandwidth 300Hz (normal CW filter)

The calculated SNR is -10dB.

We will not hear our own echoes under these circumstances. The antenna is
about the maximum we can erect, so we have to make alterations elsewhere.
The sky temperature we have no control over and we have to accept this value.
An obvious solution is to run more transmit power, this is an expensive option,
but justifiable. So let us spend some money on a bigger amplifier to increase the
transmit power to 400W and leave everything else the same.

The new calculated SNR ratio is -4.0dB (an improvement of 6dB, which is
what you would expect with four times the power). This is a big improvement,
but we will not expect to hear our own echoes. Stations such as W5UN will be
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able to hear us, and we will be able to hear them, because their system is mak-
ing up for the deficiencies in ours.

Now let us invest in a masthead LNA with a 1dB noise figure and spend some
more cash on some low-loss transmit feed-line with a 0.5dB loss. That is about
all we can achieve in that department.

The new calculated SNR is -2.5dB. We are still a long way short of hearing
our own echoes, but should be able to work some more of the bigger stations.

So we spend some more money and invest in an even bigger amplifier, this
one is rated at 750W [Be careful not fo exceed the maximum power level per-
mitted by your licence]. This gets us down to -0.2dB. We might be lucky and
hear our own echoes but it is doubtful.

We are scratching for fractions of a dB now. There is very little else to do but
look at the receiver in more detail. One thing we can do cheaply is to use an
external audio filter to reduce the system bandwidth. Let us build an external
audio filter with a bandwidth of 40Hz. This probably costs the least of all we
have spent so far. (The author's audio filter cost the equivalent of a few pounds
Sterling to build).

The calculated SNR is now +8.9dB. So we should hear our own echoes if no
Faraday rotation occurs. The outlay of very little cash on the audio filter gave
us the 'biggest bang for our buck' - almost 10dB improvement.

Of course we could go on trying different system parameters, such as higher
power, lower loss cable and a better noise figure, and see the possible improve-
ments. The single most difficult part in a system such as this is the antenna gain.
Four 16-element optimised long-Yagis are about the limit for a system like this
for the average amateur. But you should not lose sight of the fact that the cheap-
est addition to the system, the home-brewed audio filter, bought us the biggest
improvement. Doing these system calculations on a computer before we start
spending money on hardware is the most economic option, we could have saved
ourselves a lot of money!

As a comparison take a look at what W5UN is using for 2m EME using CW.

Antenna ~36dBd - 64 x 17-element long-Yagis
Feed-line ~0.5dB loss - large diameter hard-line
Transmit power ~1500W

Receiver Noise Figure ~0.6dB

System Bandwidth ~50Hz

Plugging these figures into the software yields an SNR of 41dB. This is about
S7. When running SSB, W5UN's signals are ~25dB SNR, or about S4, because
the filter in the receiver has a bandwidth of 2500Hz.

Now consider an EME system for 23cm using CW.

The system parameters listed below are quite practical and can be attained by
the average amateur constructor. This is what the author is using.

Transmit power 250W - single water-cooled 2C39 - N6CA design
Antenna gain 32dBd - 4 x 26 element quad-loops - ~4m dish

Tx cable loss 0.5dB - 5/8in hard-line coax cable

Receiver Noise Figure 0.6dB - 0.45dB NF GaAsFET ant-mounted LNA
Antenna temperature 25K - cold sky

Receiver bandwidth 40Hz - audio filter
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This gives an SNR of +14.5dB - an easy-to-copy signal with a fairly modest sta-
tion. The biggest contributors are the lower sky temperature and the increased
antenna gain possible in a small array. Despite the greater path loss, it is far eas-
ier to get reliable echoes at 23cm than at 2m. The cost of this system is about
1/3 of the 2m system and occupies a lot less area.

Finally let us look at an EME system for 432MHz.

Transmit power 400W - K2RIW amplifier with 2 x 4CX250B
Antenna gain 26dBd - 2 x 26 element quad-loops

Tx cable loss 0.5dB - 5/8in hard-line coax cable

Receiver Noise Figure 0.5dB - 0.4dB NF GaAsFET ant-mounted LNA
Antenna temperature 50K - cold sky

Receiver bandwidth 40Hz - audio filter

This system gives an SNR of +13dB and will therefore give reliable echoes.

Important note: The path loss assumed in the program is the average of the
observed losses at 432MHz, and is optimum at perigee; at other times, the loss-
es can be several decibels higher. For frequencies other than 432MHz, a cor-
rection factor is applied to give the approximate path loss. As the path loss can
vary by several decibels, it is as well to include a few spare decibels in the sys-
tem budget to ensure you are not disappointed. This program makes no
allowance for Faraday rotation and its consequent extra losses. Similarly, the
antenna efficiency is assumed to be 100%, which is not normally the case. It is
prudent to subtract a few decibels from the antenna gain figure to allow for this.

Note: The receiver feed-line loss does not have to be the same as that of the
transmit feed-line. If the system uses an antenna-mounted LNA, the feed-line
loss is effectively zero and this value needs to be input. If the system does not
use a masthead LNA, the receiver uses the same feed-line as the transmitter, and

Fig 6.1: Diagram of this value should be used. As this is a 'double-loss', it makes a significant dif-

the celestial
ordinates

co- ference to the results.

Celestial

equator

e ANTENNA POSITIONING
: celestia CO-ORDINATES

nole
Amateurs are familiar with the azimuth and elevation

system for antenna pointing, but are probably not too
familiar with the system used in astronomy. Here a dif-
ferent system is used and the terminology is a little
harder to grasp. The two main co-ordinates are known
as Right Ascension (RA) and Declination (Dec). These
are referred to an imaginary point on the equator known
as the Vernal Equinox. Figure 6.1 shows the basic
parameters. Right Ascension is measured in time from
a common point and is given in hours, minutes and sec-
onds. Declination is measured in degrees from the
celestial equator. The celestial equator is a circle drawn
around the Earth from the equator and at right angles to
a line drawn through the North and South poles. The
reference point for Right Ascension is the point on the
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celestial equator where a line drawn from it Novth
intersects the Earth and this point is the Vernal Celestial Pole
Equinox. The derivation of the Vernal Equinox
is explained a little later.

A complication is that the Earth is inclined
on its axis by an angle of approximately 23.5°.
This can be shown by redrawing the celestial
co-ordinates as illustrated in Fig 6.2. From this
can be drawn the ‘ecliptic plane’ which is the
apparent path traced by the Sun as the Earth
rotates during a sidereal day. From this can be
seen the derivation of the point on the celestial
equator known as the wvernal equinox,
Commonly known as the ‘First Point of
Aries’. This is the point where the ecliptic
plane and the celestial equator intersect. (On
the Earth this is similar to the zero degree lon-
gitude reference point taken as being Celestial Pole
Greenwich).

A measurement made from the vernal equinox point on the celestial equator Fig 6.2: Celestial
eastwards is called Right Ascension; this is conventionally expressed in hours sSphere  showing
and minutes. On Earth the other coordinate is the latitude, measured along the Earth’'s inclina-
another meridian as degrees north or south of the equator. The equivalent meas- tion and the ecliptic
urement on the celestial sphere is Declination, measured again in degrees along Hiane
another meridian north or south of the celestial equator. It is the convention to
use + for objects North and - for objects South of the equator.

Right Ascension can also be expressed in degrees. Because the Earth takes 24
hours to complete one rotation one hour is equivalent to 15°. So, for example, a
right ascension of 36° could be expressed as 1/10 of a day, ie 2.4 hours or a right
ascension of 2hr 24minutes. Note that RA is always measured eastwards along
the celestial equator from the vernal equinox reference point.

Converting from the RA and Declination can be done using standard formula
but a much simpler method is to utilise one of the many software packages
available at low cost. The writer uses a package called Radio-Eyes written by
Jim Sky. This software gives a view of the sky from the observer's location and
converts the RA and Dec of an object to antenna azimuth and elevation.

(Because the view is looking down from space to the observer's location the
azimuth is reversed to the normal. If you imagine looking up from the observ-
er's point the azimuth is then correct).
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NORTH AND SOUTH POLE CORRECTION

Using a compass to find North or South involves an error due to the Earth's mag-
netic field variations. These not only vary depending where on the Earth's surface
you are located but also vary on an annual basis. In South Africa it can be as much
as 23° variation. So setting up an antenna azimuth North reference point can be
difficult. A far better method is to use the “True North® setting by determining
where the Sun is at a particular time. Using software such as Radio-Eyes or a satel-

Fild Wid, Obserist Dplicre/ Tooks Waividon’’ Helt

Reai time |07

Fig 6.4: Radio-Eyes screen with superimposed ‘Dome-View’
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lite-tracking ~ program
such as Instant-Track
will give accuracy to
within 0.5°. With a dish
antenna, a  simple
method is to replace the
feed with a plate with a
small hole in the centre,
so that it behaves like a
pinhole camera. The
antenna is then posi-
tioned so that the Sun is
within the beam and the
antenna adjusted so the
spot of light is exactly at
the centre of the dish. By
running the software we
can find the exact
azimuth of the Sun at
that time and hence cali-
brate the azimuth read-
out. Elevation is calibrat-
ed in the same manner.
The picture shown in
Fig 6.3 is taken from
the Radio-Eyes sofi-
ware. The Sun is in the
middle of the screen
and directly below is
the position of the
antenna, which is point-
ed to the zenith. The
dotted line the Sun is on
is the ecliptic plane.
The moon is shown to
the extreme left and is
below the observer's
horizon. The wvarious
constellations are also
shown, but these can be
turned off for easier
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HRadio-Eyes

101 Radio Object:

viewing. The bright band on the right hand side is the plane of the Milky Way
and shows the hydrogen concentration. The inverted U shape is the visual hori-
zon of the solar system as seen from the observer's location.

Another feature of the software is the ‘Dome-View’ which is a view looking
down on the observer's location. This is shown in Fig 6.4. The centre of the dome
is the observer's location. The Sun is seen running along the ecliptic plane.

By zooming in we can select one of the radio stars. In Fig 6.5 we have
zoomed in on Cygnus-A. This is about 2.7° above the observer's horizon and

Fig 6.5: Close up of
Cygnus-A (circled)

Fig 6.6: Radio Eyes
software with anten-
na beam of 3 track-
ing Cygnus-A. The
larger object to the
left is Cygnus-X and
3C416.2
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at an azimuth of 321°, the dotted line close to Cygnus-A is the observer's

horizon.
Currently Radio-Eyes is not able to control azimuth and elevation drives but

this feature is being addressed and it is expected that it will soon be available.
Hence it will become fully automatic tracking software.
Fig 6.6 shows the antenna beam placed on a radio star and the tracking

switched on.
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50MHz Meteor Radar System

In this chapter:

0  Low power transmitter stages [ Receiver design

0 Power amplifier O Post-detection processing

0O  Power Supply 00 Interconnection

0 Grid bias O System improvements

O Transmitter control circuits [ Antenna combiner

O Final stage pulse shaping 0 Low-noise masthead amplifier
0 Grid bias stabiliser 0 Harmonic low-pass filter

o Control generator O Circuit diagrams

O Clock generator timing diagram [ Alternative antenna array

/| he author is involved with the study of the Southern Hemisphere spo-
radic meteor showers. These occur randomly throughout the year at
low rates. In order to study them, it was necessary to modify some of

the station equipment and build some new receiving equipment. The initial
study is being carried out at 6m; at a later date it will be extended to 4m and
2m. The intention is eventually to have two systems running in parallel to
assess the reflections on two widely-separated frequencies and try to correlate
the results.

Amongst the author's old equipment was a dual-band linear amplifier for 2m
and 6m built many years back that uses two QQV06-40 valves. This was one
of many 'doppelganger' types made by local amateurs to reduce the bench space
and power supply requirements when operating on the lower VHF bands. The
amplifier can operate on either 6m or 2m using a common power supply, but
only one band at a time. This was mothballed when better equipment was con-
structed. The 6m section of the amplifier uses a QQV03-10 as a driver stage,
as the home brew 6m solid-state transverter used at the time produced only
approximately 250mW. The fully-saturated output power is about 250W. This
amplifier uses the author's screen and grid solid-state stabilisers published some
years ago. With minor modifications, the 6m amplifier will also work on
70MHz. The author's newer 144MHz EME amplifier uses a pair of 4CX250Bs,
which are capable of 1500W output, if needed.

As it wasn't necessary to build everything from scratch this saved a lot of time
and effort.
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The system calculations were performed with an RF simulation software pack-
age, where the gain, noise figure and intercept point for each stage are entered to
identify the critical areas in the design. Having settled on a practical receiver and
transmitter line-up, design and construction began of the new items. These were:

@® Transmitter oscillator and switching circuits
Transmitter control and pulse-shaping circuits
Receiver front end and mixer

IF amplifier, filter stages and detector
Post-detection filtering and display driver
Antennas

LNA for receive antennas

LOW POWER TRANSMITTER STAGES

The transmitter uses valves for all the stages. A solid-state design is possible but
involves a lot more effort. As the writer had a good stock of valves it was decid-
ed to use these. Another factor favouring valves is that high gain and high power
are easy to obtain. The transmitter consists of just three valves to develop an
output power of over 300W PEP. A further valve is used in the modulator stage.

The biggest problem with a design such as this is that the transmitter oscilla-
tor has to run all the time, it is impractical to switch off the oscillator during the
receiving period. If the oscillator runs at the final output frequency, it will cause
an interfering signal that the receiver will pick up and see as a constant signal.
Therefore, it was decided to use a low-frequency crystal oscillator that was then
multiplied to the final frequency. In the 6m version, a crystal at 0.25 of the final
frequency is used. The oscillator (exciter) stages are built on a chassis separate
from the main power amplifier and are contained in a well-shielded box to pre-
vent radiation of interfering signals.

The oscillator consists of a Colpitts oscillator using a fundamental frequency
crystal with a 30pF load capacitance. The exact frequency will depend on the
final frequency required. In the author's system, a 12.675MHz crystal was
ordered. The valve used is a 12AT7, which is a twin-triode. Other valves are also
suitable, ERRCC, 6J6 etc, or even two separate triode or pentodes. The anode
circuit of the oscillator has a tuned circuit resonant at twice the crystal frequen-
¢y (~25MHz). This is then loosely coupled via a 22pF capacitor to the grid of
the multiplier half of the valve. The voltage developed across the multiplier grid
is approximately 2 to 3Vp-p. This is adequate to drive the multiplier to full out-
put. The multiplier also has a resonant anode circuit that is tuned to the output
frequency of SOMHz. The two stages act as a doubler-doubler circuit with good
filtering of unwanted oscillator products. The 12MHz products are more than
60dB below the carrier and are further attenuated in the following power ampli-
fier stages to more than 80dB. A possible option is to use a crystal at 1/3 of the
final frequency; the oscillator anode circuit would then be resonant at the crys-
tal frequency, and the multiplier would then act as a tripler stage. The output
from the multiplier is link coupled to 50Q and fed via a coaxial cable to the
power amplifier chassis. The anode supply of the oscillator is derived from the
main 300V supply with two 75V, 1W Zener diodes connected in series to give
a stable 150V supply for good frequency stability.
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The multiplier stage is fed with a pulsed HT supply that is provided by the
modulator stages. This voltage is only applied when the transmitter is required
to provide an output, hence the drive to the following stages is on only when a
pulse is required.

If the multiplier stage was fed with a continuous supply a problem arises. This
is the generation of a strong carrier during the receive period which would effec-
tively mask any echoes.

If the driver stage only has a limited attenuation when its screen supply is
turned off, there would be a small constant signal driving the final stage. This
causes a 'spacer carrier' which is very difficult to get rid of, and would block the
receiver.

In practice, the final stage acting as a pulse modulator has an attenuation
range of approximately 30dB because of capacitive feed-through in the valve.
By switching off the multiplier and driver during the receiving period, the atten-
uation increases to the order of about 80dB. With adequate attenuation between
the transmitter and receiver, this is acceptable.

When viewed on the spectrum analyser, the carrier suppression during receiv-
ing periods is over 90dB. The multiplier stage gives approximately 30dB sup-
pression; the driver also gives the same sort of suppression, and the PA supplies
about 20dB of suppression.

Because valves are used with high-Q tuned circuits, the unwanted products
from the multiplier are well suppressed. The following power amplifier stages
also have considerable discrimination to 'off frequency' products. The only sig-
nificant products detectable at the output of the final stage are harmonics of the
50MHz signal.

All other products are more than 80dB down. To achieve this with transistors
would be much more difficult and would require a greater number of stages.
Valves are also far more tolerant to mismatch caused by antenna VSWR, and
cope with over driving more easily.

Fig 7.1: 6m meteor
radar low-power
transmitter stages

187



AMATEUR RADIO ASTRONOMY

Fig 7.2: 6m meteor
radar power ampli-
fier
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The inductor, L1, in the anode of the oscillator is wound on a toroidal ferrite
core and is resonated with a 30pF trimmer to 25MHz. The inductor, L2, in the
anode of the multiplier anode is an air-wound coil wound on an 8mm mandrel
and also tuned with a 30pF trimmer. In the author's case these trimmers were
Philips 'beehive' types rescued from old two-way radio transmitters. The 30pF
trimmer across the crystal sets the exact operating frequency.

The choice of transmit frequency was so as to place it far away from the nor-
mal communications portion of the band. Depending on which band plan you fol-
low will determine what frequency is suitable. In the author's case, the frequency
of 50.7MHz was chosen because no activity normally occurs there. (In South
Africa the amateur portion of the 50MHz spectrum extends from 50MHz to
54MHz, but only the bottom 2MHz is exclusively allocated to the amateur serv-
ice. The portion between 52MHz and 54MHz is shared with commercial users.)

POWER AMPLIFIER

The dual band amplifier follows standard designs to be found in many amateur
publications. Some pictures of the amplifier are shown here. The double-tetrode
stages are operated in push pull to achieve low second harmonic generation. An
external low-pass harmonic filter is used. If the driver is not required, the grid-
input power required is approximately 6W for Class-C. This could be provided
by a 10W transistor stage.

POWER SUPPLY

An old Yaesu FT-200 HF transceiver power supply is used to power the ampli-
fier. This has HT taps for up to 850V. For this application, it is quite safe to use
as much as 1200V for the PA stage anode supply as the duty cycle is low. The
FT-200 PSU also supplies +350V, +175V, control grid supply of -100V and the
heater supply of 12.6VAC.

GRID BIAS

For best efficiency in Class-C, the control grid of the QQV06-40 needs to be
supplied with a voltage sufficient to cut off the valve when no drive is applied.
For the more normal Class-AB1 operation, the grid bias is adjusted to provide
approximately

35mA of standing
anode current with
no drive applied.
This normally
requires a grid volt-
age of -35V to -
45V, depending on
the anode and
screen voltage and
the emission of the
valve. Older valves
have lower emis-
sions and hence the

spoy geev  200W pk

250mW pk

grid voltage will be
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closer to -35V than the higher value, For Class-C, the grid voltage is higher.
The amplifier anode current is adjusted with the bias control, with no drive
applied, until the anode current just shows zero. With approximately 850V on
the anode and 300V on the screen grid, this will be a grid voltage of -50V for
a good valve.

Another important factor about the grid bias, which is largely misunderstood
by many amateurs, is that it must be a very 'stiff' supply. If the application of
drive causes the grid voltage to vary, the operating point of a triode or tetrode
will also vary - poor results being the outcome.

The sort of stiffness required is very high - in an SSB linear, the variation of
the grid bias causes severe inter-modulation products to be introduced. A varia-
tion of only 1V is sufficient to shift the operating curve into a more non-linear
region.

The pictures of the amplifier overleaf show it with the outer covers removed.
The top cover is a U-shaped aluminium folded section. The bottom cover is a
flat aluminium plate, as is the back plate. These covers make it reasonably 'RF
tight', except for the necessary cooling air slots punched in the top and back
cover.

TRANSMITTER CONTROL CIRCUITS

The transmit control circuitry is driven by the main Control Generator and part
of it controls the screen supply to the driver valve and the anode of the multi-
plier valve. During receive, this supply is switched off.

Fig 7.3: Rear view
of the 6m and 2m
dual-band power
amplifier. The 6m
portion is on the
left. The QQVO3-10
driver valve is
located behind the
QQV06-40 final
stage. The cooling
fan draws air from
above the chassis
and pressurises

| the lower portion of
| the chassis. The air

is forced over the
glass envelopes of
the valves via the
cut-outs for each
valve base.
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Fig 7.4: Underneath
view of the dual-
band amplifier. The
6m section is at the
top

Fig 7.6: Circuit for
the switching sup-
ply to the multiplier
and driver stage
screen grid
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Fig 7.5: Close-up view of the 6m output network
in the dual-band amplifier

The drive signal is the blanking pulse that also switches off the receiver IF dur-
ing transmit. Transistor TR1 and TR2 can be almost any low-power npn transis-
tors such as a BC107 or 2N2222. TR3 is a low-power pnp such as a BC327 or
2N2907. The totem-pole stage consisting of TR2 and TR3 ensure rapid switching
of the high gate capacity MosFETs. TR4 and TR5 need to be high-voltage
MosFETs; IRF-840s rated at 500V were used mounted on a small heatsink.

Note: The diodes between the MosFET gates and ground must not be omit-
ted, as they prevent damaging negative voltage spikes generated by the fast
switching of the high voltage. The supply voltage must be greater than 10V and
up to 15V maximum.

The pulse driving this circuit is twice the length of the final transmit pulse,
because the shaping circuit delays the high voltage supply to the PA valve screen
grid. This can be seen in the next diagram.

FINAL STAGE PULSE SHAPING

The remainder of the control circuitry performs the pulse shaping for the screen
voltage that feeds the output valve. The low-pass filter needs to be a linear-
phase type to prevent the distortion of the pulse. Butterworth or Chebyshev fil-
ters do not have the correct response to a step impulse, and the pulse will over-

+306Y
18
12V =1
R3 R6
10k 15w
R2 TRZ f
o] o o
R | TRS
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shoot and take too long to settle if these types of low-pass filters are used. The
pulse shaping is performed in two separate stages.

The transmit pulse shaping circuit uses a dual op-amp and a passive low-pass fil-
ter to control the shunt modulator valves. Any decoupling capacitors on the
screen grid of the PA valve need to be taken into account as these will add some
extra time constant ( =RC); in general, these capacitors will be low values as
they are needed for RF decoupling only. An electrolytic capacitor of approxi-
mately 10uF should be connected across the +350V supply point if the screen
supply is not well regulated. (The Yaesu FT-200 PSU gives about 380V when
the 350V supply is lightly loaded.)

The Op-Amp is a non-inverting stage with a gain of 2.5 in order to be able to
swing to approximately +20V. The input is the inverted +8V transmit pulse from
the Control Generator. The rise and fall time of the pulse is approximately 75us,
which confines the transmit spectrum. The op-amp positive supply pin is fed
from a +24V stabilised rail provided by a IW Zener diode connected to the cath-
ode of the modulator valve. The op-amp type shown can swing within 0.25V of
ground and up to within 2V of the supply rail. Because of this, it is necessary to
supply the op-amp with a negative supply to allow it to swing to below ground.
This is provided by a negative supply derived from the 12VAC heater centre-tap
and a Zener diode to clamp the negative supply to about 5V. (If the power sup-
ply only has a 6VAC winding, both halves of the heater can be strapped in par-
allel and the negative supply taken directly from the 6VAC).

The op-amp was chosen because it is a fairly slow device. The pulse-shaping
is partially performed by the limited slew-rate of the LM358 op-amp, which
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(left) Fig 7.7: The
rise and fall times
of the final shaped
pulse is offset by
75us

Fig 7.8: The ideal
shape of the screen
grid voltage
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Fig 7.9: The shunt
modulator stage. All
resistors, except
those marked, are
0.5W
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provides about 30us when configured as a gain stage of 2.5. The remainder of
the shaping is performed by the RC low-pass pole feeding the grids of the shunt
modulator valves; this gives the necessary linear phase filtering.

The partially-shaped pulse from the op-amp stage is applied to the low-pass
filter RC section consisting of the 56k resistor and the 1nF capacitor. This fin-
ishes off the pulse shaping and the final signal is connected to the paralleled
grids of the shunt modulator valve. This is a QQV03-10 twin tetrode, the same
as used for the RF driver stage, simply because I had several spare valves. This
being a VHF tetrode, with considerable gain, it required the fitting of parasitic
stopper resistors in the grid and anode. These are 478 0.5W carbon resistors.
The screen grid is fed from a +150V stabilised supply by two series-connected
75V IW Zener diodes fed from the main 350V rail. Without the stabilised
screen supply, the pulse fidelity is compromised because the modulator valve
screen grid draws current when the anode current increases, lowering the screen
voltage at a critical moment.

The screen grid and cathode are common to both halves of the valve. The
cathode is biased to 24V above ground by a 1W Zener diode. This drives the
valves into cut off with no signal applied and the anode voltage is pulled up to
the 350V rail with a high-wattage resistor. To swing the anode voltage to
ground, the grids need to be driven positive with respect to the cathode. Because
we do not need very much current through the anode load resistor, it is satisfac-
tory to swing the grids only to within 2V or so of the zero-bias condition.
Perusal of the anode current curves of the QQVO03-10 shows that, with -2V on
the grids, the anode current will peak to approximately S0mA, which is sutfi-
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cient to swing the anode voltage to within a few volts of the cathode. As the
cathode is clamped to 24V above ground, the anode voltage will fall to close to
this and swing up to the supply rail. In measurements, the anode swung down
to about +30V, ie to within 6V of the cathode, the cathode being 'jacked-up' by
the 24V Zener diode. Suitable alternatives for the QQV03-10 are EL84, 6AQ5,
616, 5B254M or 6146 etc.

For RF valves such as the QQVO06-40, the maximum screen grid voltage
should not need to be much more than +300V. If the supply voltage feeding the
modulator is too low, the RF valves will be driven into a non-linear region and
the crest of the pulse will develop a flat top. This will cause spectral spreading
and is to be avoided.

A clock generator circuit using CMOS ICs provides the transmit pulse input
and this circuit is operated from a +8V supply with a LM7808 1A-regulator fed
with +12V.

Note: The circuit must be very well shielded to prevent the pulse of RF gen-
erated in the PA from getting into the low-power circuitry. If RF gets into the
low-power stages it will cause the circuit to become unstable and howl' will
oceur.

GRID BIAS STABILISER

When operating a triode or tetrode valve as an RF amplifier, the grid bias is a
very important parameter. If the grid bias is derived from a potential divider, the
grid voltage will be driven more negative as the drive is applied. This pushes the
valve harder into Class-C and creates a loss of gain, power output, steepening
of the pulse slope, and an increase in the third-order intermodulation products,
and hence an increase in the adjacent-channel splatter.

Some years ago, the author published screen-grid and control grid stabilis-
er circuits which eliminate this problem. They are both based on a shunt sta-
biliser. Without the grid stabiliser, the grid voltage on a QQV0O6-40 valve
increases from the quiescent point of about -35V to as much as -100V, push-
ing the valve hard into Class-C; the splatter generated, when transmitting
SSB, is very bad.

With the shunt stabiliser, the grid current can safely flow without increasing
the grid voltage. This yields in most cases an increase of output power of as
much as 100%. A typical QQV06-40 on 2m would only provide 75W of power
when fully driven; with the new grid stabiliser, the power increased to over
150W with good linearity.

(left) Fig 7.10: Shunt
modulator output
signal. The voltage
swings between +30V
and approx +330V

Fig 7.11: Close-in view
of one screen voltage
pulse, showing the
nicely-rounded rise
and fall edges. The
display in both pic-
tures is 50V / division
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Fig 7.12: A shunt
stabiliser for a fri-
ode or tetrode con-
trol grid
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The circuit of the grid stabiliser is shown here.

Note: The resistor between the shunt stabiliser and the control grid must be
very low in value to prevent the grid voltage 'hunting' as the drive level
varies. A maximum value of 100 is recommended. The 47€ resistor shown
is for grid current metering. The high voltage transistor (BU406) should be
mounted on a heatsink with an insulator to prevent the grid voltage being
shorted out. When in standby mode, the relay contact opens and the grid volt-
age rises to the unregulated supply voltage of about -100V, so cutting off the
valve.

The fitting of any substantial capacitor across the output is not required,
and will upset the regulation; in severe cases, the circuit can oscillate due to
such an output capacitor.

CONTROL GENERATOR

The Control Generator for a simple radar system needs to generate several sig-
nals that are all synchronised to a common clock.

Signals are required to switch the transmitter stages on and off and to supply
the transmitter pulse-shaper. Also needed are the signals that activate the receiv-
er stages when the transmitter is off and to trigger the CRO display for the range
indicator.

In the circuit below, this is all performed with two low-cost CMOS ICs. No
doubt a more elegant solution could be devised using a microprocessor, but the
circuit shown suffices. All the integrated circuits are powered from an 8V three-
terminal regulator such as a LM 7808 rated at 1A. This regulator also powers the
receiver circuits.

The main clock is generated with a free-running CD4093 CMOS square-wave
generator formed around IC1A. The frequency is adjustable over a narrow range
by the 10k pre-set. The duration of the clock pulse is approximately 125ps.
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ICI1A feeds the clock input of a CD4017 - a five-stage divide-by-10 Johnson
counter. The CD4017 advances the count on rising edges of the clock. After one
complete clock period, at the next rising edge, output 0 (pin 3) goes high for the
duration of one clock period. This pulse duration is ~250ps and is the transmit
pulse.

This pulse is inverted and goes to the circuitry that switches on the power
amplifier screen supply. An non-inverted version is provided for the display
triggering.

The transmit pulse and the following pulse from output 1 are combined, and
feed a blanking circuit in the receiver IF and the switching circuits for the oscil-
lator multiplier and driver valve screen supply.

This signal is a pulse of duration of 500ps, being the transmit pulse plus the
next pulse combined. This is needed because the transmitter pulse is delayed in
time by approximately 75us while passing through the transmit pulse shaping
circuitry.

If the blanking pulse was not used, the receiver would be switched on while
the transmitter was still developing full power.

The crystal filter in the receiver also stretches the pulse and this causes the
receiver to be desensitised for the start of the receiving period. This portion of
circuitry is diode-summed to feed the blanking switch in the receiver front end
and mixer module.

The outputs for the next three clock pulses (output 2, 3 & 4) each go high for
one clock period and are summed with diodes and feed the receive control lines.
This gives a receiver on-time of 3 x 250us = 750us, which equals a range-gate
time of approximately 1ms.

When the count gets to the next one (output 5), pin | going high, the counter
is reset back to zero by pulling the reset pin high. The counter then starts count-
ing up from zero again and the sequence repeats indefinitely. The receive pulse
is available as an inverted version or a non-inverted version. The need for both
is because the control circuits in the author's receiver require the two different
polarity signals.

Fig 7.13: A control
generator for a

radar system
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Fig 7.14:

generator
diagram
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CLOCK GENERATOR TIMING DIAGRAM

Tx ON |259|

Rx ON | [
ReBLANK] Soeus] [ 1

|

L

125us

CLOCK g 2| 2 3 4| |5 @

i
I
RESET

If a longer receiver on-
time is required, the
time can be extended
in 250ps steps by
adding more summing
diodes to the next logi-
cal outputs and mov-
ing the reset pulse to
the next logical output.
With a multi-pole
switch a variation in
250us steps could be
achieved to make a

variable range gate. This will, however, alter the transmitter duty cycle.

With the circuit shown, the transmitter is on for one clock period and then off
for the next four clock periods, hence the transmitter duty cycle is 20%. The
indicated anode current and power output would therefore be 20% of the actual
peak power, or 50W average in the case of the author's system.
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The receiver design was analysed with a software simulation package, and hav-
ing looked through the junk box to see what was available, it was decided to use

a single-conversion superhet with an [F of 10.7MHz.

A suitable 15kHz-wide crystal filter was rescued from an old commercial two
way radio. The transmitter pulse being 250ps requires a receive bandwidth of
approximately 4.5kHz minimum. The pulse stretching of the signal is a problem
that could be avoided by using a wider IF filter bandwidth, but this would
reduce the ultimate sensitivity and possibly cause interfering signals close to the
working channel to appear as false signals.

A suitable local oscillator crystal was also found amongst the author's many
surplus crystals gathered over the years; with some multiplication, this would
get the local oscillator into the correct portion of the band.
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It is necessary to trim the receiver LO a few kilohertz to ensure the receiver
and transmitter frequencies are the same. A design was drawn up that used a var-
icap diode to pull the crystal several tens of kilohertz at the final frequency of
61.4MHz. The LO is a high-side injection type because of the crystal available,
it would work equally well with a low side injection (~40.0MHz). If you have
a suitable series-mode third-overtone crystal, you can dispense with the multi-
plier chain. Possible starting frequencies with different multipliers are:

High-side LO Low-side LO

7675 MHz x 8 (x2 & x4) = 61.4MHz 5.00 MHz x8 (x2 & x4) = 40.0MHz
10.233 MHz x 6 (x2 & x3) = 61.4MHz 6.600 MHz x 6 (x2 & x3) = 40.0MHz
15350 MHz x 4 (x2 & x2) = 61.4MHz 10.00 MHz x 4 (x2 & x2) = 40.0MHz
30.700 MHz x 2 = 6l.4MHz 13.33 MHz x 3 = 40.0MHz, etc

Local oscillator

The 5MHz crystal runs continuously, is then buffered by an amplifier and fed
to the multiplier stages. The first multiplier raises the frequency to 20.46MHz
and it is band-pass filtered to remove other SMHz products (at ~15MHz and
~25MHz). The second multiplier multiplies the 20.46MHz signal and selects
the third harmonic in another band-pass filter to give an output of 61.4MHz.
These multiplier stages are gated on and off by the control generator. This
effectively mutes the receiver during the transmit pulse. The crystal is moved
in frequency by the application of a variable voltage on the VCXO tuning

line that is

applied to a vari-

cap diode. The Osc X4 BPF xs. BPF 10mW

+8V supply is LO

derived from the AL : BA TR

control generator Cxb % o RX
T ENABLE

module. (See end 1 Lvrcap

of chapter for 5,1_155 ;H-{z

schematic of the VCXC

local oscillator).

Front-end and mixer

The next portion designed was the receiver front-end amplifier and mixer stage.
The low-noise amplifier will reside at the antenna and so the noise figure of the
receiver does not have to be extremely low. Taking into account the necessary
filtering to reject strong out-of-band signals, and the insertion loss in the filters
with the available inductors, the tuned circuits were made fairly narrow, approx-
imately 2MHz wide, and the insertion loss of the first tuned section was then
approximately 2dB.

The first amplifier is a low cost 502 MMIC (INA-02186) with a noise figure
of ~2dB and a gain of 30dB. The output of the amplifier passes through a sec-
ond band-pass filter, identical to the first one, and then to the mixer. The first
stage, therefore, has a noise figure of approximately 4dB and an overall gain of
26dB. As the LNA at the receive antenna will have a noise figure of approxi-
mately 1dB, the overall system noise figure will end up being approximately
1.2dB, which is quite adequate.

Fig 7.15: Local
oscillator block dia-
gram
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Fig 7.16: Block dia-
gram of receiver
front end and mixer

198

The amplified signal is applied to a dual-gate MOSFET mixer and the resulting
10.7MHz IF signal is passed via the crystal filter to a second MMIC IF ampli-
fier with a gain of 30dB. The local oscillator gated signal from the LO module
is firstly ampli-
fied in a dual-gate
MOSFET  and
then applied to
gate 2 of the
mixer MOSFET.
+8V is obtained
from the control
generator mod-
ule. (See end of
chapter for the
circuit.)

Intermediate frequency amplifier and detector

The final portion of the receiver is the main IF amplifiers and detector. This
could be a single high-gain IC with a linear detector and manual TF gain con-
trol. However, the author had a number of logarithmic amplifier ICs left over
from another project (a noise-figure measuring system) and decided to use
these. The advantage of a log-amp is that no AGC or manual gain control is
required, because the IF strip has very fast attack and recovery time typically
measured in microseconds. The 1Cs used were designed for use in low-cost

radar IF strips.
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The IF amplifier uses a process known as 'successive detection’, and each IC
provides a DC output current proportional to the RF level applied to it. As the
input level applied to the IC rises, the gain progressively falls from the original
12dB to zero.

Hence, it is similar to a limiting amplifier in an FM receiver. The major dif-
ference is that the IC contains a very accurate amplitude detector with a well-
defined RF-to-DC current at the detector port. The rise time of the detected out-
put for a change in RF level is measured in nanoseconds and because the gain
falls as the input level increases, the onset of saturation only occurs when the
input signal is several volts.

The gain compression leaves the phase information unaltered, so it is possi-
ble to get good Doppler correlation from the signal. The ICs are connected in
cascade and so the last IC has the noise of all the preceding ICs entering it. In
practice, the last stage will be giving near to a full output on the receiver intrin-
sic front-end noise.




CHAPTER 7: 50MHZ METEOR RADAR SYSTEM

The 10.7MHz
signal from the
receiver mixer is
carried by a 50Q
cable and enters via
J1. The first stage
has a filter at

10.7MHz to imped-
ance-match the 502
from the front-end module to the high impedance of the IC and also to help reduce
the broadband noise power entering the strip. The SL 1613C has a gain of 12dB up
to at least 60MHz and, if the bandwidth was not constrained, the noise performance
would be poor. For the same reason, it is imperative that the enclosure housing the
log amplifier be as RF-tight as possible. Any signal leaking in will be amplified and
detected, causing both a reduction in gain and a false-alarm signal. As the author lives
only 4km from the local TV and FM broadcasting tower, the screening required was
greater than normal.

The detected outputs from each log-amp IC are summed and the resultant cur-
rents are converted to a DC voltage in a npn emitter follower. This is then buffered
in an AC-coupled amplifier. The amplified 10.7MHz IF is available for further
detection externally at J2. This might be applied to a product detector fed with a
10.7MHz carrier, so that audible detection could be made of the meteor pings, or
fed into a wide-band oscilloscope to observe the shape of the received echo pulse.

The detected output is blanked during the transmit pulse to prevent false sig-
nals being displayed. This is performed by a npn transistor that pulls the detect-
ed output to ground during the blanking pulse.

Also included in the log IF module - but not shown on the block diagram -
is a post-detection low-pass filter, built around a LM358 op-amp. The low-
pass filtering increases the sensitivity by a great deal and eliminates most of

Fig 7.17: The loga-
rithmic amplifier

Fig 7.18: The SL-
1613 logarithmic

the high-frequency 'grass' from the display. After the low-pass filter, the video amplifier

199



AMATEUR RADIO ASTRONOMY

Fig 7.19: Additional
IF low-pass filtering
and notch filter
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signal is fed to the CRO Channel 1 vertical amplifier. The CRO timebase is
triggered from the transmit pulse. This can either be fed into the external trig-
ger or to Channel 2. The timebase will need adjusting to accommodate the full
sweep.

The log-amplifier module was built as a separate unit and not as part of the
receiver because the intention is to expand the meteor radar system to the
70MHz and 144MHz bands at a later stage. Therefore, for the new bands, the
only portion required will be a new receiver front end and transmitter oscillator
and power amplifier. The control generator and display are already built and do
not require any modifications.

Inter-stage filtering

The Log Amplifier module is very wide-band, typical of most log-amp ICs.
This means that any signal finding its way into the chain will be amplified and
will appear as a valid output signal. One of the problems the author encoun-
tered was keeping the receiver LO out of the log-amp input. The crystal filter
does a pretty good job of rejecting the 61.4MHz local oscillator signal but,
even so, an extra stage of filtering is necessary. To understand this needs a lit-
tle explanation.

The attenuation of the LO signal coming from the receiver at the IF port is
about 70dB below the LO input level to the mixer, or about -60dBm. The noise
floor of the log amplifier chain is about -90dBm. This means that the LO signal
entering the log amplifier chain is well above the noise floor of the chain. If an
external rejection filter is not fitted and the log amplifier sees the pulsing LO
signal, it will show up as a false signal. To achieve this sort of attenuation
requires not only a low-pass filter rolling off at about 12 MHz, but also a notch
filter to eliminate the LO signal.

This is fitted in an external screened box and is inserted between the receiver
module and the log amplifier module. The circuit of the filter used by the author
is shown below.

The 1pH inductors are moulded chokes and the tunable inductor is the same
type as used in the 50MHz filter stages in the receiver front-end. If you use a
different LO frequency, the notch filter values will need changing to suit.

&1.4 MHz NOTCH
1uH {uH 250 n’H

TO RX IF QUT

o B

= =3 33p

TO LOGAMP IN
oo

12 MHz LOW PASS FILTER
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POST-DETECTION PROCESSING

In a conventional short-pulse radar with a wide IF bandwidth, the log-amplifier
detected output would be DC amplified, filtered and then fed to the CRO verti-
cal input.

In this design, because the transmitter pulse is, by necessity, much longer than
the optimum, the technique is used with heavier filtering to get an adequate dis-
play signal.

The detector output is shown with a very small input signal. The top trace is
the detected output at the emitter of the npn transistor; the bottom trace is the
signal from the output of the log-amplifier chain. The signal was generated by
a pulsed-noise generator connected to the log amplifier input. The signal is very
small, and is only about 6dB above the receiver noise threshold. Because the
SL-1613 IC uses open-collector detectors, it pulls the voltage down from near
to the supply rail via a resistor. The detector output voltage is a negative-going
voltage less than the supply rail. In the picture, the detector output is a signal of
approximately 500mV peak.

The NPN transistor is an emitter-follower and this is fed to a non-inverting
AC-coupled voltage-follower to provide the necessary low source impedance to
drive the low-pass filter.

The inpul to the filter stage is biased to 0.5 of the supply rail, and hence the
signal is maintained at about 4VDC level. The use of an AC-coupled signal
means that the CRO can be set to AC-coupling and its sensitivity adjusted to
obtain the required sensitivity for the small changes in output. The low-pass
filter stage consists of the second half of the dual op-amp. This filter removes
the high-frequency noise and leaves the signal to denote the leading edge of
the echo pulse. This allows a better range display than a heavily-filtered
pulse.

Fig 7.20: Log-amplifier detected out- Fig 7.21: Final signal for the display
put Y-amplifier
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Fig 7.22: Module
interconnection
diagram
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INTERCONNECTION

The system is connected together as shown in the diagram. All the modules are
enclosed in RF-tight boxes with 50Q) coaxial connectors for the RF paths and
feed-through capacitors for the supplies and other signals. The signals to the
CRO should be run in screened cables to prevent RF from the transmitter get-
ting into the CRO circuits.

SYSTEM IMPROVEMENTS

For increased receiver sensitivity, it is possible to use two receive antennas
spaced some distance apart in an interferometer network. This was mentioned
in previous chapters as a method to increase the gain or angular resolving power
of an antenna. In this system, the requirement is for three similar Yagi antennas,
one for the transmitter and the other two for the receiver. The receiver antennas
would each feature a masthead LNA and the receiver coaxial cables would be
brought together at a mid-point into a power combiner and then fed to the
receiver. It is important to ensure that the two lengths of coaxial cable joining
the antennas are of equal electrical length to provide phase coherence. If the two
coaxial cables were not of equal electrical length, some signal cancellation
would occur.
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CHAPTER 7: 50MHZ METEOR RADAR SYSTEM

A simplified block diagram of the bi-
static system is shown in Fig 7.23. All
three antennas need to be pointed to the
same point in the sky for the best
results.

In the author's original system, the
antennas were based on the NBS
design with a boom of 7.5m in length
and have eight elements giving a gain

RX1
ANT

N

RX2
ANT1

o ¥
v

™

of approximately 10dBd each.

An advantage of the bi-static anten-
na is that no antenna changeover switch is required, with its attendant losses
and the difficulty of achieving fast enough switching and isolation to the
receiver.

ANTENNA COMBINER

As the requirement is for two antennas to be used on receive, the need arises for
a simple 0° power combiner. As the power level is very low, it is not necessary
to resort to the normal types used for transmitting, which are quite large. The
need also is for the DC power for the LNAs to be carried by the feed-lines to
each antenna. This can all be taken care with a simple matching network to con-
vert the 25Q of the two connected antennas to 50Q. The series element, there-
fore, needs to be an inductor to carry the line-powering current. The problem
was simulated using the ARRL RF Designer software, and a simple two-reac-
tive-component network optimised. The capacitor value required is 62pF to res-
onate the 80nH inductor at 50MHz, therefore the 20pF trimmer will be at 3/4-
mesh at resonance. The circuit detailed below will perform this function.

The inductor is wound with an air core and adjusted by squeezing or spread-
ing the turns to obtain the correct value. The number of turns required is depend-
ent on the internal diameter. With a 6mm former, the number of turns required
will be approximately four. The RF choke need only be a small low-power type;
the exact value is not too critical. The input of the receiver needs to have a
blocking capacitor, to prevent the DC being shorted to ground. The RF choke
could be built into the receiver module, as was the case in the author's version.

To set up, con-

nect a 30Q2 dummy
load to each anten-
na port and a
VSWR meter to the
50€2 receiver port.
Apply a little power
at 50MHz and
adjust the inductor
and capacitor for
minimum reflected
power. It should be
possible to obtain a
perfect match.

+12v

ET8

2u2H Eg -
RXIN
50 OHM mpFT

5@ OHM

—T ANT#1

5@ OHM

AT ANTH2

47pF

'IHP—

Fig 7.23: Bi-static
antenna system

Fig 7.24: 50-ohm to
25-ohm  antenna
matching
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Fig 7.25: Dual-gate
MOSFET preamp
for 50MHz
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LOW-NOISE MASTHEAD AMPLIFIER

The success of the system depends heavily on having a suitably low noise fig-
ure. Whereas there are many published designs for masthead preamps, the
author has built many different types using a Hewlett-Packard noise figure
measuring system to assess performance; very few are capable of the perform-
ance of the design about to be described. One of the best, and the lowest cost, is
a simple design using a dual gate MOSFET. This design can give a >1dB noise
figure on 6m or 2m; many of those built measured 0.85dB with about 25dB of
gain. The design is straightforward and, with little effort, one can be built in an
evening. It is not necessary to use a printed circuit board for a one off; in fact,
printed circuit board versions always showed a slightly worse NF than ones
built rats nest fashion. The design was first published in the Radio ZS magazine
in July 1989.

The gain being high, it is essential to fit a metallic screen, with a notch cut out
to pass over the MOSFET package, and soldered to the top ground plane so that
the input and output inductors cannot see each other. If the screen is omitted, it
will oscillate! The screen should be orientated to miss the package leads and at
an angle of 45° across the MOSFET is the best option. The LNA must also be
enclosed in a well-shielded box to keep interfering signals out. The 6m and 2m
versions use different inductors and a few other component values. These are
listed in a table below and in the notes. The preamps are designed for line-pow-
ering from a nominal 12V supply. If 24V is required, the 180£2 resistor should
be changed to 1.8kCQ.

Note: There is no resistor fitted between gate 1 and ground as may be found
in similar designs. Such a resistor will severely degrade the noise figure due to
thermal noise generated in it and the reduction in circuit Q. It is imperative to
strive for the highest possible Q in the input network to minimise the noise fig-
ure. The 1N4148 diodes across the input are to clamp the RF during the trans-
mitting period.
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CHAPTER 7: 50MHZ METEOR RADAR SYSTEM

The capacitors are Philips ceramic plate with a 63V working voltage. The
leads should be trimmed as short as possible to reduce inductance; chip capaci-
tors for the gate 2 and source would be preferable. The 3.3k across the drain

i

tuned circuit is to lower the gain slightly and preserve stability. This should have
not waterproof. BNC or N-types are much better.
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Please do not use SO 239/PL-259s - they are awful at 30MHz and above and are
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Typical voltages with a 12V supply

Drain =~10V

Gate 2 =~4.5V

Gate 1 = 0V

Source =~0.5V - (all voltages with respect to ground)

Typical gain & noise figure-
Gain =~25dB
NF =~(0.85to 1.3dB

HARMONIC LOW-PASS FILTER

One of the problems when using high power at S0MHz is the possibility of caus-
ing interference to FM broadcast listeners due to second-harmonic radiation at
about 100MHz. At the author's location, this is not a problem, as I live only 4km
from the local broadcast transmitter and the signal is saturation level. However,
for those who live far from a FM broadcast station it may be a problem. In the
author's equipment, the second harmonic suppression of the valve push-pull PA
is quite good, being over 30dB down. Even so, some additional filtering can be
advantageous. Those using single-ended amplifiers will experience a higher
second harmonic content than with a push-pull design. In the push pull design,
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Fig 7.26: High-
power harmonic fil-
ter for 50MHz

Fig 7.27: The atten-
uation at approxi-
mately 100MHz
dips to a minimum
of about 70dB and
then slowly re
enters towards
200MHz. The rip-
pled trace is the
input impedance
match. It stays bet-
ter than 1.1:1
between O0MHz and
52MHz. The inser-
tion loss in the
pass-band between
OMHz and 55MHz is
less than 0.2dB
(~4%)
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the odd order harmonics are normally higher, being some 5dB worse than the
even harmonics. Even so, the filter shown below is well able to clean up even a
very bad power amplifier with minimal insertion loss.

The design shown is one I have used for many years, and provides about 70dB
of attenuation at 100MHz and nearly 60dB at 150MHz. It is based on a
Chebyshev Cauer seven-pole elliptic filter design and the component values are
optimised for standard value components. The shunt capacitors need to be very
low-loss types, or they will literally explode with high power RF. The best types
are the clamped mica capacitors made by Semco or Unelco and rated at 500V.
These can handle many amperes of RF current, which will be flowing in a filter
of this type at 200W or so. The measured insertion loss at 50MHz is less than
0.2dB and the input and output impedance match is better than 1.1 VSWR. The
coils are wound with 1.6mm enamelled copper wire on a 10mm diameter mandrel
and then adjusted by spreading the turns. The Q of the inductors needs to be very
high to reduce the insertion loss. The coils typically exhibit a Q of 250 or more.

The centre section features a second-harmonic trap network and the attenua-
tion at 100MHz is nearly 70dB. The filter easily handles over 400W of RF at
50MHz. Tt must be constructed in a RF-tight enclosure, and care taken to keep
all leads very short and thick. A partition plate should be fitted between each
section to prevent coupling between adjacent coils. The lead-through in the par-
tition plates can be a PTFE lead through insulator such as those made by Oxley.
A better option is to use 82pF feedthrough capacitors, if these can be obtained.

The frequency plot looks like Fig 7.27 (simulation of response using the
ARRL software):
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CIRCUITS

Receiver

Fig 7.28: Receiver
RF amplifier and
mixer stages

+12v -«

RN [a7p [
J1 i I ,
zzapI

The receiver circuits are shown here. They are split into several diagrams, as it
is not possible to get them all on a single page. The first amplifier and filter
stages use Toko 7mm coils (A1957 or A1439) with a nominal inductance of
250nH and a Q of 100. The tuning range is approximately 20%. The 10.7MHz
crystal filter matching uses another Toko 7mm-coil (A1286) with a nominal
inductance of 1.25uH, a Q of 110 and a tuning range of 20%. All resistors are
0.25W metal or carbon film.

The first amplifier stage is fed with 12V, as is the RF choke that feeds the
masthead LNAs. The remainder of the receiver is powered from 8V supplied by
the Control Generator board.

The crystal filter used is a Toyocom 10M3B6, a six-pole 15kHz-bandwidth
filter for 10.7MHz. The input and output impedance is 3kQ in parallel with 1pF.
If you use a different crystal filter, the matching components will need recalcu-
lating. With the 250ps transmitter pulse width, a matched filter bandwidth of
~4.5kHz is the minimum that can be used. A 6kHz AM filter would therefore be
suitable if you can obtain one.

As the crystal filter effectively stretches the pulse, this shows up as a signal
occurring during the first portion of the receive period. The way this was elim-
inated was to clamp the IF output at 10.7MHz during the transmitter pulse and
the following clock pulse. This is performed by a BEW92A npn transistor con-
nected across the IF
output and driven by
the blanking signal
derived from the
Control Generator.

The local oscillator
amplifier stage uses a
Dual-Gate MOSFET
and a smple low-Q Fig 7.29: Crystal fil-
tuned filter to drive ter and IF amplifier
gate 2 of the mixer. stages

" INa-B2186
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Fig 7.30: Local
oscillator amplifier
stage

Fig 7.31: Receiver
local oscillator and
multiplier

Almost any MOSFET will

+8Y 168 ;
4—{:|f work here. The drain
18n tuned-circuit uses the

same Toko 7mm-coil as
the amplifier stage. The
oscillator  input level
required is approximately
ImW that the oscillator
and multiplier chain gives
easily. The 68C resistor in
parallel with the gate 1
capacitance of 4pF pro-
vides a load to the input

signal of close to 50€2.

Local oscillator

The circuit for the local oscillator is shown here. The choice of starting fre-
quency is largely a matter of what crystal frequency is available. The author's
version uses a SMHz crystal and multiplies the signal by 12. The varicap diode
used for setting the oscillator frequency is a 30pF maximum type. The tuning
voltage is derived from a potentiometer across the 8V supply rail. If a different
fundamental crystal frequency is used, the 220pF capacitors in the Colpitts
oscillator between base and emitter may need changing.

The choice of transistors is not very critical. The oscillator shown uses a
B(C337, which is an audio transistor. Whereas some purists would prefer a 'real
RF transistor', at this low frequency it works fine. A 2N2222 would also func-
tion as both have a ft of approximately 100MHz. The multiplier stages need a
fairly good device; here the BFW92A is used and it delivers approximately
4mW at the output connector at 61.4MHz. Alternatives would be BFR90,
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BFR92 etc. The spectral purity of SMHz and 20MHz products are all more than
60dB down on the local oscillator carrier. The Control Generator module sup-
plies the local oscillator enable signal. This signal should swing between zero
and +8V to turn the two multiplier stages on when the receive time slot occurs.
The CD4093B in the control generator module can drive this high impedance
load without any difficulty.

Again, it needs to be borne in mind that any leakage from this module, if it
can enter the log amplifier unit, will cause a false signal to be generated. As
twice the crystal frequency is very close to the desired 10.7MHz IF, signal
shielding and decoupling of the leads entering the oscillator module is critical.

Power amplifier

The amplifier follows fairly standard design practices with a few special tweaks
to suit the application. The schematic shows the author's 6m power amplifier
with suitable modifications for radar applications. Several design details need to
be noted.

The resistors feeding the anode of the QQVO3-10 and the QQVO6-40 are 5W
wire-wound types. These perform the function of radio-frequency chokes and
help to maintain stability in this high gain line-up of approximately 30dB. A
wire-wound resistor is also used for the screen grid of the QQV06-40 for the
same reason. Note the screen grid of the first valve is not decoupled; this is a
form of negative feedback used to enhance the stability. The first stage provides
a gain of approximately 14dB; the second stage a gain of over 16dB. All decou-
pling capacitors must be of a suitable voltage rating and rated for RF applica-
tions.

The anode tuning for the first stage uses a split-stator capacitor with the rotor
connected to ground. This component was rescued from an old commercial two-
way radio transmitter (Pye Cambridge or Vanguard). The grid tuning capacitor
for the final stage is a 20pF variable connected across the grid pins. A split-sta-
tor capacitor could also be used here, if available, but it complicates the physi-
cal layout.

SWITCHED :
+30ey  +358Y +350v +B56v

‘H*'*fl"l
TUNE

Fig 7.32: Two-stage
RF power ampilifier
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The grid bias of the QQV03-10 is provided by a 20V 1W Zener diode in the
cathode. This should be well-decoupled with InF capacitors with short leads.
With the value shown, the valve is biased towards Class-AB1. A screen is
required between the grid and anode tuned circuits of the first valve to prevent
instability. The screen used was rescued from a Pye Cambridge mobile trans-
ceiver.

The anode current metering of the output valve is performed by a 12 5W
wire-wound resistor in the cathode of the QQVO6-40. This resistor measures
the total cathode current, including the screen grid current. This also needs good
decoupling with 1nF capacitors with very short leads. By connecting a CRO
across this resistor, the peak cathode current can be measured. In the author's
amplifier a peak current of ~600mA is obtained (500W input) which corre-
sponds to an output power of over 300W peak. As the duty cycle is low, the
QQV06-40 can cope with this level and remains cool. (In fact, the QQV06-40
is capable of over S00W output in short pulse radar duty up to 450MHz. It was
originally designed for this application near the end of the WWII, but arrived
too late to be used in any substantial volume. The companion valve, QQVO3-
20, is also designed for radar duties up to 600MHz and was designed as a driv-
er for larger radar valves.)

The anode tuning split-stator capacitor is a wide-spaced type because of the
high RF voltages present and it has a 56Q 2W carbon resistor connecting the
rotor to ground. This provides a better balance between the two halves of the
capacitor and acts as a parasitic stopper. Also note the very low value resistor
used for the grid bias feeding the output stage. If this resistor is too high, the grid
stabiliser will be negated and the valve will be driven harder into Class-C with
a consequent loss of gain and pulse fidelity. If the drive from the first stage is
too high, the damping resistor across L4 used to swamp the final stage grids, can
be reduced in value. This resistor needs to be a low inductance type and rated at
approximately 2W.

All inter-stage coupling is performed by mutual inductance between the
push-pull-tuned circuits. This maintains the good balance essential in a push-
pull amplifier and also helps to reject any out-of-band spurious signals. (The
coupling between L3 and L4 in the author's amplifier uses a tertiary link to
span the distance between the two tuned circuits. This is more from a point of
convenience, as the link can be removed and the power from the first stage fed
into a power meter to measure the gain. Similarly, the output stage can be driv-
en by an external drive source to perform the same measurement. A possible
source of a replacement transmitter is the high-power version of the Pye
Vanguard mobile transceiver; these contain all the necessary hardware and can
be obtained on the surplus market for a nominal sum. Most of these use the
quick-heat filament version of the PA valve, QQZ0O6-40, and these can be
replaced with little effort,)

The grid circuit for the first stage is damped for stability with a 4.7kQ 0.5W
resistor. As the gain required is not that high, a drive level of 250mW is more
than adequate to drive the amplifier to full output. The grid inductor is tuned by
a fixed capacitor and then the turns are spread or compressed to set the correct
tuning. A variable capacitor could have been used, but it was not found neces-
sary as the stage has ample gain.
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A link-coupling coil provides the input drive matching with a 30pF variable to
give a good match to 50€Q2. The drive signal from the oscillator module is car-
ried by a 50Q2 cable. The output uses a similar link-coupling and the 100pF load-
ing control allows matching to a 50€2 feeder or antenna.

ALTERNATIVE ANTENNA ARRAY

The author's system was originally designed to use three long Yagis with eight
elements giving a gain over a dipole of about 10dB. Because these need to be
elevated upward to about 60°, this can cause a problem with mounting. The plan
was to use three short masts situated approximately 10m apart with the anten-
nas mounted about 3m above the ground level. Running coaxial cables to three
remotely-sited antenna posed some logistical problems, not the least being
keeping a happy balance between the amateur shack and the domestic authori-
ty! An alternative design was drawn up to use a large comer or trough reflector
antenna.

The details of these alternative antennas are contained in a later chapter deal-
ing with meteor-scatter antennas.
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Practical Low Noise Amplifiers

In this chapter:

0 Which device to use? O Dual-gate GaAsFETs
O Low noise GaAsFET amplifier 0 Shielding, filtering and
for 432MHz switching techniques

O 1296MHz version

/| his chapter, by necessity, is not going to be just a few pages. The topic
| is extremely complex, despite the apparent simplicity of the device and
its small physical size. The complexity arises because of so many con-

flicting parameters and the multiplicity of possible devices to achieve the same
ends.

The successtul reception of very weak signals requires a receiver with an
extremely low noise figure front-end.

In radio astronomy, apart from the antenna, the most important portion of the
receiving system is the first RF amplifier as this effectively determines the over-
all system sensitivity.

Many professional radio astronomy observatories use very sophisticated
low-noise amplifiers. A large number use cryogenically-cooled amplifiers to
obtain very low noise figures. This is, however, beyond the scope of most radio
amateurs. We will, unfortunately, have to rely on lesser technology for our
LNAs.

WHICH DEVICE TO USE?

Of the many possible available devices to choose from, it sometimes becomes
difficult to select the optimum type for a particular application. However,
with a little knowledge of the strengths and weaknesses of the different types,
it becomes easier to see which device type is the best choice for an applica-
tion. .

The types can be broadly broken down into a few headings. We will only con-
sider current types and not the older devices, such as valves, (these have already
been covered in a separate chapter) as these are now superseded by lower-noise
solid-state devices.
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The available types, listed in historical order, are:

@® Bipolar Junction Transistors (BJT)

Junction Field Effect Transistors (JFET)

Dual-Gate MOSFETs (DG MFET)

Single-Gate GaAsFETs

Dual-Gate GaAsFETs

High Electron Mobility Transistors (HEMT)

Pseudo-morphic High Electron Mobility Transistors (PHEMT)

Of these, the bipolar junction transistor, the junction FET and dual-gate MOS-
FET are the oldest types. The single- and dual-gate GaAsFETs are the next gen-
eration and the HEMT and PHEMT are the latest developments. There are even
more exciting devices, but these fall outside of the normal budget for most ama-
teurs, so [ won't deal with them here.

The characteristics of each type are listed below in historical order.

Bipolar Junction Transistor (BJT)

Originally, these were manufactured with germanium pnp-type junctions and
later the npn became the more popular. Of the two, the pnp had the lower noise
figure at first and later development saw the npn overtake it to become the class
leader. Today, pnp low-noise RF transistors are almost non-existent. With devel-
oping technology, the changeover to silicon superseded the germanium types.

The silicon bipolar RF transistor has a useful operating range of about IMHz
to 10GHz; the majority of devices offer the best performance below 5GHz. The
Fmax figure for modern devices is 40GHz (Fmax being the maximum frequen-
cy the device will function as an oscillator). Gains are reasonable; typically 10
to 16dB can be obtained in a single stage at 1GHz. As with all semiconductor
devices, the gain at higher frequency tends to fall off at approximately 6dB per
octave, so if the device gives 12dB at 432MHz we can expect only 6dB at
864MHz. Noise figures for typical bipolar devices vary between 1dB and 6dB,
depending on frequency and type. Strong-signal performance is inherently poor-
er than the other types when biased to the low collector current required to
achieve optimum noise performance, due to the base-emitter junction. Because
of this, it can be overdriven, then behaving as a diode distorting the signal and
generating harmonics. (It is an excellent frequency multiplier in local oscillator
chains.) Operating voltage is medium- to low-voltage, many of the present day
devices operating on as little as 2V collector-emitter voltage.

Collector current is also low, between ImA and 20mA being the typical oper-
ating region, hence they are quite low-power devices and a popular low-cost
solution. Circuit configuration can be common emitter, common collector
(emitter follower) or common base (best for very high frequency), with com-
mon emitter probably being the most commonly-used. Input capacitance at the
base varies between 2pF and 6pF. The input impedance is medium to low,
depending on the frequency, and this makes it fairly easy to get a good match to
50Q. In some cases, all it needs is a blocking capacitor from the base to the 5002
source. A popular low-cost device is a BFW92A and a premium grade device is
the Agilent Semiconductors AT-41435, The BFW92A costs about RS the AT-
41435 about R25. The AT-41435 is an excellent choice for a second stage device
in a high gain LNA using a GaAsFET.



Below are the various circuit
configurations in common use.

The limitation with the circuit
shown in Fig 8.1 is the emitter
decoupling capacitor. If the capaci-
tor is not a low-enough impedance,
the stability of the circuit becomes
a problem. To alleviate this, it is
preferable for the emitter to be
directly grounded, as in the next
circuit. The input impedance is
greatly influenced by the base bias
divider resistors; if these are a low
value, the input impedance will
also be low, and the available gain
and noise figure suffers.

In Fig 8.2, the emitter is directly
grounded and so stability into the
UHF region is not a problem.
However, as a BIT has a base-
emitter voltage that is very sensi-
tive to the junction temperature,
the way the base biasing needs to
be done is subtly different. In the
first circuit, the base resistor RB1
is fed directly from the VCC point.
With varying temperatures, the
collector current will wander all
over the place, changing the oper-
ating conditions. At very low tem-
peratures, the device could be driv-
en into cutoff and no current would
flow. At high temperatures, the col-
lector current could saturate and
possibly damage the device. With
the emitter resistor in circuit, this is
offset to a large extent. Without the

emitter resistor, the device becomes very sensitive to ambient temperature

changes.

By feeding the base divider resistors from the collector, the circuit is self-bal-
ancing and the collector current remains fairly constant over a wide temperature

range.

The common collector (Fig 8.3) is more commonly known as the emitter
follower. The voltage gain is slightly less than unity, but the power gain is
high. It can drive low-impedance loads such as 50€2 cables. Again, note the
improved biasing used to compensate for the temperature changes. It is not as
serious here as the emitter resistor helps to maintain a more constant collector

current.
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Fig 8.1: Aperiodic
common emitter
circuit (1)

Fig 8.2: Aperiodic
common emitter
circuit (2)

Fig 8.3: Aperiodic
common collector
(emitter follower)
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Fig 8.4: Aperiodic
common base
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The common base (Fig 8.4)
vee is the best choice for the highest
frequencies, as the stability is
much better. It can be driven
directly by a 50Q source. It
MEDIUM Z | offers good gain with the mini-
mum of components. The
decoupling capacitor on the
base needs to be low impedance
to ensure stability.

All the circuits so far have been
untuned - aperiodic - with a simple choke in the collector to match a wide band
of frequencies. Where the gain required is not that high this gives good stabili-
ty, but the noise figure will be poor.

Junction Field Effect Transistor (JFET)

The junction FET, although having being proposed in 1937, long before the BIT
was first made, had to wait for technology to catch up before the first versions
were made. The JFET is a voltage-driven device and hence has an almost infi-
nite gate resistance. It however has a similar input capacitance to the BJT and a
drain structure almost identical to a BJT collector, so the upper frequency lim-
its are similar for both devices. Gains are a little lower than similar BJT devices,
but the noise figure is inherently slightly superior. Strong-signal handling is
much better than BIT, due to the lack of a base-emitter junction diode.
Operating voltages and currents are on a par with BJTs, with better strong-sig-
nal handling, as the drain-source current is increased at the expense of noise fig-
ure. Gain is fairly constant with drain current variations.

The average RF JFET is a depletion-mode device, meaning that the gate has
to be connected to a voltage negative with respect to the source to control the
drain current. If the gate were connected to the same potential as the source, the
drain current would be maximum. Hence to bias the device into the optimum
operating region requires the application of either a negative voltage to the gate
(if the source is directly grounded), or to raise the source voltage positive with
respect to ground and tie the gate terminal to ground. The raising of the source
above ground with a resistor to set the required drain current is a popular
method when the device is operated as common-drain and then it becomes more
commonly known as a source follower. This features high input impedance and
low output impedance - suitable to drive 502 loads. However, when operated in
grounded source, the resistor needs to be bypassed with a low-impedance capac-
itor to hold the source at RF ground. If the source bypass capacitor does not
have sufficiently low impedance, the circuit can oscillate. This is because the
drain-to-gate capacitance is somewhat higher than that of a BJT, and stability
becomes a problem at high frequencies in a common-source configuration.

For optimum high-frequency operation, the best choice of circuit configura-
tion is the grounded gate. Also, the gate being almost infinite impedance makes
it very difficult to match to from 50Q and a common-gate circuit presents a
match closer to 500 into the source. The wide variation in pinch-off voltage
between devices makes the use of a source resistor essential and, in common-
source, the difficulty of successfully-decoupling the source to RF means the




grounded-gate circuit is an easier
option. Noise figures can be quite
low - at 144MHz, the typical noise
figure in grounded-gate is ~1.3dB,
but the gain is lower than a BJT,
being of the order of 13dB.

At UHF, the JFET is somewhat
better than a BJT, but the differ-
ence is marginal. The strong-sig-
nal performance is far better than
the BJT and a JFET front-end can
be expected to hold up better
under crowded band contest con-

ditions than a BJT. Operating volt- [*

ages and currents are generally
higher than similar BJTs, and this
is partly the reason they have bet-
ter IMD performance. Drain cur-
rent averages 20mA for best noise
and gain. Due to the wide varia-
tions in the pinch-off voltage, it is
normally necessary to select the
source resistor to get the correct
biasing.

A popular device was the
Siliconix U-310. The common-
gate circuit is the basis used in the
Chip Angle, N6CA, 'Angle Linear'
range of 2m EME LNAs in the
1970s. This used selected U-310
devices and gave a guaranteed
1.2dB NF. The U-310 is now
obsolete; it was a metal can device
with the gate connected to the can.
Hence, it was only necessary to
solder the can into a hole in the pc
board to get excellent low induc-
tance grounding. The plastic ver-
sion is the J-310 (TO-92 package)
or the MMBF-310 in SMD ver-
sion. Either will give performance
similar to the original U-310.
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Siliconix as a company no longer exists, it was swallowed up by the Vishay
empire, but a great number of other semiconductor manufacturers make the

modern versions.

The grounded-gate U-310 circuit today is a bit of a curiosity; in its day it was
the benchmark for all others. Many 144 MHz EME stations got their first con-
tacts using the U-310 so it couldn't have been that bad!

Fig 8.5: Tuned input
- untuned output

Fig 8.6: Aperiodic
common-drain
(source follower).

Fig 8.7: Tuned input
and output. This
circuit, with a suit-
able device, can
achieve a low noise
figure. The value of
C2 needs to be fair-
Iy small to provide
transformation to
50 ohms
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Dual-Gate MOSFET (DGMFET)

The dual-gate MOSFET is a development of the junction FET. It is actually two
FETs stacked one on top of the other and the source of the top FET is connect-
ed to the drain of the bottom FET. The structure provides two control gates and
RCA, who developed it, often referred to it as a 'solid-state tetrode'. The gate
structure is made from Metal Oxide Silicon (MOS), a spin-off from the digital
IC process made with the CMOS process (Complementary Metal Oxide
Silicon).

The MOS gate has an input resistance much higher than the FET normal junc-
tion and is typically 1018Q. Because of this very high input resistance, the
devices are prone to static damage, as are JEETs. Later versions incorporate gate
protection Zener diodes to clamp any static charge to safe levels. These, how-
ever, slightly degrade the potential noise figure. Gate capacity of a typical
DGMFET is about 2 to 4pF.

The DGMFET is the opposite of the JFET in the way the drain current works.
It is an enhancement device and requires the gate 2 voltage to be positive with
respect to the source. But the bottom half of the device behaves more like a
depletion device. Hence, the source voltage has to be positive with respect the
gate 1.

Again, the limitation is the goodness of the source decoupling capacitor to
prevent oscillation. DGMFETs are operated almost exclusively in common-
source with the amplified signal taken from the drain tuned circuit.

Operating frequency range is a little less than the other two types and around
2GHz is the accepted maximum. Many DGMFETs were developed for UHF TV
tuner designs with low noise figures. These are low-cost and offer good gain at
800MHz, typically 20dB gain and 1.5dB NF. At lower frequencies, the gain
rises, as it does in all semiconductor devices, and the noise figure bottoms out
to around 0.7dB at 30MHz. The maximum available gain (MAG) at 30MHz can
exceed 40dB.

Electrical AC Characteristics
Vis = 15V, Ip = 10 mA, Vgas = 4 V. =1 MHZ , Tamy = 25-C, unless otherwise specified
Farameler Y . Tes\ Conditions | Symbol | Min | Typ | Max |Unit|
Forward iransadmittance iy,‘,s 15 | 18.5 ms
Gate 1 input capacitance Cisen 22 | 26 |pF
Gale 2 input itance |Vi18=0,Vgag =4V Cissaz. 1.1 pF
Feedback capacitance Crgs 25 | 35 | fF
Cutput capacitance [ 08 | 12 | pF
Power gain G =2mS, G =0.5mS, f=200 MHz Gpe 25 dB
Gg=33mS, G = 1mS, =800 MHz Gpe 18 dB
AGC range Voo =4 102V, 1= 800 MHz _AG.. |40 dB
Noise figure Gg =2mS. G =0.5mS, =200 MHz F 1.0 g8
Ge =3.2mS. Gy = 1mS, (= 800 MHz & 18 dB

(above) Fig 8.8: BF966S specification

12823

Fig 8.9: Dual-gate MOSFET with gate pro-
tection Zener diodes




CHAPTER 8: PRACTICAL LOW NOISE AMPLIFIERS

Operating voltages and currents are similar to JFETs with the best noise fig-
ure being at the lower currents. Maximum gain occurs at the higher currents and
hence the noise-figure-optimised current trades off some gain. The tetrode con-
figuration means that there are now two control inputs. The RF input is normally
gate 1, the lower device in the cascade pair, and the upper gate (gate 2) can be
used to vary the drain-source current in the device.

Varying the gate 2 voltage allows AGC action to be applied and gain reduc-
tions of up to 50dB are possible. Hence, the DGMFET is a popular choice in RF
front-ends and [Fs where AGC is required. A mixer uses the LO applied to gate
2 and the input signal to gate 1. The conversion gain as a mixer is a little lower
and about 10 to 15dB can be expected. The noise figure as a mixer is normally
around 4 to 6dB.

Strong-signal handling is fair to good. depending on how much AGC is
applied, it being better with some gain reduction. However, with a suitable nar-
row-band filter at gate 1, the noise figure and signal handling are considerably
improved for out-of-band signals. For best noise figure, the input Q must be
very high: damping resistors from gate 1 to ground will severely limit the noise
figure although, for stability, it may be necessary to apply some damping. This
also applies to the JFET and all the other solid-state devices with a similar struc-
ture, ie GaAsFET etc.

When gate 2 voltage is lowered by AGC, the noise figure degrades badly
hence, for optimum noise figure, the DGMFET needs to run at maximum gain.

At low frequencies, eg below 100MHz, the gain can become excessive and
the maximum available gain (MAG) the device can develop may be more than
the maximum stable gain figure (MSG). If the MAG exceeds the MSG, the
device is potentially unstable at some frequency and can oscillate. Normally
lowering the MAG to the MSG figure ensures unconditional stability for any
frequency or load mismatch. Drain damping with a shunt resistor is a popular
way of reducing the gain without degrading the noise figure.

Introducing a small amount of inductance in the source grounding can make
a further reduction in noise figure and an improvement in the input match. This
does not need to be large - if it was, the circuit would turn into an oscillator.
Normally, a very small amount, less than 20nH, will improve the MSG, input
match, and noise figure, sometimes by a large amount. Overdo it and it will
hoot!

BF966S Marking: BF9663
Plastic case {TO 50)
1=Drain, 2=Source, 3=Gale 1. 4=Cale 2

Fig 8.10: Package details

(right) Fig 8.11: A typical VHF dual-gate MOS-
FET low-noise amplifier with drain damping

YD

COMMON SOURCE
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Often the inductance can be the source decoupling capacitor with leads left
longer than normal, or a deliberate choice of a inductive-type capacitor. As the
frequency rises, the amount of inductance required is less; this is because the
maximum available gain is lower and the reactance of an inductor rises with fre-
quency. By the time you get to about 300MHz, the gain has started to fall more
steeply and any reduction in the source inductance will cause the gain to peak.
The MAG is normally below the MSG figure at 300MHz and above, so the only
way the device can oscillate is due to two other factors. The first is the internal
feedback capacitance between drain and gate 1 and 2. This is a tiny amount,
25fF (25 femto-farads, femto = 10-1%), and is almost never the reason a circuit
hoots. The biggest culprit is layout; if the grounding, shielding or decoupling
aren't 100% then the chances of oscillation are good.

Using a software package such as the 4RRL Radio Designer by Compact
Software, the stability and match criteria can be analysed and the circuit values
optimised to get good gain, noise figure, input and output match. It won't help
with the layout; it assumes perfect shielding unless you introduce some feed-
back into the simulation circuit.

In common with all the other similar structure devices, the input needs to be
very mismatched to achieve the optimum noise figure. Normally, the value of
input inductor required is designed to resonate with the gate 1-to-source capac-
itance. At low frequencies, this presents a problem because the inductor value
required becomes very large - gate 1 capacitance is only about 4pF maximum.
So an additional shunt capacitance is required across the gate 1 terminal to make
up the value. The noise figure is a direct function of the circuit Q. For the min-
imum noise figure the Q required becomes impossibly high with a lumped ele-
ment tuned circuit; either the coil is the limiting factor or the Q of the capacitor.
As the capacitor Q is normally much higher than that of the coil, the coil
becomes the limiting factor. In some cases, because a lossy capacitor has been
chosen, the capacitor is the dominant factor, so ensure the capacitor Q is ade-
quate for your frequency of operation. In general, air-spaced trimmers are supe-
rior to plastic film trimmers at frequencies above about 400MHz.

If the input were conjugately matched, as would be the case for maximum
gain or power transfer, the noise matching would be far from the required value.
Hence, the input VSWR of a LNA using a DGMFET or a GaAsFET is usually
Very poor.

A popular device is the BF966S.

Single Gate GaAsFET (GFET)

As the technology of low-noise semiconductors evolved, it soon became appar-
ent that silicon wasn't the lowest noise material for very high frequencies. With
funding from various military projects, semiconductor scientists began to look
at alternative materials to give better gain and noise figures into the high GHz
regions.

One such material was Gallium Arsenide. This inherently has a much higher
transition frequency than silicon. Soon experimental devices began to appear on
the market. The low-noise performance was greatly enhanced, as was the gain.
GaAsFETs have an extremely thin gate layer (~500pm) and so are even more
sensitive to static discharges. Handling is critical before the device is safely in
the circuit. Once the device is soldered into the circuit, it is normally quite
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robust. They are tiny. It has been estimated that more GaAsFETs have been 'lost’
by dropping on the floor than have actually died whilst soldering into circuits.

However, armed with the necessary knowledge they are quite easy to work
with, the soldering iron tip needs to be grounded to the work surface and any
static discharged before picking them up with tweezers. With a little care, your
success rate should be 100%. T have been playing with GaAsFETs for over 15
years and I have killed only one or two by static. The others that have died in
service were due to lightning strikes nearby, an unfortunate legacy of living atop
a mountain. A high volume LNA I designed some years ago had an unbeliev-
ably good record with a 3% variance of the noise figure over several hundred
units. Of course you need access to a good noise figure measuring system to set
them up correctly; however, many lower-grade systems designed by amateurs
are more than good enough for our purposes. They might not have the absolute
measuring accuracy, but they do at least tell when the lowest noise figure has
been achieved. T will detail a few types in another chapter.

The gate of a single gate GaAsFET is much like a dual-gate MOSFET; it is
almost a pure open circuit and hence very difficult to match at low frequencies.
Another problem is the inherent gain and stability criteria. I have built LNAs
with GaAsFETs for 144MHz, but T strongly advise against it unless you have an
intimate knowledge of working with them. As for 50MHz, well I don't want to
go there! 1 always perform a circuit simulation using a complex RF modelling
package to see the stability criteria and matching problem. The gate capacitance
of a typical GaAsFET is very low, only a picofarad or two.

The lower-cost devices, within our budget, are designed for frequencies of
4GHz and upward. The major users are satellite TV down-converters at C-band.
At these high frequencies, the matching to a stripline design on a high-frequen-
cy substrate is relatively easy as the MAG is manageable, and the input capac-
itance brings the impedance into a workable region. However, at 100MHz and
below, the devices are almost totally unstable with conventional circuit tech-
niques. To get a typical GaAsFET stable at I00MHz means you have to damp
the drain very heavily, and you end up with less gain than a DGMFET will pro-
vide at a fraction of the cost. You can forget about using normal air-wound coils
on the input, even at 432MHz, as the Q you can achieve is far short of that
required to achieve the device's potential noise figure. I will return to this topic
a little later.

As with the DGMFET, the source inductance plays a large part in stabilising
the device, improving the noise figure
and the input match. At gigahertz fre-
quencies, the source leads of the device
are sufficient to invoke good stability,
but at 1 GHz and below you sometimes
need to use an external inductor. The
devices normally have two source
leads.

Older devices when received from
the manufagturer had full length source GaAsFET nackage,
leads about 15mm long. Today it is ; Tt Tt e
very rare to get them this long - they the source leads
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Fig 8.12: A typical
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are nearly always cropped to fit on a board and are no longer than about 4mm.
Most amateurs when working at VHF and UHF have had it drummed into them
that all leads must be as short as possible, not so with LNAs. Source inductance
is a powerful tool to stabilise a device and get more gain, lower noise figure and
a better input match.
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The same type of device given to the students I use regularly and have no dif-
ficulty achieving the required results, in a fraction of the time the student
spends. This is because I have 'grown-up' with GaAsFETs and know them back-
wards. I know this sounds like bragging, but it is true. When | first started play-
ing with them professionally I made a lot of mistakes. I was fairly late starting
to use them professionally; this was for two reasons: firstly, this technology was
denied to our country for political reasons; secondly, the early devices were sim-
ply too expensive for the class of products I was responsible for designing. As
the costs came down, it became attractive to incorporate them into new designs.
It was a steep learning curve and I read every available paper and application
note to gain experience. As [ grew accustomed to their little quirks I filed that
bit of information away in the data bank for future use. My purpose for telling
you all this is because 1 cannot expect someone else to build his very first
GaAsFET LNA and achieve 100% success without some inside knowledge.
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As has been mentioned, the input of the GaAsFET is a very small capacitance
in parallel with, for all practical purposes, an open circuit. The drain-source is
pretty much the same as a DGMFET or JFET, ie the drain at the optimum
drain current is medium-to-low impedance. Hence the output network is not
the problem.

To achieve the ultimate noise figure requires the 50£2 from the antenna to be
transformed up to something approaching a few 10k in a low-loss manner.
This is very difficult to do with conventional lumped networks. If you were to
use an air-wound coil for the reactance, you would need a coil Q of several thou-
sand to come close to that required.
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Input network
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Some years ago, | came across an article in the German DUBUS magazine by
an amateur who worked with GaAsFETS in his day-to-day employment. This
was a novel approach and one, which T built on. His idea was good, but stopped
short of what was really needed. It used a piece of coaxial cable as a quarter-
wave impedance transformer. We all know that an open-circuited A/4 stub is an
impedance-converter. If we 'look into' one end, the impedance will be low, but
at a distance of A/4 further along the line, the impedance is high. By shorting
one end of the quarter-wave line, the other end appears as an infinite impedance
at the design frequency, in theory. In practice it isn't quite so simple. The fact
that the cable is made with dielectric filling lowers the actual impedance sever-
al orders of magnitude. Tt is still high but not as high as it could be.
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I did some modelling on the computer with different dielectric materials,
and soon realised that none of them was good enough, not even PTFE, which
is about the lowest loss available. T then modelled an air-filled line and voila!
I had the required Q. I made an experimental LNA using this idea and
achieved a noise figure only 0.05dB higher than the theoretical minimum of
the device I had selected. Prior to this, I could only get to within 0.2dB of the
minimum.

This exercise taught me a great deal about low-loss matching. When dealing
with high power, we can feel the effect in generated heat, with very small sig-
nal amplification it doesn't hit you in the face the same way.

I have built several LNAs using this technique, and every single one has got
within a hair's breadth of the ultimate. One _
thing T also learnt was how awful some |
capacitors and connectors really are.

When striving for the ultimate Q, you need
to look closely at all components in the input |
network. The tuning capacitors need to have |},
very high Q; this means things like plastic film
trimmers are not good enough. The only trim-
mers that come close are the microwave piston
type made by companies such as Johanson; |
these have a Q of over 5000. These are expen- |
sive, but you only need one good one. The |##%7
drain circuit can use almost any old thing!

e
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Fig 8.13: Johanson
microwave piston
trimmers
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Input connector

Another factor is the RF connector that connects the antenna to the LNA input
circuit.

I mentioned Chip Angle, N6CA, earlier and his low noise JFET design for
144MHz EME. 1 used to meet Chip at the Dayton Hamvention in the late 1970s
when | had a company in the UK. My company was the UK agent for the Lunar
Electronics range of linear power amplifiers. The company was owned by a ham
who lived in San Diego, Louis Ancioux, WB6NMT, later KG6UH, who made
the first EME contact on 220MHz. Chip made the Angle-Linear LNAs and sup-
plied them through Lunar Electronics. One of Chip's other designs was a
GaASFET LNA for 432MHz. It was expensive and, because of this, we import-
ed only a few. It came fitted with SMA connectors only. This caused a bit of a
problem, as not many amateurs in the UK knew about SMA connectors or used
them at the time. The SMA connector is rated up to 24GHz and is an excellent
connector, having a very low VSWR up to 18GHz. When I asked Chip if the
LNA for 432MHz could be supplied with BNC connectors, he nearly had a fit.

He told me in no uncertain terms that it was impossible to get the potential
noise figure with such connectors. At the time, it did not mean much to me but,
many years later, [ saw with my own eyes what Chip meant. A 23cms LNA T
built with the usual GaAsFET just wouldn't get down to the noise figure I
expected. No matter what trick I pulled, it refused to go below 0.65dB. The
device was good for 0.4dB so [ was million miles away from my goal. After
leaving it in frustration and going onto something else, it suddenly came back
to me what Chip had told me all those years ago. The next day, I changed the
input connector from the BNC to an SMA and hey presto, 0.45dB straight away!

Anyway, after that long diversion, I hope you now appreciate the pitfalls of
building LNAs with the incorrect component types. As far as connectors go, for-
get about using rubbish like PL-259s - even on 6m they are terrible! Only use
N-types or other microwave-rated connectors, even at 144MHz. The output con-
nector is not nearly so sensitive and here we can use almost anything within rea-
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I have experimented with the A/4 coaxial line design at all sorts of frequen-
cies. One design used PTFE-filled semi-rigid coax, UT-141, for 144MHz. This
A/4 stub is quite long, but can be coiled up into a small space. After a struggle
to stabilise the frisky GaAsFET, I achieved 0.6dB with 20dB of gain. The device
I normally use, an Avantek ATF-10136 (now called Agilent Technologies) is
good for ~40dB MAG at 144MHz, but only an MSG figure of 24dB at 144MHz,
so I had to throw away nearly 20dB of gain to get the device stable. The BF966S
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design for 144MHz regularly gets to 0.85dB with close to 30dB of gain. The dif-
ference in cost is over 5:1. So the GaAsFET isn't the cheapest solution at low
frequencies.
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LOW NOISE GaAsFET AMPLIFIER FOR 432MHz

The active device is the Agilent Technologies ATF-10136. The input tuned net-
work is a 50Q A/4 shorted airline made from thin-wall copper or brass tubing.
The inner line is a piece of 6.5mm OD (1/4in) tube of length 138.5mm. The
outer tube is a piece of 15mm internal diameter. The inner line has a copper or
brass disc soldered to the end and this is then soldered into the end of the 15mm
diameter tube to provide a solid short circuit. The trimmer capacitor is a
Johanson piston variable of approximately 5Smm diameter with 5pF maximum.
The exact value for resonance is calculated to be 1.7pF. If the exact diameters
are not available, it is not too critical. The ratio of outer to inner for a Z; of 50€2
is 2.3:1. Slight errors in the line impedance are not too serious as the tuning
capacitor has a wide tuning range.

The source inductance required is 3nH which is provided by leaving each
source lead 6mm long. The source leads each attach to a 470pF chip-capacitor
soldered to the ground. The 472 for biasing may need optimising for different
devices. The important thing is get the drain voltage correct with respect to
ground, a value between 2.75V and 3.5V is sufficient. The lead length of the
drain load resistor is
not too critical; the LM7BLIG
calculated self-induc-
tance is SnH. Ifitis a
little higher, it will
only change the gain
and output match by a
small fraction.

The input connec-
tor must be low-loss
type such as an SMA.
This is soldered on to
the outer of the 15mm
diameter copper tube L
with a 5mm hole to Coaxicl Resanator )

;[ il.

1l th X Zo =58 at {SOURCE INDUCTANCE = JaH) Fig 8.14: Low-noise
allow the centre pin SOURGE LEADS — LENGTH 6mm GaAsFET amplifier
to pass through and for 432MHz
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Fig 8.15: The physi-
cal construction
looks like this
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connect to the Johanson trim-

ReErmeyEt TR mer. The 15mm tube has a

et [ similar size hole drilled oppo-
Mt / screened Box | gite the connector clearance

:'Ei output | hole, and a little lower down

5 the 15mm tube, for the gate

d
AT EL: J:l lead to pass through. This con-

nects to the central line. The
gate lead will need extending
with a piece of copper foil.
The remainder of the compo-
nents can be built 'dead-bug'
fashion into a small screening
shorting dise” box made from tin-plated steel

janer s or brass which is soldered to

138,5mm

N

the outside of the 15mm tube.

The top of the 15mm tube is closed off with a plumbing cap with a small hole
to allow the trimming tool to access the Johanson trimmer. The 5V regulator
requires some extra decoupling capacitors to ensure stability, not shown in the
diagram. Normally a 100nF capacitor from input and output to ground will
suffice.

The drain does not have a resonant tuned circuit. This is because the stability
criteria do not allow this at such low frequencies. The computed maximum sta-
ble gain (MSG) is 23.5dB. The drain load is a 68 metal film 0.25W resistor.
This has a certain amount of inherent inductance and provides a good output
match to 50Q. The RF choke across the output allows the preamplifier to be
line-powered up the receive coaxial cable.

The choke is 3 turns of 30SWG enamelled wire on a ferrite bead. If the LNA
will be used with an antenna relay, the supply to this needs to pass out of the box
via a feed-through capacitor of about 1000pF. A diode, such as a 1N4007,
should be fitted across the relay coil to clamp damaging voltage spikes from
destroying the GaAsFET. If a relay is not required, the feed-through can be
omitted.

The drain is supplied with a 5V 100mA regulator operating from the main
supply. The drain-source voltage for optimum noise figure is only ~2V. The
resistor in the source sets the biasing to the correct negative gate voltage. The
optimum drain current for best noise figure is approximately 25mA, which is
quite a healthy current for a small signal device. The high drain current affords
a good dynamic range and the preamp does not generate significant inter-mod-
ulation on a crowded band. Typical operating voltages are shown in the dia-
gram, these are all with respect to ground.

Measured results of the prototype and the computer simulation

Parameter Simulated Measured
Centre frequency 432MHz 432MHz
Gain 18.26dB 17.5dB
Noise Figure 0.46dB 0.51dB
Ultimate NF 0.4dB -
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As you can see, the measured results compare very favourably with the com-
puter simulation. The discrepancy in the noise figure is probably due to the loss

in the input trimmer being higher than assumed. The automatic noise figure

measuring system has an uncertainty of 0.1dB at these low frequencies. The Q
of the A/4 resonator was well over 2000 (the limit of the instrument) as meas-
ured on a Hewlett-Packard automatic impedance measuring system.

Tuning

Connect the LNA to a 70cm receiver and an antenna. Power up and check the
voltage on the drain is within the tolerance of (3.2 + 0.25)V. Adjust the source
resistor value if necessary. Now tune in a very weak signal and adjust the
Johanson trimmer, with a non-metallic tool, to peak the signal for maximum.
When the signal has been peaked, set the trimmer approximately 0.23 turn more
meshed to obtain the optimum noise figure setting. (The Johanson trimmer has
approximately nine turns from one end to the other).

1296 MHz VERSION

The same construction can be used for a 1296MHz version. The circuit follows
the same construction details except the /4 line length required is 37.4mm. The
trimmer needs to have a minimum value of 0.5pF. The source inductance only
needs to be 0.5nH. Therefore, the source leads need to be 1mm in length. The
calculated MSG 1s 19.3dB.

Simulated and measured results

Parameter Simulated Measured
Centre frequency 1296MHz 1297MHz
Gain 15.6dB 15.0dB
Noise Figure 0.46dB 0.48dB
Ultimate NF 0.4dB -

As you can see by comparing the noise figure obtained with that of the 432MHz
version, the GaAsFET is better at the higher frequency because of the easier
input matching allowed.

Fig 8.16: Plot of
gain and noise fig-
ure for the 432MHz
GaAsFET LNA
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Fig 8.17: Plot of [#
noise figure for the |
1296MHz LNA

A- f// :Z’E' i 7 7
fu" f);{/ f/‘é}:’/,ff’:/;g}f/ff/ff//;;'f?f%/ﬁg; i r?;r /’J ) fgp i
gfﬁé mwﬂ, // /f /Z, //,w ”/ ,,r,,f ’-"j;,f/ */,/ﬁjr’yx !
,f, i / f/_/ -?;/fypfmf /54; 7 ,@,?&J;{/Wﬂ//g T ,,;z;/;”f;,;// ,a
. /ﬁ / // / D !‘ )

-’ .I' ff
ffﬂfd "f/’j !H(’M' :} )’lr/fji/f

w i ,f:;;/ i

h/fﬁ% ff 'é;;l”r”

' ‘d /f

7 ' .‘

f
n M’ n 7 /”4’”//- iy

Z m/ /w/ / ffp/% "‘/
M,fm f“, i 'e’
I wr i w
W N . - ,//
e ﬁiff"? i Wi

DUAL-GATE GaAsFETs

These are not as popular as the single-gate versions. The industry leader in this
technology was Telefunken (now owned by Vishay) and several types were
developed as low-cost devices for UHF TV tuners. In practice, they are very
much like the dual gate MOSFET. The main difference is the obtainable noise
figure and dynamic range, both of which are superior to the older devices. Like
the single-gate variety, it does not have any gate protection Zener diodes like the

dual-gate MOSFET.
Fig 8.18: Dual-gate  The gate 2 terminal can be used for AGC in exactly the same way as for the DGM-
GaAsFET connec- FET. H f ; ; dl Tl e tod dirock
tion for maximum - However, for maximum gain and lowest noise figure, gate 2 is connec ct-
gain. ly to the drain.

Most of the circuits already described will work with the DG GaAsFET; they
are almost a drop-in replacement for the older DGMFET devices and only the
biasing needs to be altered. The safe drain-source voltage is a maximum of 5V,
so the supply rail needs to be lowered to use them. The noise figure of a typi-
cal device at 1GHz is about 0.6dB, so they are slightly inferior to the single-
gate types. Some type numbers are the CF-100 and CF-300, but they are obso-
lescent.

HIGH ELECTRON MOBILITY TRANSISTOR

Many of the traditional GaAsFET devices are now being phased out of produc-
tion in favour of better types. One of the newer technologies is the HEMT and
the PHEMT. These today have replaced many of the older GaAsFETs. There are
many manufacturers of HEMT & PHEMT devices - NEC, Toshiba, Fujitsu and
Agilent being but a few. In use, the HEMT and PHEMT are very similar and can
be dropped into the earlier circuits with very little change required. They were
originally very expensive, but with mass production they are now finding appli-
cations in all sorts of fields, the cellular telephone being the biggest user. They
are available in plastic SMD packages and, whereas this gives an improvement
in performance because of the very small packages used, it presents a bit of a
problem for home constructors due to the very small size.
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A typical low-cost device is the Agilent Technologies ATF-34143 or the slightly
more expensive ATF-36077, which is a ceramic package. The noise figures obtainable
are very low, the ATF-36077 being capable of 0.3dB at 4GHz and 0.5dB at 12GHz.
The ATF-34143 offers a noise figure of (.14dB at 1.5GHz and 0.23dB at 2.5GHz.

Things to be aware of are the two different types of PHEMT device available.
The earlier devices, like the ATF-34143, are depletion-mode devices and hence
require a negative gate bias. The later devices, such as the ATF-54143, are
enhancement types and require a positive gate voltage. Of the two types, the
depletion types offer a slightly lower noise figure. z

Like the GaAsFET, the maximum safe drain-source voltage is quite low, typi-
cally 5V maximum. The main difference is the drain current. A GaAsFET device
usually runs at between 15 to 25mA for optimum gain and noise figure. The
HEMT and PHEMT require a larger current at a slightly higher drain-source volt-
age. The Agilent devices are normally specified at 60mA at 3V for maximum
power output and about 20mA at 3V VDS for optimum noise figure. One of the
benefits of this is the superior signal-handling capabilities. The ATF-36077 and
the ATF-34143 can both develop +20dBm of output power (100mW). The output
third-order intercept point is typically +36dBm (4W). Hence, they are very much
better than anything else in coping with strong in-band or out-of-band signals.

ATF-34143 Electrical Specifications
Ty = 25°C, RF parameters measured in a test circuit for a typical device

Symbol Parameters and Test Conditions Units | Min. | Typ.2l] Max.
T 0 | Saturated Drain Current Ve=15V.Ve=0V| mA | 90 | 118 | 145 |
Vplt! Finchoff Voltage Vie =15V, Ips = 10% of 11 v 065 | -05 | -035
[ Quiescent Bias Current Ves =03V Vg =4V | ma — 1] —
gl | Transconductance V=15V, 8= Lee/Vp | mmho | 150 | 230 ==
Lo Gate to Drain Leakage Current Yon=HV| pA a0
B Gate Leakage Current Van=Ves=<4V]| vA — 30 300
NF | Noise Figure f-2GHZ| Vie=1V, g =60mA | dB U5 | 08
Vig=4 V, [ =230 mA .o
f=900MHz | Vig=4V, Iig =60 mA d 04
G, Asgociated Gain F=2GHz| Vig=dV L =60mA dB 16 17.5 19
Vie=4V, Ips =30 mA 17
=000 MHz | Vipe =4 V, Iz = 60 mA dB 215
OIP3 Cutput 3 Order F=2GHz | Vig=d V, s =60 mA | dBm b2 ] 3l5
Intercept Point Pl +5 dBm P, /Tone | Vig=4 V, ljs =30 ma 20
[=900MHz | Viged V. s =60 mA | dBm 31
+5 dBm P,,,/Tone
P | 1 dB Compressed f=2GHz| V=4V, x=60mA | dBm 20
Intercept PomtFl Vie=4V, Ips =30 mA 19
f=0MHz | Viu=4 V, ljs=G60mai | dBm 185

Fig 8.19: Typical performance charac-

e teristics of the ATF-34143

Vg =8V, = ma

- Foi Fope [ :
Gllz dit Mng. Ang - dB
05 (V1] 085 13 0.16 213
0g 0t 0.55 a 0.14 183

0 ot 0.84 31 013 i7.8

15 014 07T 48 011 164
18 oLy 0.74 57 0.10 Log
ap 019 071 6 008 5.6
25 023 065 8 007 18
an 0za 058 02 0.06 140
40 042 051 135 003 126

50 054 045 174 005 114
50 067 042 -151 005 10.3
70 078 042 -118 .10 54

80 092 045 -E5 018 a6
el Kbt gl ol it B Fig 8.20: ATF-34143 noise parameters

as functions of frequency
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Incidentally, it might be useful to explain the type-numbering system used by
Agilent. The 'AT' prefix derives from the original manufacturer, Avantek, and
stood for 'Avantek Transistor'. The 'F' suffix denotes it as being a FET. The first
two digits are the generation of the technology, hence an ATF-10136 is an
Avantek FET die process version 1-0. The third digit denotes the specification
data, hence 101 is a version 1-0 specification grade 1. The last two digits denote
the package type, a 36 package being a ceramic X package with cropped leads,
an 86 package is a plastic version of the X package, and a type 43 package is
the SOT-343 4-leaded version used for SMD.

The same generic device is offered in different part numbers - for example,
ATF-10136, 10236, 10336 etc. These are graded parts, the premium device
being the xx1 series; the xx2 series is a xx1 device process which does not make
the tight specification, but is OK for a slightly less demanding application; the
xx3 is an even less compliant specification, ie a dropout of the xx1 and xx2
series. Hence, the type xx1 device will be most expensive and have the best per-
formance, the type xx2 should be slightly cheaper and offer a performance not
quite as good as the type xx1 etc.

An AT-41435 is a bipolar transistor series 41 version 4 with type 35 package,
which is the 36 package (ceramic X form) with the long leads.

The same part-numbering logic is used for the Agilent MMICs. For example,
an MSA-0886 is a 'Microwave Semiconductor Amplifier' type 08 and package
86. The Mini-Circuits Company also sells the MSA range, but these are even
further dropouts. Avantek sold the out-of-spec devices to Mini-Circuits, which
then re-graded them into the MAR series. Hence, a MAR-6 is a MSA 0685 or
0686 that failed to meet Avantek's tight criteria. The 85 package is identical to
the 86, the 86 is the 85 with the leads cropped and bent for mounting on SMD
boards; the 85 leads are full length. The difference in performance is very small
and purely due to the extra length of the leads. Generally the '6' at the end of the
part number tells you it is a short cropped lead version. The '5' is an uncropped
type.

Avantek was bought by the Hewlett-Packard consortium and later the HP
empire split up into different business units, the Hewlett-Packard name being
retained for the computer division, the test equipment and semiconductor side
becoming known as Agilent Technologies, so preserving the AT prefix. Note:
very recently, the Agilent name has changed once again. Today it is known as
Avago Semiconductors.

One thing to watch is the lead designations. In bipolar transistors, the lead
with the chamfered end is normally the collector; in the GaAsFETs the cham-
fered lead is normally the gate and MMICs use the chamfer to designate the
input terminal.
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Fig 8.25: Some typical devices. Historically, the devices shown are the oldest ||
at the top and to the left, the later devices are towards the bottom and to the | |
right. Top row: BJTs (left to right): MRF-903, BFX-115, BFW-92A. Middle row: JFET |
& MOSFETS: 2N-4416, U-310, J-310, 3N-201, BF-966S. Bottom row: GaAsFETs &
HEMTs: CF-100, NE-72084, NE-71083, ATF-10736, ATF-10136, ATF-36086 (HEMT)
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Fig 8.26: Bias-T
schematic for con-
trolling antenna-
mounted LNA
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SHIELDING, FILTERING & SWITCHING TECHNIQUES

A LNA mounted at the antenna requires special attention to prevent unwanted sig-
nals from entering the enclosure. All LNAs will require two RF connectors and a
means of supplying the low-voltage supply. The RF connectors need to be types
suitable for the frequency range and of very low loss and VSWR. As well as this,
they need to be weatherproof. Some types, such as the SO 239 / PL 259 families,
are not low-loss, not low-VSWR or even weatherproof. If water can enter the
LNA enclosure, degradation will result due to corrosion or other causes.

The DC supply to the LNA needs to pass through the enclosure with a decou-
pling capacitor to short unwanted RF interference signals to ground. The best
way to achieve this is a feedthrough capacitor. However, the capacitor value
chosen needs to act like a short circuit to all possible interfering signals. An
LNA for, say, 1.3GHz could use a feedthrough capacitor of as little as 100pF to
be effective but, at lower frequencies, the reactance to signals is too high to stop
interfering signals effectively. For example, a 1000pF feedthrough would work
effectively down to about SOMHz, but would be unsuitable for HF signals.
Suppose the LNA is mounted close to a 40m dipole which has 400W applied.
The radiated signal at 40m will enter the LNA via the DC supply lead and could
be large enough to damage the sensitive device. Also, long DC supply leads act
as good antennas to low-frequency signals, such as nearby lightning strikes,
which can destroy a GaAsFET LNA,

The way the professionals get around these problems is to use 'belt-and-
braces' when it comes to shielding and filtering. The best technique is the 'box
within a box, within another box' approach. Each box is fitted with RF and
feedthrough connectors so that the LNA is contained within several well-shield-
ed metallic enclosures. Plastic containers are next to useless at RF unless they
are coated with conducting metallic plating. Most types of plastic suffer from
degradation from ultraviolet rays, which quickly attack the material.

The author favours a different means of supplying masthead LNAs, that
reduces the amount of cabling required from the shack to the antenna. This is
'line-powering', where the DC supply is carried on the RF feeder between the
receiver and the LNA output connector. This is inherently well-shielded and has
the advantage that, when the station is switched off, the LNA is automatically
powered down. The DC supply is fed via the receive feeder with a small acces-
sory box that contains a bias-T. This is a small radio-frequency choke and a
decoupling capacitor with a DC-blocking capacitor to convey the LNA signal to
the main receiver.

A further advantage is that the

antenna changeover relay can be con-
HI2ZVONRX | (rolled by the same DC supply that
powers the LNA. In the simplest sys-
tem, separate feeders convey the
transmitter and receiver signals and
only one high-power antenna relay is
required at the antenna. The transmit-
ter feeder can be low-loss cable, but
the receive feeder can be something

much higher in loss, such as RG-
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58/U, because the LNA effectively defines Lh::.system noise figure. Any loss (left): Fig 8.27:

after the LNA is not as significant as long as the LNA has adequate gain. The
relay is energised during receive periods and the relay connects the antenna to
the LNA input. During transmitting periods, the LNA is turned off, the relay
drops out and connects the transmit feeder to the antenna. When the station is
powered down, the relay drops out and connects the antenna to the transmit
feeder.

This system is much less likely to cause damage to a sensitive LNA than the
'single feeder and two relay' setup. In this, the danger always exists that a large
amount of transmit power can be fed into the backend of the LNA if relay 2 is
slow to operate or fails. This will destroy the LNA in milliseconds! It also
requires two high power relays and more control wires from the station to the
antenna. High power relays with acceptable through loss are expensive! Even
two very low-loss relays will supply less power into the antenna during trans-
mit than one relay because the two relays are connected in series and hence the
losses add. This may not be of much consequence on, say SOMHz or 144MHz,
but at 432 MHz, 1.3GHz and above, the losses can be considerable.

Line-powered LNA
circuit. Relay
shown in transmit
mode

Fig 8.28: Antenna-
mounted LNA with
single feeder and
two relays. Relays
shown in receive
mode
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In this chapter:

O Hot-cold noise source 00 Myths about LNAs
01 Broad-band noise source O Noise figure test method
2 Professional noise figure

measurement systems

] s noise performance is of paramount importance, it is necessary to find
| some practical way to assess if the receiving system is adequate for the
| task. In professional design circles today, this often means using an
automatic noise figure measuring system. These systems are often beyond the
budget of even well-heeled amateurs and so lesser systems have been
designed.

The traditional method of assessing noise figure is to use a well-defined and
stable noise source, which will give repeatable results with little error. One of
the first types to gain wide use was the 'hot-cold' source.

HOT-COLD NOISE SOURCE

This consists of two low-inductance resistors with values equal to the system
impedance, which means 50Q today. One resistor is maintained at a very low
temperature in liquid nitrogen or helium. The noise generated in the resistor is
the result of kT times the bandwidth. Hence, as liquid nitrogen is close to
absolute zero [77K], the noise generated will be very small. (At absolute zero
the random electron oscillations stop and a resistor would become a noiseless
source.) This resistor is the 'cold' source. The second resistor is maintained at
room temperature, nominally 290K, and is known as the 'hot' source. Again, the
noise power generated can be accurately calculated. In some systems the 'hot
resistor’ is maintained at the boiling point of water and this can be accurately
measured.

The two resistors are connected to a low-loss changeover coaxial relay that
allows either one or the other to be connected to the input of the LNA under
evaluation. The output of the LNA is connected to a sensitive measuring receiv-
er or spectrum analyser that can measure the absolute power.

Assessing Receiver Noise Performance
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In use, the LNA is connected firstly to the cold source and the measuring receiv-
er sensitivity adjusted to give some convenient reading. This is the reference
point. Next, the coaxial relay is changed to connect the hot source. With this con-
nected, the noise measured by the receiver will increase. The ratio of the noise
between the two sources gives the noise factor of the LNA, the noise figure being
the logarithm of the noise factor. With care, this method can yield an uncertainty
of about 0.1dB in the noise figure. This is, however, not a very practical way of
making a noise figure measurement for most people, but is the de-facto standard
against which more complex systems are calibrated. This measurement technique
is known as the 'Y-factor' measurement. The ratio of the noise power measured
when the source is the hot resistor against the cold resistor gives the Y-factor.

-
NI
where: N1 is the noise power with the cold source, and
N2 is the noise power with the hot source.

The temperature of the two sources needs to be known accurately, Ty and T
being the hot and cold sources in Kelvin. Knowing the two source temperatures
and the Y-factor, the noise factor (F) can be calculated using the formula. Noise
figure is the logarithm of the noise factor.

=T YT el g
Y-1 290

Broad-band noise source

A method used in early receiver design laboratories was a thermionic noise
diode. This gives a well-defined noise power output over a wide frequency
range. The noise diode output can be adjusted in level to give the required noise
output. The variation of the output level is by adjusting the filament/heater cur-
rent in the diode. The diode feeds an attenuator pad that sets the system imped-
ance. Many professional laboratories used a Rohde & Schwarz SKTU noise
source; this has a bandwidth of 1GHz. The noise diode has a limited life and,
when the diode becomes old, the noise level drops oft and inaccurate results
occur. A replacement noise diode is very expensive and the cost of replacing one
is often more than the equipment is worth.
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SKTU

Dins Geréit zur Bostimmung der Ravschzohl iber ginen weiten Frequenzbeseich.

In use, the LNA under test is connected to the measuring receiver or spectrum
analyser and the noise power is measured with the noise source off. This meas-
urement sets the zero noise level reference point. The noise source is then turned
on and the level adjusted to obtain an increase of measured noise power of 3dB,
double the noise power. The SKTU meter is marked in dB of excess noise. The
value of excess noise is read off as the LNA noise figure.

One problem with this technique is that the measuring receiver or spectrum
analyser may be too insensitive to measure very small levels of noise power. In
a case such as this, an additional low-noise gain stage needs to be inserted
between the LNA under test and the measuring instrument. The noise figure of
this additional amplifier needs to be accurately known, as well as the gain of the
LNA. When this additional amplifier is used, the system measures the total
noise figure of the two series connected stages. Hence, to calculate the first
stage noise figure we need to use Friiss's equation to arrive at the correct meas-
urement. (See Chapter 3 for details). When using the Hewlett-Packard HP8970,
this can be calibrated out before the measurement is made. With a simple sys-
tem it is not so easy to arrange.

Another measurement technique uses an accurate 3dB attenuator. This is
connected after the LNA (between the LNA and the measuring receiver) and
it is arranged so that it can be switched into and out of circuit with a coaxial
relay. The noise source is firstly turned off and the 3dB attenuator switched
out of circuit. The quiescent noise is measured as absolute power. Then the
attenuator is switched into circuit, the noise source turned on, and the level
adjusted to bring

the measuring Variable Hadiring Ratater
Hoise Source LA "

receiver meter back .
to the original _‘>b :!:( )--
point. The excess =

noise required Lo

Fig 9.1: Rohde &
Schwarz SKTU
noise generator

Fig 9.2: Noise figure
measuring setup
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Fig 9.3: 3dB substi-
tution method
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make the meter needle return to the original point is the LNA noise figure.
This measurement method is known as the '3dB substitution method'. In real-
ity, the two different methods are exactly the same, the difference being that
it is not necessary to measure a 3dB increase on a measuring receiver. With
the 3dB attenuator switched into circuit the only thing that needs to be done
is to bring the meter needle back to the original point on the scale used as the
reference noise level.

Today the majority of broad-band noise sources employ solid-state diodes.
One advantage of these is that they hold their calibration for long periods and
they can be gated on and off for automatic measurements.

Some early amateur noise sources employed Zener diodes. These are capable
of generating a high level of noise power but a such a diode needs to be select-
ed from a batch to find one with an acceptable noise output. The outputs are not
particularly flat, and tend to vary with frequency. This is not too important
where only a spot frequency is needed but, if several amateur bands are to be
covered, the accuracy suffers.

The noise diode generates an excess noise ratio, or ENR, and this charac-
terises the device. Often an ENR of 15dB or more is possible with a broad-band
noise source with a flatness of several gigahertz. The ENR is the measure of
how much noise over and above the 50 room-temperature-generated noise is
available. The HP8970 noise figure measuring system is equipped with a noise
head that is calibrated from 10MHz to 20GHz.

Excess Noise Ratio is defined as:

ENRlelong”z%’?O,

where: Ty is the effective noise temperature when the noise source is
switched on.

A typical value for Ty is approximately 10,000K.

Various amateur designs have appeared over the years. Some are approaching
professional systems in performance; others are simply useful as a tuning-up
aid. One of the most popular was the G4COM design, originally published in
the RSGB magazine RadCom, and can be found in the RSGB VHF/UHF
Manual or the book by Tan White, GM3SEK, The VHF/UHF DX Book. This
uses a noise diode selected from Zener diodes to give the highest noise output.
The noise diode is gated on and off and the receiver audio from an AM receiv-
er is fed into a quasi-logarithmic detector. The meter indicates the noise factor.
When the LNA is optimised, the meter indicates the lowest reading. Hence, it is
useful for tuning-up, but it cannot measure the absolute noise factor. An
improved noise source is a reverse-biased emitter-base junction of an NPN tran-
sistor.
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The circuit of this is shown in Fig 9.4. The attenuator pad is made from
low-inductance resistors; chip resistors would be the best choice and these
will yield the widest bandwidth. The 1nF output coupling capacitor should be
a chip type for the best frequency response.

The circuit needs to be built into a well-screened box to prevent interfering
signals entering. The noise output connector needs to be a low-loss constant-
impedance type; an N-type or SMA is a good choice. The pulsed DC input
can use a BNC connector.

The excess noise ratio was measured to be 15.5dB after the 10dB attenuator,
or 25.5dB at the transistor. This compares very favourably with noise heads
costing many thousands of rands! The pulsed DC input needs to swing between
zero volts and at least +8V for best performance.

The HP noise figure measuring system uses a 28V square-wave signal. The
LNA under test is always terminated with a 50€2 load whether the noise source
is on or off. The return loss through an unmatched 10dB attenuator is 20dB,
which is equivalent to a VSWR of 1.22:1. In practice, the 10dB attenuator has
some load on the input even when the noise source is off, so the VSWR will be
a bit lower.

PROFESSIONAL NOISE MEASUREMENT SYSTEMS

One of the popular noise figure measurement systems was the Hewlett-Packard
HP&970. This, in its basic form, could perform noise figure measurement and
associated gain from 10MHz to 1500MHz.

With the addition of a wideband converter and a synthesised signal gener-
ator, the range could be extended up to 20GHz. Today, this system is made
by Agilent Technologies, who now manufacture the HP range of test equip-
ment.

| (left) Fig 9.4: Broad-

band noise head

(right) Fig 9.5: A
home-constructed
broad-band noise
head. The head is
built in a tin plate
box. The BNC con-

| nector is for the

pulsed DC input
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Fig 9.6: HP-8970 [

noise figure meas-
uring system

Fig 9.7: HP-8970 im

extended system
with converter and
signal generator for
20GHz range
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Myths about LNAs

Before I continue with details of a home-constructed noise figure measuring sys-
tem, it is as well to highlight some of the misconceptions about testing LNAs.

When amateurs build an LNA, many believe that the extra receiver noise they
hear when the LNA is connected is a measure of the extra sensitivity that the
LNA provides. This is sometimes a false assumption. If the S-meter shows sev-
eral S-points extra when the LNA is switched into circuit, there is generally
something very wrong. If the LNA had a 0dB noise figure, there would be no
difference in the receiver noise level with the LNA in or out of circuit.

If you connect a 50€2 termination to the input of the LNA and switch the LNA
on and off, there should be very little increase in receiver noise with the LNA
on. If there is a large increase in noise, the LNA has either a very poor noise fig-
ure or it is oscillating somewhere out of the frequency band for which t is
designed. I refer to this type of LNA as an 'HNA' - high noise amplifier!
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To make an accurate measurement, you need to use a receiver with a fixed
gain, if this is not possible, the next best option is to switch the mode to AM or
SSB and turn the RF gain up to maximum. Set the AF gain to about half-way.
Connect an analogue AC voltmeter across the loudspeaker or plug it into the
headphone socket. Adjust the AF gain to obtain some convenient voltmeter
reading towards 3/4 of full scale. Switch the LNA on and off and note the
change in noise output power. A 3dB change in output is a 0.707 change in indi-
cated voltage. The increase in noise power with the LNA switched on should be
small if it has a low noise figure.

If the LNA passes this test, the next test is fo connect an antenna to the LNA
input and repeat the test. If possible, point the antenna vertically to a quiet por-
tion of the sky. If the receiver noise is much louder with the LNA switched on,
it is possibly due to the antenna being pointed at a noisy source, such as the Sun
or a sodium or mercury-arc street lamp. If the noise drops when the antenna is
rotated, the noise would have been due to one of these types of source. If the
noise remains constant as the antenna is rotated, the LNA is almost certainly
oscillating and producing a wide-band spectrum of noise. An oscillating LNA is
usually a sign that the antenna matching is reactive and causing instability in the
LNA. Most LNAs need retuning when attached to an antenna, as no antenna is
a true 50Q resistive load. A noise figure measuring system provides a very good
50€2 resistive load; in general antennas do not.

Another reason the receiver may show a high S-meter reading is due to recip-
rocal mixing from a strong signal that is out-of-band. The mixer in a superhet
receiver is a very non-linear stage; it needs to be to perform the mixing ade-
quately. If the presence of a strong out-of-band signal causes the mixer to be
overdriven, noise sidebands of either the strong signal or the local oscillator can
cause the receiver to show excess noise. Generally, if the antenna is furned, the
noise will diminish if this is the case. To prove if this is the cause, insert a step
attenuator between the LNA and the receiver. If inserting a 3dB step drops the
S-meter reading more than 3dB, the mixer was being overdriven. If the mixer is
operating in a linear manner, the S-meter should drop dB for dB of attenuation
inserted. Very often, the gain the LNA develops is too much for a sensitive
receiver; a large increase in dynamic range can be achieved by reducing the
LNA gain to the point where the gain just overcomes the feeder loss connecting
it to the receiver. As the intermodulation process is a third-order law, inserting
a 3dB attenuator after the LNA will increase the dynamic range by 9dB. Hence,
a small amount of attenuation will bring about a large increase in dynamic
range.

For good linearity, the noise power arriving at the receiver mixer should be
not more than -10dB of the local oscillator power driving the mixer; it is better
if the noise power is no more than -20dB of the LO power. If the noise power is
comparable to the LO power, the noise is trying to take over the LO function.
When you take into account the gain of the receiver front-end amplifier, which
can be as high as 30dB, it can be seen that it does not take too much LNA gain
to cause the mixer to be overdriven. If the interfering signal falls within the TF
filter pass-band, the AGC will reduce the front end amplifier gain. But if the
interfering signal is, say, 100kHz off the receiver frequency, the IF AGC detec-
tor will not see the signal. As most LNA devices give the optimum noise per-
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Fig 9.8: Noise fig-
ure test setup
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formance when operated at maximum gain, reducing the LNA gain will give an
inferior noise figure. The only option in such a case to reduce the overall LNA
gain is with an attenuator after the LNA.

One of the best ways of adjusting an LNA connected to an antenna, is to tune
in a very weak signal and select FM mode. Using a FM receiver, the change in
receiver noise level as the IF quietens is a good way to see the effect of the LNA
tuning. For very weak signals, the increase in sensitivity makes the receiver start
to quieten. As the LNA is tuned, reduce the signal level by turning the antenna
away to reduce the signal. Often, putting the beam antenna so that the first side
null is pointing at the signal source will provide about 20dB of attenuation.
Alternatively, use a step attenuator between the LNA and the receiver to keep
the receiver just below the point of full quietening.

Another popular method of assessing the noise performance of a receiver is to use
the Sun as a noise source. With the antenna pointed towards the Sun, you should
experience a large change in receiver noise, the exact value is hard to give as the Sun
could be experiencing a period of increased solar activity. However, a figure of at
least 6dB increase is the average value that should be seen for a quiet Sun.

IMAGE NOISE CONTRIBUTION

This has already been covered in the section on receivers. If the device under
test is a microwave converter with little selectivity, the image noise needs to be
taken into consideration. To obtain a true measurement, the image noise needs
to be suppressed by at least 6dB, and preferably higher, by either a narrow-band
filter or an image-reject mixer.

NOISE FIGURE TEST METHOD

The device under test (DUT) is connected between the noise head and a receive
converter. The receiver converter feeds a logarithmic IF amplifier. The DC out-
put of the logarithmic amplifier drives a meter. With the noise head switched
off, the meter is adjusted to give a suitable reading. The noise head is now
turned on and the change in meter reading noted. For a low noise figure, the
meter deflection will be greater than for a LNA with a poor noise figure. The
pulser circuit turns the noise head on and off rapidly, typically at a 50Hz rate,
and the meter displays the difference between the noise source being off and it

being on. With this

FRER type of automated
ﬂ system, the opera-
it X OONVERTER tor only has to
‘ sy it adjust the LNA for
Noise Head out — LosmepuREr X :}—_1
' = | the maximum
meter detlection.
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Limitations of professional noise figure systems

Many of the professional noise figure measuring systems, such as the Hewlett-
Packard HP8970, have an IF bandwidth that is too wide for amateur applica-
tions. The HP8970 system features a 4MHz IF bandwidth and, whereas it is fine
for LNAs of 432MHz and upwards, it is too wide for 2m and 6m LNAs where
the typical bandwidth is only about 2MHz. This causes an error in the measure-
ments. This error can be calculated but it is inconvenient. When the receiver
converter has a narrow-band crystal filter following the receiver mixer, the error
become high. An amateur system only requires a maximum bandwidth of about
2MHz and a practical system could use an IF bandwidth of as little as 100kHz.

Home-constructed noise figure system

The author built such a system, and it can cater for both 6m and 2m LNAs with
a common local oscillator, mixer and a logarithmic IF amplifier. For other ama-
teur bands, the LNA is followed by a receive converter to bring the first IF to
either 6m or 2m. Thus, one simple set-up can cater for most amateur bands up
into the gigahertz region. The logarithmic amplifier used the Plessey SL 1613
ICs and follows the design shown for the meteor receiver in Chapter 7. This
only needs about a 20dB dynamic range, as the measurement takes place at very
low signal levels. The local oscillator runs at 97MHz and the TF is at (47 &+ 1)MHz,
The receiver features two RF amplifiers, which can feed a common mixer. In
use, the 2m or 6m front end is switched into circuit as required.

The pulsating DC video output from the logarithmic amplifier is fed into a
'switching-summing' stage. This circuit comprises of two RC low-pass filters
which store the signal voltages, and they are connected to the input of high imped-
ance op-amp differential voltage measuring stage. This circuitry is driven by the
same pulse signal that switches on the noise head. In use, the switching summer
gives a direct reading of the ratio between the noise source being on and off.

Calibration of the system uses a low value 50€ attenuator. These can be pur-
chased quite cheaply or constructed to be very accurate using chip resistors. To
calibrate the system, the DUT is removed and a 3dB, 6dB or 10dB attenuator is
connected between the noise head and the front-end amplifier. The instrument
is adjusted to give full scale on the meter. The meter is scaled for 3dB, 6dB and
10dB, with increments in between the main marks. (To calibrate the 3dB range
fully, for example, you will require accurate 1dB, 2dB and 3dB attenuators.
These points are marked on the meter scale.) After calibration, the attenuator is
removed, the DUT is connected and the noise figure is read directly from the
meter. The noise head is the reverse-biased npn transistor shown earlier, and this
gives a flat noise output up to at least 2GHz.
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Fig 9.9: The home-
built noise figure
measuring system
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Fig 9.10: 47MHz
logarithmic amplifi-
er using Plessey
SL-1613 IC
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As the Plessey SL-1613 is now obsolete, an alternative devices is. either the
Analog Devices AD 606 log-amplifier IC or a Philips NE-604 FM IF with RSSI.
The NE-604 has an operating frequency of only about IMHz maximum, and so
it needs to be preceded by a down-converter, such as the NE 602 mixer, or the
composite versions containing the mixer and IF in one package, such as the NE-
605/615. These operate very well at about 45MHz, so will fit the application
nicely. Normally, the NE-604 IF will use a 455kHz ceramic filter to set the sys-
tem bandwidth.

Control circuit

This circuit generates the low-frequency square-wave signal to switch the noise
head on and off, and performs the summing and meter-drive circuitry. The cir-
cuit is fed from a LM7808 voltage regulator.

The input signal from the log-amplifier is gated in two analogue switches by
the drive signals. One drive signal is 180° out of phase with the other. IC1A is
configured as a square-wave oscillator giving a pulse of approximately 20ms in
duration. The signal is inverted in [C1B. When the output from IC1B goes low,
the PNP transistor is turned on and the noise head receives a +8V supply. When
IC1B output is high, the noise head is off. IC1A drives one of the analogue
switch control lines that switch the video signal from the log-amplifier. While
this switch is closed, the video voltage builds up across the 220n reservoir
capacitor. This voltage is applied to the input of IC3A. This occurs when the
noise head is on.

When IC1B output is high, the noise head is turned off and the first analogue
switch is opened; the second analogue switch is now closed to pass the video
voltage to the second half of the dual op amp, IC3B. The two outputs of IC3 are
connected to 1C4, and this is configured as a differential amplifier with feed-
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back. The difference in the video voltage between the noise head being on and Fig 9.11: Control
it being off generates a DC voltage proportional to the difference in the log- €ircuit

amplifier video output DC levels. This is used to drive the ImA display meter.

The full-scale deflection is adjusted by the 10kC2 calibration pot.
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In this chapter:

0 Narrow band audio filter O Meteor radar product detector
Low power ‘pip-squeak’ [0 Linear IF and detector

signal source

0 Meteor ‘ping’ detector circuit

O

g | ere are a few bits of circuitry that T have gathered over the years. Most
of these station accessories can be built in an evening and cost very
little.

A NARROW BAND AUDIO FILTER

This audio filter is the one I use for my EME station and it makes a large
improvement for weak signal reception. The filter has a bandwidth of 40Hz with
a Q of 25 and is centred at about 800Hz. It is based on an application note by
National Semiconductors. As with most very narrow-band filters, it is prone to
ringing on strong signals. The circuit uses a dual op-amp such as a LM358N.
The non-inverting inputs are biased to half the supply rail and decoupled with a
10pF electrolytic capacitor. The tuning capacitors are 10nF close-tolerance
types such as a Wima polycarbonate; they all need to be the same value so, if

IO
680k

188n 358k

N —]

186n

Station Accessories

Fig 10.1: High-Q
active audio filter
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Fig 10.2: 1296MHz
'Pip-Squeak’ signal
source
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possible, use your DVM on the capacitance range to check that they are within
a few percent of each other. The resistors are all 0.25W metal film types of 2%
tolerance.

The filter is inserted into the audio stages of the receiver, between the volume
control slider and the input to the power amplifier stages. A double-pole-double-
throw switch (DPDT) can be used to switch it in and out of circuit. If you want
to tune the exact centre frequency, the 680€2 input resistor can be made variable.

LOW POWER 'PIP-SQUEAK' SIGNAL SOURCE

When adjusting a sensitive front-end, it is often hard to find a stable weak sig-
nal when you need one, especially on the higher bands. This little circuit pro-
vides a reasonably stable carrier and it can be placed up to a few hundred metres
away with a small antenna to radiate a tuning signal. The frequency of opera-
tion depends on the crystal used and the multiplication. This signal source was
built to optimise a 1296MHz receiving system. The basic circuit can be used on
any VHF or UHF band by changing the crystal and substituting a suitable out-
put tuned circuit. For example, a 144MHz version could use a 24, 16, 12 or
8MHz crystal. This would provide signals for 144 and 432MHz. For this ver-
sion a centre-tapped air-coil would be used instead of the line shown.

The crystal oscillator is a Colpitts circuit with a series mode crystal. (If a low
frequency fundamental crystal such as 8 or 12MHz is used, the 560€ resistor
across the crystal should be removed.) The output of the oscillator drives a
switching diode multiplier to the final frequency. A A/2 tuned line selects the
required crystal harmonic. The line is cut from a piece of brass shim-stock 6mm
wide and 0.2mm thick, the ends bent through 90 degrees and soldered to a piece
of single-sided copper-clad board. The bends should be so as to raise the line
6mm off the copper-clad board surface. The length of the line is 50mm. The
trimmer capacitor is connected to the centre of the line and ground. The diode
tap point and the antenna connector should be approximately 1/3 of the way up
from the grounded ends. The rest of the components are built 'dead bug' fashion
on the board.

A small whip antenna can be connected to radiate the desired level of signal,
or the signal directly connected with a coaxial cable to the receiving converter

2
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Fig 10.3: 144MHz
'Pip-Squeak’ signal
source

or LNA. The crystal used in this circuit is a 27MHz 3rd-overtone type. The
diode multiplier generates harmonics and the half-wave tuned line picks off the
48th. A trimmer capacitor in series with the crystal allows the exact frequency
to be set. The output at 1296MHz is approximately -90dBm, which is strong
enough to find when a receive converter or LNA is first tuned up. With lower
frequency versions, the output power would be greater. The oscillator is pow-
ered by a 9V transistor radio battery.

METEOR 'PING' DETECTOR CIRCUIT

When running a meteor radar system, it is useful to be able to hear when an echo
occurs and to be able to record it on a cassette recorder. With the author's sys-
tem, there is no audio output, only a varying DC output from the log-amplifier.
The meteor radar design shown in Chapter 7 makes provision for an output from
the last log-amp stage to drive a demodulator. This signal at 10.7MHz can be
fed into a product detector and the audio then amplified to drive a small loud-
speaker. However, it is rather tiring listening to the constant receiver noise while
waiting for a random echo.

The circuit shown uses the log-amplifier DC output to trigger an external
audio generator. The DC output from the log-amplifier is fed into a comparator
(IC1A) with an adjustable threshold set by VR1. When the receiver output

Fig 10.4: Meteor
‘ping’ detector
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Fig 10.5: Product
detector circuit
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exceeds the threshold, a square wave audio oscillator (IC1B) is gated on for the
duration of the echo pulse. The oscillator frequency is set by the 10nF capacitor
on pin 6 of IC1B. With the values shown, it will be approximately 1kHz. The
oscillator output drives a 300Q earpiece. The op-amps can be either LM741
types or a dual type such as LM358N.

METEOR RADAR PRODUCT DETECTOR

For those who wish to build a product detector for hearing the receiver noises,
the circuit below will provide demodulation of the 10.7MHz carrier. This detec-
tor provides an output of about 500mV of audio and this should be fed via an
audio low-pass filter and then into a suitable audio power amplifier.

The CIO (carrier insertion oscillator) uses a 10.7MHz fundamental crystal
configured as a Colpitts oscillator. A variable capacitor across the crystal serves
to trim it onto frequency. The output of the CIO feeds gate 2 of a dual-gate
MOSFET mixer. The gate 2 voltage should swing about 2Vp-p for best mixing.
The 10.7MHz signal from the log-amplifier is applied to gate 1. The drain of the
MOSFET has a 1kQ resistor and a RC low-pass filter to stop the RF from enter-
ing the audio amplifier.

The circuit needs to be enclosed in a well-shielded box to prevent the
10.7MHz oscillator getting into the main IF amplifier chain.

LINEAR IF AND DETECTOR

This is a straightforward manual gain-controlled intermediate frequency ampli-
fier and detector suitable for AM and similar modes. The amplifier consists of
two high-gain MOSFETs with AGC applied to gate 2 of each device. The over-
all gain is approximately 70dB and the AGC range is of a similar level. The
design frequency is 10.7MHz and the bandwidth is about 200kHz. For narrow-
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er band applications, the use of a crystal filter before the amplifier will be need-
ed. The input of the amplifier accepts a 50 signal.

The detector uses a junction FET configured as an infinite impedance detec-
tor. This is a very good AM demodulator with low distortion of signals up to
100% modulation. For general use, the audio can be filtered and fed into an
audio amplifier. The signal appearing across the source resistor consists of a DC
component, relative to the strength of the carrier, and the demodulated AM sig-
nal. The AGC voltage needs to be supplied externally and should swing from
0V for minimum gain to +6V for maximum gain. The supply voltage should be
between 8V and 15V.

As the gain is high, the layout needs to be carefully done. A double-sided
board with the top foil used as a ground plane would be the best approach. The
inductors have a nominal value of 1.25uH.

Fig 10.6: Dual-gate
MOSFET IF amplifi-
er and detector
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Low Frequency Radio Astronomy

In this chapter:

O Jupiter signals 0 Receiving the noise storms
0 Directional beams O Lower frequency experiments
1 The lo effect

y| hereas many amateurs are under the belief that the frequencies used for
/| radio astronomy are in the VHF, UHF and microwave spectrum, this is
| not so. There are several lower-frequency bands where radio noise

from planets and other objects emit strong radio signals.
We have already mentioned one meteor radar system operated by the
University of Adelaide, Australia on 2MHz and further details will be given later.
For the amateur with a limited station, a topic that is of much interest is HF
radio astronomy. The following is based upon an article written by Jim
Kennedy, K6MIO / WB4OUC of the University of Florida, USA. It was first
published in the August 1971 edition of 73 Magazine.

JUPITER SIGNALS

The story of the puzzle begins in 1955 when two astronomers, K L Franklin and
Bernard Burke, were testing a new 22MHz radio telescope. Quite unexpected-
ly, they discovered strong sporadic emissions from the vicinity of the planet
Jupiter.

Jupiter is the largest of the planets in our solar system. This giant has a diam-
eter that is more than 12 times that of Earth and it is so massive that it is believed
it just missed becoming a star. Its surface is shrouded by layers of cloud beyond
which lie 12 known moons. The four largest of these moons are bright enough
to be seen with a pair of binoculars. In fact, Galileo discovered them the first
time he turned his primitive telescope on this bright object.

In the years since the initial discovery of these radio signals, investigations
have led to a number of interesting discoveries. Among these are that the emis-
sions are essentially confined to a region below 30MHz, ie the region covered
by normal communications receivers. The energy contained in these bursts of
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Fig 11.1: Typical

pen-recording
Jovian signals
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activity is so enormous that a simple three-element antenna and a communica-
tions receiver are all that is required to hear them.

The bandwidth of these signals is relatively narrow, sometimes no wider than
300kHz. Such an effect definitely points to a type of resonance effect taking
place and being responsible for the generation of the signals. When observed,
the signals may appear on one frequency and then gradually drift in frequency
either up or down for several megahertz and then disappear.

Tt has been positively established that the lower the frequency, the greater the
chance of occurrence. When heard with an AM receiver, the Jupiter (or Jovian) sig-
nals sound very similar to an unmodulated carrier being swished backwards and
forwards across the frequency. Interspersed with the swishing are shorter pops.

The swishes, which last of the order of a second or two, are sometimes called
L- (for long) bursts. The L-bursts are thought to be the result of scintillation
(twinkling) of longer pulses of radio noise. The clouds of electrons that flow
out from the Sun into the space between Earth and Jupiter cause this scintilla-
tion, through which the signal travels. The short pops are often called S- (for
short) bursts. These appear to be caused by some mechanism at the source, and
their explanation may well be an important clue to the cause of Jovian emis-
sions.

DIRECTIONAL BEAMS

Another curious effect is that the signals seem to be directional in nature. That is,
it appears as if the radiation is confined to beams about 70° wide and originate
from specific confined areas of the planet. Observations indicate that the emis-
sions observed are originating from no more than three or four locations that
rotate with the giant planet. Radiation is detected only when those regions of the
planet face Earth. Measurements made by two different techniques suggest that
the source size has an upper limit of 400km, and may be as small as 3km.
Narrow beamwidth, directional beams, and fixed localised and limited
sources quite naturally lead to speculation that the signals might the result of
some 'intelligent' activity. However, partial explanations for these effects based
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on natural occurrences exist, and it seems probable that further investigations
will, in time, complete the picture.

The explanation of the discrete sources may lie in the supposed existence of
short variations or 'glitches' in the planet's magnetic field. Such anomalies are
known to exist in the Earth's field and can be supposed to exist on Jupiter. Such
glitches would be fixed in the planet's field and rotate with the planet. They
could provide a collecting place for electrons at some level in the magnetos-
phere and perhaps provide a site at which some mechanism would excite these
electrons into oscillation.

Another more recent explanation suggests that fast electrons following the
magnetic field lines into the upper atmosphere near the north and south poles
cause the radiation. These electrons would radiate in cone-shaped beams, due to
the fact that the magnetic poles of Jupiter are inclined some 10° to its axis of
rotation. This combination leads to the beams being aimed at the Earth during
certain times of Jupiter's 10-hour day. This gives rise to the appearance of sev-
eral sources, while there may as few as two. In a general way, this process bears
some similarity to that which produces aurora here on earth. No matter which
of the many explanations is correct, the combination of electrons and magnetic
field would provide the necessary (gyro-magnetic or synchrotron) resonance
effect for the narrow bandwidth emissions, but not necessarily the energy to pro-
duce the oscillation.

Just what source of driving energy does produce the oscillations? In the
beginning, it was thought that the radiation might be caused by lightning strikes
on the planet. However, measurements of the energy received here on earth indi-
cate that the energy of the Jupiter 'noise storm' bursts is approximately 101!
times that of an earthly lightning bolt. Hence, this explanation is inadequate.

THE 10 EFFECT

Fig 11.2: Showing
the positions of lo
which appear to
trigger the various
storms

Adding to the confusion about the source
mechanism is the recently-discovered 'mag-
netosphere of Jupiter To effect'. To is the
innermost of the four large satellites discov-
ered by Galileo and is slightly smaller than
our own moon. It has been found that a sig-
nificant number of the noise storms occur
when To is in certain preferred positions
with respect to the various source locations. J
Hence, storms may occur at any time one of | s

the sources faces the Earth. Somehow, lo "anisunce s
enhances the probability of a storm consid-
erably.

The diagram illustrates this effect. When
Io is at a position of 90° from directly
behind Jupiter, one source, known as B, is Ay 2
most likely to produce storms. In fact, as ' 10 fANTH
high as 98% of all source B storms occur 1

WORTH FOLL
P

when Io is near this location. Likewise,
when o is at an angle of 240°, source C and
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sometimes source A are likely to be active. Of course, not only must lo be in one
of these special positions but, simultaneously, the appropriate source must be
aimed at the earth.

One theory, called the 'dynamo hypothesis', holds that this moon, orbiting
well within the strong magnetosphere at about 280,000 miles, conducts elec-
tricity well enough to interact with the rotating magnetic field of the planet to
form a giant electrical generator. If this were so, in certain positions it could
pump the large number of energetic electrons along the magnetic lines into the
polar zones to cause the noise storms.

A full understanding of how this comes about will undoubtedly aid signifi-
cantly in solving the basic problem of why the storms occur at all. In the mean-
time, the To effect provides a convenient way of actually producing fairly accu-
rate predictions of when noise storms will occur.

RECEIVING THE NOISE STORMS

Receiving signals from beyond our own ionosphere presents problems of its
own. The same electrons that reflect 21MHz signals back to Earth and provide
skip also reflect away incoming signals {rom outer space. Consequently, one
must observe when the ionosphere is transparent. This means that observations
must take place during the hours of darkness. This adds to the complexity of
things, as it means that Jupiter must be visible at night. Therefore, it is only
possible to listen for Jovian signals for a period of about 6 to 8 months in a
year.

Receiving these storms is well within the capabilities of most amateurs who
have at least a three element beam and an average communications receiver for
15m. This setup will produce excellent results. The only difficulty is that most
tri-band beams do not point upwards, except maybe after a high wind!
Depending on the time of night, Jupiter may be found as high as 40° in eleva-
tion above the horizon. Two possible solutions exist to cater for this. One
approach would be to elevate the antenna to point at the source; this, with a
small beam, is not too difficult to arrange. The normal antenna rotator can then
be used to set the correct azimuth direction.

The second solution is to do nothing. All small beam antennas have a pro-
nounced vertical lobe, which sends the signal skywards, either due to direct
radiation, or due to reflection from the ground being very close to the antenna.
Hence, if the antenna is pointed in azimuth to Jupiter there is a good chance of
hearing the noise storms.

While Jupiter does not radiate at 21MHz continuously, the lo effect permits
fairly good predictions to be made. Since some storms occur without correlation
to the lo effect, it is possible to observe Jovian activity on other than the pre-
dicted nights.

One should be careful not to confuse lightning discharges with Jupiter signals.
The raspy crash of lightning is quite different from the rounded swishing of
Jovian signals. Those living in areas of high electrical storm activity will hear a
good deal more lightning than Jupiter. Likewise, in the carly evening or towards
sunrise, those within skip distance of such an area may also experience activity
of this sort. Occasionally, if sporadic-E is present, skipped lightning may occur
at any time of night.
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Despite the very great similarity between Jovian signals and that of a carrier
being swished across the frequency (when you use an AM detector), this is only
an illusion. If you use a product detector, do not expect to hear a carrier going
back and forth with a resulting beat note. Both cases will yield only a strong rise
in the noise that sounds like a carrier on an AM detector.

The interested reader who wishes to pursue the matter further will find in
Radio Exploration of the Planetary System [1], an interesting and very readable
account of the Jupiter story. At a somewhat higher level, the article 'The
Magnetosphere of Jupiter' [2], contains more information.

LOWER FREQUENCY EXPERIMENTS

Several experimental stations exist for observation of meteor trails and other
upper atmosphere reflection techniques. One of the leading stations is the
Buckland Park system operated by the University of Adelaide, Australia.

This uses an array of dipoles operating at 1.98MHz. In total, 98 dipoles are
available and, by utilising beam-steering, the signals can be bent down to an ele-
vation of about 45°. Azimuth bearings can be steered to cover a wide range. The
antennas occupy an area of approximately 1.2km?

The transmitter is a short-pulse type with a typical pulse length of 30ps and a
pulse repetition frequency of 16Hz. The peak transmitter power is S0kW (24W
average). Using this setup, it is possible to observe objects out to a range in
excess of 160km. However, because of the MF signals it can only be operated
during periods when the ionospheric D- and E-layers are depleted. This means
during the night and before sunrise. This limits the time when useful observa-
tions can be made.

The advantage of the MF system is that it can obtain reflections from meteors
at a greater range than those for which the normal VHF techniques are used.
Many meteoroids are not stony in composition and hence do not produce visi-
ble trails. These tar-like meteoroids may constitute the majority of those falling
into the Earth's atmosphere, as recent observations tend to support.

In correspondence received from Dr W G Elford, he had this to say about the
Buckland Park VHF and MF radar systems.

"The original 2MHz system predates what we now call the VHF systems,
which are two narrow-beam radars transmitting on ~50MHz with arrays of
dipoles 100m x 100m which can be phased to direct the two beams £30° from
the zenith in the EW or NS plane. They were designed and built in the 1980s to
study the dynamics of the atmosphere between 60 and 100km, deduced from the
motion of the of the weak ionisation in that region. However, with the beams set
at 30° from the zenith East or West, and North or South, they make excellent
meteor radars at a PRF of 2000Hz.

"The 2MHz system was designed by the late Dr B H Briggs and myself in the
1960s to study the motion of irregularities in the D- and E-regions by sampling
the strength of radar echoes over an area of about 1 km2, using 98 pairs of
crossed-dipoles. It is still the largest 2MHz array in the world. Each dipole is
connected to an individual receiver with underground cables of about 70km
length in total. It has gone through about four upgrades in its life, as technolo-
gy has changed. Following the most recent change, it can now operate in a beam
mode in transmission as well as reception, and a student has just been awarded
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his PhD for meteor studies using the system. The only parts of the original sys-
tem still being used are the 10m wooden poles supporting the dipole wires and
the cables!"
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The Science of Meteor Scatter

In this chapter:

O Some history O Radar scattering equation

O Meter trail reflection O Optimum antenna elevation angle
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O Fresnel zone effect O Special antenna systems
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0 lonised trail formation

m | his chapter is not about meteor scattering operating procedures, enough
/ ..“ of those have been written over the years. It is rather the explanation of
/| the mechanism of how meteor reflections are produced and the limita-
tions of the mechanism. From some of the comments written in the past and
published in amateur periodicals, there seems to be a misunderstanding of the
way meteor scatter arises and the best antennas to use for the mode. Because of
some of the misconceptions, many amateurs are not getting the optimum per-
formance from this mode of communication.

Meteor scatter is a special mode of communication by scattering radio signals
from a temporary reflecting layer in the Earth's upper atmosphere. In fact, meteor

~—__ meteor trail
-~
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Fig 12.1 Simplified
diagram of meteor-
scatter propagation
between two sta-
tions
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scatter is a misnomer, as the correct designation of the small particles that cause
an ionised trail is, in fact, a meteoroid. Meteors are defined by the International
Astronomical Union as being objects greater than 100g in mass. Meteorites are
larger particles than meteoroids that have sufficient energy to travel through the
Earth's atmosphere, although suffering some loss of mass through friction, and
eventually impact on the Earth's surface. The particles that generate meteor
reflection trails are normally smaller than a grain of sand and have a mass of less
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SOME HISTORY

Early observation of meteor-generated reflections occurred about 1925 when
the HF ionospheric experiments first used vertically-directed beams to probe the
upper atmosphere and detected the ionosphere D-, E- and F-layers. In 1932, an
American group of scientists (Skellet, Schafer and Goodall), proved that the
erratic echo signals returned to the low frequency MF and HF ionosphere
sounding apparatus were caused by meteor-trail-generated ionised layers in the
E-layer.

During WWII, British and American defence radar, operating in the low VHF
bands, detected transient echoes that could not be explained. In late 1944, a
civilian scientist working for the Army Operational Radar Group (AORG) of the
British Army, James Stanley Hey, identified the source of the transient echoes
as meteor-trail-generated reflections. This caused severe problems with the
radar designed to detect the German A4 missile, known as V-2 to the Allies
(Vergeltungswaffen zwei - vengeance weapon 2). The V-2 missile attained an
altitude of 100km, the same as the E layer, and transient meteor echoes on the
radar systems caused many false alarms. When the threat from the V-2 missiles
abated in the spring of 1945, due to capture or bombing by the allied forces, and
after the war finished, Hey and others at AORG HQ at Richmond Park contin-
ued studying the transient echoes in more detail. A modified V-2 detection radar,
a GL2 (Gun-Laying Type 2) radar system fitted with four-element Yagi anten-
nas was operated on about 5m by Hey at AORG HQ and Dr Bernard Lovell at
Manchester University, Jodrell Bank Experimental Station, (using a similar
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radar supplied by Hey operating on 4m). In early 1946, they independently
observed transient echoes from meteor trails. A surprising discovery, originally
made by Hey and his team and later confirmed by Bernard Lovell at Jodrell
Bank, was the existence of daytime meteor showers. Up until this discovery, it
had been presumed that meteor showers only occurred during nighttime. From
this point, the science of meteor radar has grown rapidly, and today there are
many meteor radar systems throughout the world studying this field.

METEOR TRAIL REFLECTION

The generation of an ionised trail that can reflect radio signals depends on sev-
eral factors. The velocity that the space débris enters the Earth's atmosphere and
the electron density in the upper atmosphere at which it occurs are the two main
parameters. Meteors and meteoroids are lumps of space débris or tiny specks of
dust that travel in an elliptical orbit around the Sun and Earth. The period for
one complete revolution around the Sun and Earth is one Earth year, or about
365 days.

Meteors and meteoroids are often associated with the tails of comets. Other
types of annual major meteor showers occur at the same time every year. The
Perseids shower, for example, is the result of débris from the Swift-Tuttle 1862
11T comet. The Orionids shower has a measured age of 2.3 x 104 years. These
major annual showers number about 20 but there are also many hundreds of
minor showers occurring throughout the year, many of which have, as yet, no
names. Some of the well-known showers are the Geminids, Leonids, Perseids
etc. The names given to showers have nothing to do with their origin; the name
is used because, when viewed visually, they appear to emanate from a particu-
lar constellation, for example, Leonids appear to have their radiant pointing
towards the constellation of Leo. Although the origin of the débris is a comet,
gravitational forces of the Sun and Earth pull the dust particles into orbit around
these two large objects. Comets have orbital period of a few years or up to sev-
eral hundred years; meteors have orbital periods of approximately 365 days.
The tails of comets stretch out behind them for distances of up to a million kilo-
metres. When the Earth's orbit sweeps through the cometary tail, meteors result.

Carl Sagan and Ann Druyan, in their book Comet, give a detailed account of
how meteors are formed, and why major meteor showers occur at the same time
every year. From year to year the magnitudes of the showers vary; some years
are considerably better than others. This is because the comet has a very long
orbital period, some as long as 100 years or more and some measured in thou-
sands of years, and the amount of débris depends how close the comet
approaches the Sun and how often. In years far removed from the last transit of
the comet around the Sun and Earth the débris will be diminished. As has often
been observed, some of the traditional meteor showers sometimes fail to live up
to expectation. This is because the period since the last orbif of the Sun and
Earth is too long and the amount of débris deposited from the comet's tail has
been reduced. After the next transit of the Sun and Earth the shower activity will
rise again to a new peak.

Some comets known in previous years no longer exist, as they have been
entirely depleted by coming too close to the Sun. Comets sometimes appear
from nowhere and several new comets have been found in recent years with
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Fig 12.2: The orbit
of the comet
deposits a long
string of débris as
it orbits the Sun

Fig 12.3: Electron
microscope photo-
graph of a comet
dust particle, diam-
eter 10um
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| orbital periods of only a few years;
these are not likely to exist for very
long, as they have orbital periods that
will cause rapid depletion from the
heat of the Sun.

The structure of a comet was first
postulated by the American
astronomer Fred Whipple, who
described it is a 'dirty snowball'. The
core of the comet is composed of
frozen gas such as carbon dioxide,
| carbon monoxide, methane, ammonia,
/| etc, or water. As the comet moves

P

METEORIC DEBRIS

through the outer depths of the solar
system, which is close to absolute zero in temperature, it picks up minute specks
of interplanetary débris, which become stuck to the snowball core. This process
can occupy millions of years.

For the comet's trajectory to be altered to swing around the Sun, it needs to be
acted on by the gravitational pull of one of the larger outer planets, such as Venus.
When the comet transits the Sun, some of the frozen gases are boiled off due to
the intense heat and these release the dust particles to trail behind the comet. The
altered orbital frajectory may now encompass the Earth, and the comet débris
ejected from the tail will remain in orbit around the Sun and Earth, unless acted
upon by another large planetary body. The familiar tail of a comet can stretch for
106km or more in the wake of the comet, and it is composed of dust and ice crys-
tals from the comet core. The average dust particle is extremely small, often much
smaller than a pinhead. High-flying aircraft have collected comet débris on sticky
gel-coated panels and brought them back to Earth for study.

The escape velocity of a satel-
lite orbiting the Earth and Sun is
approximately 43kms-1. The
Earth orbits the Sun at a speed of
29.8kms-!, hence the velocity of
meteors will lie in the region of
2 the sum and difference of these

two velocities, or approximately
12.5kms! to 73kms-l. All the
space débris and other particles
that constitute comets, meteors
and meteoroids are what are
known as 'interstellar matter' and
hence remain in orbit in our solar
| system. The origin of the débris
responsible for meteors is usually
cast off from a comet, which is a
not in an annual orbit but some
longer period, some of which are
of up to 1000 years. The débris
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becomes trapped in an elliptical orbit around the Earth and the Sun and gradu-
ally gets drawn in by the gravitational pull of each object. To date, no meteors
or meteoroids with a velocity in excess of 73kms-1 have been observed; if they
had, it would mean that the object was not interstellar but 'extra-galactic', being
from a solar system different from that of the Earth. When a meteor shower
occurs, the material descending into the Earth's atmosphere is probably in
excess of 100 years old.

The meteor rate per hour during a shower can be very high. In the Giacobinid-
Zinner comet shower (the Draconids) that occurred in November 1946, Dr
Bernard Lovell at Jodrell Bank established the count rate to be as high as 168
per minute at the peak. Hence, meteor scatter communication using one of these
high-rate showers is almost continuous, allowing the use of SSB. Lesser show-
ers have lower rates and the meteor-trail-generated reflections are shorter-lived
and other modes such as high-speed CW or the newer digital modes are required
to establish contact.

The common name used by amateurs for a short single event is a 'ping, being
a transient echo lasting for about 0.1s to 0.5s on average. If enough individual
pings occur in rapid succession, they are then termed 'bursts' and can last for up
to 30s in favourable conditions.

Sporadic meteor trails occur throughout the year, on a day-to-day basis. Count
rates can be as low as one trail every hour or two and up to 5 to 10 per minute,
depending on the time of day. Until May 1945, daytime meteor showers were
unknown, as the trail is not visible except during periods of darkness. Using the new
radar technique, Hey established that sporadic daytime showers occur up to approx-
imately 12 noon and then quickly taper off to a minimum during the afternoon.

PEAK TIMES

The period of the daily cycle where meteors
are most common is normally after sunset,
as the Earth is travelling parallel to the mete-
or's track. Activity gradually rises between
the hours after sunset until about 2200 local
time, and then rapidly reaches a peak at
about 0500. From here, the activity declines
from approximately 1000 to a minimum at

few meteoroids
catch up with
Earth

Direction of
Earih's orbital
motion

more meteoroids are
swept up near dawn

about 1700. The diagram below shows the

typical peak rate versus altitude and the min-
imum and maximum peak against the daily
cycle. The Earth takes one sidereal day to
complete one revolution on its axis, this
being a time of 23h 56m 4s. (For conven-
ience we round this time off to 24 hours and
hence, every four years, we need to correct
the time by inserting an extra day, this
occurs on Leap Years.)

From the first graph, we can see that the
predominant trails observable by VHF radar
occur at an altitude of approximately 90km;

Fig 12.4: This is a diagram showing the direction of
arrival of meteors. The earth rotates anticlockwise as
viewed from the north pole. The Earth is also moving in
an orbit around the Sun, from left to right in the diagram.
For cometary trails approaching from the right, the veloc-
ity is maximum. For cometary trails trying to ‘catch up'
the Earth from the left, the incident velocity is much
lower. Hence, the normal meteor trail is approaching the
Earth head-on. At that point in local time and as the Earth
rotates, the meteors will appear to rise from low on the
horizon. As the Earth rotates further, such that it is at
local midnight, the point on the Earth is now facing the
meteor trails, it is at the zenith, and the highest peak is
somewhere between this and the Earth approaching sun-
rise (dawn)
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(left) Fig 12.5:
Meteor echo alti-
tude.

(right) Fig 12.6:

Hourly rate versus
local time.
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the maximum altifude is approximately 110km and the lower limit is approxi-
mately 70km. The second graph shows the 24-hour cycle of minimum and max-
imum; if the peak occurs at 0500, the corresponding minimum will occur 12
hours later at 1700.

The information shown is for the operating period of 24 / 25 July 2003,
observing the Southern Delta Aquarids, using the Buckland Park radar at
Adelaide, Australia. From this, it can seen that meteor scatter communication is
very unlikely during the mid-afternoon but, for night owls, the dividends are
enormous, as up to 800 pings per hour can occur in a good shower.

FORMATION OF AN IONISED TRAIL

When a particle of comet débris starts to enter the Earth's upper atmosphere, it
experiences an increasing amount of friction as it collides with the rarefied
atmosphere. The maximum altitude to generate friction is approximately
150km; above this altitude the atmosphere is too rarefied. The particle of dust,
(meteoroid) travelling at a velocity of anything up to 72kms-! relative to the
Earth, plunges lower into the Earth's atmosphere where the friction generated
causes it to heat up and eventually burn up, in astronomical jargon this is known
as 'ablation’'.

The ablation leaves a long relatively static thin trail of ionisation in its wake
and these temporary ionised streaks in the ionosphere enable HF and VHF radio
waves to be reflected while the ionisation 1s present.

The effect is very short - a typical streak decaying in about 0.1s to 0.5s. Dr
Graham Elford of Buckland Park Meteor Radar facility, Adelaide, Australia,
using a new technique, has managed to establish the diameter of the trail pro-
duced. This varies from approximately 0.4m to 2.5m, and the trail length can
be as long as 25km under favourable conditions but is normally less than
10km.

The velocity at which the dust particle enters is dependent on the direction of
approach to the Earth's atmosphere. The Earth has an orbital velocity around the
Sun of approximately 42.8kms-L. If the dust particle enters contra-rotating, the
velocity is higher than if it enters in the same rotational direction as the Earth,
Hence, the velocities typically measured are between 15kms-! up to a maximum
of about 70kms-1. It is also useful to note that meteor trails do not normally
occur at the Equator, they are confined to the two polar regions, the Arctic and
Antarctic, and to places on the Earth's surface up to approximately 45° from
each pole. For this reason, the best places to observe meteors are close to the
poles.
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DOPPLER EFFECT

One would assume that, as the meteoroid is travelling at very high speed, the
Doppler shift present on a reflected signal would also be high. However,
although the object that produces the ionised trail is moving very rapidly, the
trail formed is almost static, being a locally-ionised streak in the upper atmos-
phere. This trail is moving only relatively slowly, measurements showing that
this is only of the order of 2 to 10kms! and is influenced by the upper atmos-
pheric winds, the so called 'jet streams'. Hence, the Doppler Shift observed is
quite low and not normally sufficient to cause the signal to move outside of the
bandwidth of an SSB filter.

FRESNEL ZONE EFFECT

One of the early observations of meteor
trail reflections using high power radar
was the rapid variation in signal level
whilst a meteor trail was present, about
15 times a second. This is caused by
refraction in the trail-ionised medium,
known as Fresnel Zones. Today, a lot of
scientific effort is undertaken to use this [
variation in signal level and the phase
variation of the returned signal to meas- §
ure the trail drift accurately. Fresnel
zone signal variation is similar to the =&
'flutter’ observed when a VHF signal is reﬂcctcd oﬁ' an aircraft. i Fig 12.7: Fresnel
Ellyett and Davies identified the existence of Fresnel zone signal variation at zone signal varia-
Jodrell Bank in 1948. The previous picture is an expanded radar time base dis- tion
play showing the rapid variation in the echo signals from a transient meteor
trail. Using the signal variation it was possible to measure the velocity of the
meteor [1].

METEOR TYPES

There are two distinct types of meteoroid. The first is the one most people are
familiar with causing a bright flashes of light, known as a 'shooting star'. The
bright light is the result of the composition of the meteoroid and is caused by
the metallic elements to be found in them. These types are known as 'stony
meteors'.

The second type of mete-
oroid is known as a 'tarry
meteor' and does not contain
metallic elements to produce
the bright shooting star trails.
These types are composed of
hydrocarbon. Hence, this sec-
ond type of meteor is not nor-
mally visible. However, it
does also produce an ionised 7%
trail, which reflects HF and 47

g Fig 12.8: A stony
4 meteorite recov-
ered after impact
| with the Earth
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VHF signals. The altitudes where each type produces ionised trails varies, the
tarry meteors giving reflections at somewhat higher altitudes than the stony
types. For most meteoroids, the altitude for the formation of an ionised trail is
in the region of 140 to 70km, with a maximum occurring at about 85 to 105km.
By the time the meteor dust particle has reached an altitude of 50km, it is com-
pletely burnt up, its velocity has fallen to almost zero and it exists as particles
so small it is like smoke. These then slowly drift down towards the Earth's sur-
face and eventually settle as fine dust. It is estimated that 100,000 such objects
enter the Earth's atmosphere every day; of these, approximately 50% are mov-
ing fast enough and capable of forming ionised trails. Generally, if the velocity
is below 40kms-1, the meteoroid is not capable of generating an ionised trail
large enough for detection by low-power radar.

IONISED TRAIL FORMATION

The method by which the ionised trail is generated depends on several factors.
The velocity of the meteoroid entering the Earth's atmosphere and the density
of the atmosphere are the two main factors. A meteor travelling at a high veloc-
ity will generate more free electrons to form the trail than a slower one. The cut-
off velocity is about 40kms-!. The amount of ionisation per unit length of trail
depends on about the cube of the speed of the meteoroid. Also, as the density of
the atmosphere is greater at low altitudes, the expectation is that upon first
entering the rarefied upper atmosphere, the generation of the trail will initially
be weak and it will increase as the meteoroid plunges lower into the denser
atmosphere, with gradual deceleration occurring. When the friction generated
becomes high enough to start vaporisation (ablation) the stony meteoroid, the
'shooting-star', will become visible to the human eye.

It is also important to note the importance of the approach angle of a mete-
oroid. If the meteoroid strikes the Earth's upper atmosphere at an angle shal-
lower than 7°, it will bounce off and not enter the lower atmosphere. For larger
bodies, on first entering the upper rarefied atmosphere, they will be slowed by
the friction generated and the approach angle will become steeper due to the
Earth's gravitational pull as the object is slowed down. In certain cases, the
angle can attain 45° with the Earth's surface.

The writer has been in correspondence with one of the leading meteor scien-
tists based in Adelaide, Australia. Dr Graham Elford has been studying the
meteor ionisation effect since the early 1950s. Adelaide University operates two
VHF meteor radar systems and also one operating on 1.98MHz from Buckland
Park, near Adelaide. These radars are used to measure the upper wind drift on
the ionised trails; from this information, the way the Earth's upper atmosphere
moves can be inferred. The measurement of the trail drift is done by measuring
the Doppler shift in the reflected echo and rate of change of phase of the echo
signal.

Graham Elford describes the formation of meteor trails as follows.

"Assuming that the meteoroid has a stony composition (inferred from the
spectra of bright meteor trails) collisions of the particle with atmospheric mol-
ecules cause the particle to heat and eventually reach ablation temperature. Just
prior to ablation, a small particle will have melted right through, while larger
one may have substantial radial thermal gradients. The transition size is about
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200um. Thermal gradients can cause fragmentation of the larger meteoroids,
producing a bunch of particles all moving in essentially the same direction but
becoming slightly spread along their path by differential deceleration depending
on the size of the daughter particles. At the present time, there is no consensus
as regards the prevalence of fragmentation, but my recent work in this area is
partly directed to this question.

"Having reached ablation temperature (~2000K), atoms of the meteoroid
commence evaporating into space while maintaining the speed of the parent
body. Subsequent collisions of the individual meteoroid atoms with the (essen-
tially stationary) atmospheric molecules cause excitation of the meteoroid
atoms (typically Na, Mg, Ca, Si, Fe) which emit light as they decay to less-
excited states. Molecules of atmospheric gases have higher excitation energies
and thus there is only weak visible radiation associated with oxygen and nitro-
gen. Occasionally, a collision process is favourable to ionisation of the meteor
atom and a free electron is formed. The associated ions are rapidly 'thermalised’
by further collisions with the atmospheric molecules (~10 collisions, in about
Ims), and they and the free electrons form an ionised column (meteor trial)
behind the ablating meteoroid.

"Ablation commences at a height of about 120km for meteoroids with speeds
of 60 - 70kms! and at about 85km for those with speeds of 10 - 15kms-!. The
ionised trail diffuses radially at a rate controlled by the positive ions; a process
called ambipolar diffusion. The physics of this process is well known from labo-
ratory studies, and the ionisation distribution across the trail rapidly becomes
Gaussian. As is shown in McKinley's book [2]. diffusion causes the reflection
coefficient of the trail for radar waves directed orthogonal to the trail (sometimes
called transverse scattering) to fall off exponentially with time if the trail is under-
dense (line density <~2 x 1014 electrons/m). The significance here is that this
effect sets a height ceiling for scatter of VHF radar signals that is about 105km for
underdense frails. For most meteor radars, the bulk of the echoes come from
underdense trails. Thus, most VHF meteor radars detect almost all trails produced
by meteoroids with speeds <40 kms-! (assuming the trail line density is sufficient
to give a detectable echo), but trails from meteoroids with speeds in excess of
about 50 kms-! form at heights above the 'diffusion ceiling' and are thus unde-
tectable (unless they are members of the small population of overdense trails).

“There is evidence from the Giotto spacecraft observations of the dust around
Halley's comet that there is a significant fraction of 'tar-like' dust, rich in hydro-
carbons. Such material entering the Earth's atmosphere will ablate much more
readily than stony material, and thus will form trails at greater heights, possibly
as high as 150 - 160km. Such trails will not produce visible light, as the parti-
cles are deficient in metals. However, the trails will be ionised and should be
detectable by suitable radar. Such a radar exists at Adelaide. Using an array of
dipoles on 2MHz covering an area of about 1km2, we produce a relatively nar-
row beam that can be directed down to 45° elevation. With this system, we have
detected echoes up to a height of 140km (roughly the 'ceiling' of the 2MHz sys-
tem), thus confirming the existence of meteor trails at this height and, by impli-
cation, the presence of low ablation temperature material. The experiment is dif-
ficult, as one has to wait until the E-region has decayed sufficiently, which
means observations are only possible for a few hours just before sunrise.
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“At the present time, we have no idea of the fraction of 'tar-like' dust entering
the atmosphere. I have conjectured that it might be the dominant form of mete-
oroid dust. Maybe the Stardust space probe will tell us. For the radio amateur, it
is worthwhile keeping in mind that MF radio signals may be forward-scattered
by trails at 150km when the underlying ionisation is weak."

The most important thing to note from this correspondence is that not all
meteoroids produce a visible trail; in fact, the scientific community is tending
towards the idea that as little as 50% of meteoroids entering the Earth's atmos-
phere will be stony and produce visible trails. Hence, although no visible trails
are seen, the chance of a meteor trail occurring is quite high at any time of the
day or time of year.

RADAR SCATTERING EQUATION

The equation for the radio frequency power scattered back to the radar receiver is;

T o
R?

e=3.3x10

PG,

where: &= Received signal power (W),
o, = Number of electrons produced per cm path by the meteor,
A = Wavelength (cm),
P, = peak transmitter power (W),
G = antenna gain (power ratio), and
R = range to the echo (cm).

Note: The antenna gain constant (G2), being squared, assumes that the same
antenna is used for transmit and receive. If two different gains are used for trans-
mit and receive, this term is replaced by G, x G,. where these are the individual
power gains expressed as ratios.

The dependence of o on size and velocity is given in the theory of meteor ion-
isation developed by Herlofson [3], whose calculations indicate that a meteor of
velocity of 40kms-! (a meteor near the limit of visibility), will produce v =1 x
1010 electronsem-!,

Of significance is the effect the factor A has on the echo signal amplitude. For
low frequencies, the echo amplitude will be greater than for a higher frequency.
As the factor is a cubed law, doubling the frequency will produce an echo sig-
nal that is one-eighth (~9dB) of that at the lower frequency, for the same con-
ditions. Hence, 50MHz will give correspondingly larger echoes than a 144MHz
signal, by a factor of about 24 (~14dB) for the same system parameters.

Inspection of the equation will point to the reason for the lack of success at
432MHz. The equation contains the wavelength in the numerator and as this is a
cubed constant, the higher the frequency, the lower the signal level returned from
a meteor trail. At 432MHz, the signal level falls to approximately 1/27 (~4%) of
that of a 144MHz signal, for the same electron density and meteoroid velocity. Tf
the difference between 6m and 70cm is considered, the difference in signal level to
be expected is 1/645, which is a difference of about 28dB. To obtain similar results
at 432MHz as those at 50MHz would required an additional 28dB of transmit
power, or 14dB more antenna gain to be used. There is, however, a second reflec-
tion mechanism that favours higher frequencies that will be explained later.




CHAPTER 12: THE SCIENCE OF METEOR SCATTER

The signal level from a good meteor trail at 6m or 4m is quite often high,
>89+ in some cases and, using a modest antenna such as a six-element Yagi and
about 100W, will yield good results on the 6m and 4m bands. For 2m, the ERP
needs to be higher, because of the lower reflection coefficient of the meteor trail
and the greater path loss attenuation, and this is most easily obtained by using
an antenna with more gain. Using a 12-element Yagi should give good results
with a 150W transmitter and an average receiver.

Plugging in some typical numbers into the equation for a S0MHz system
yields the following.

Transmitter power P = 100W,
Transmit antenna G, =10dB (10x),
Receive antenna G; =10dB (10x),
Electron density o =5 x 10"¢m-1,
Wavelength A = 6m,

Range to trail = 100km.

This gives a reflected signal power of 1.8 x 10-15W.

Assuming a standard S-meter calibrated to 50V being S9 and the steps to be
in 6dB increments, the signal is equal to about S3. The above example is for a
meteor trail near the limit of visibility, ie comparatively weak. From analysis of
VHF meteor radar signal returns, the variation in reflection coefficient can be as
high as 1 x 104 (10,000 times). Studies using a known system and measuring the
meteor velocity allow the calculation of the electron density to be made on an
echo-by-echo case. Hence, some trails will be much stronger and the received
signals are also stronger. It is not uncommon to get S9+40dB returns off good
trails using fairly modest equipment on the 6m and 4m bands.

OPTIMUM ANTENNA ELEVATION ANGLE

Studying results from scientific meteor radar systems shows that the majority of
echoes occur from a region
of the sky that is approxi-
mately 70° to the Earth's sur-
face. A typical plot of meteor
echoes is shown overleaf
provided by Buckland Park
VHEF radar. This covers a 24-
hour period and clearly illus-
trates the effect. The antenna
system used is five separate
dipole arrays, one being the
transmitter and the others
the receiver, with elevation
angles of 0, 20, 40, 60 and
80°. It can be seen that the
number of echoes when the
antenna is at 0 or 20° is close
to zero.
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Fig 12.9:
Buckland Park
VHF meteor radar

sky plot.
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Fig 12.10: Buckland
Park VHF meteor
radar antenna sys-
tem

RANGE TO METEOR TRAIL

As the reflection occurs at an altitude of approximately 100km, the range to the
reflection target will be of the same sort of order if the antenna is pointed verti-
cally upwards. Meteor radars can measure the range to within +0.5km and,
knowing the antenna elevation angle, can compute -the actual altitude using
trigonometry. For antennas with a low angle of elevation, the slant angle range
increases.

For example, if the antenna is only elevated to 30° the range to the meteor
reflection point will be about 200km. This increases the signal attenuation, as
the path loss is an inverse-square law. In the case of radar, and meteor scatter,
the signal suffers two amounts of attenuation, one being the signal travelling
towards the target and the second is the return path, hence the law becomes an
inverse fourth-power law.

For a target at double the range the received signal power is 1/16 (-12dB) that
of a signal at half the range. Also of importance is the noise generated in the
lower atmosphere when an antenna is pointed close to the horizon. In such a
case, the background man-made noise and sky noise will be at a maximum, and
may mask the meteor echo signal.

For very low angles of elevation, the Earth's curvature also becomes a prob-
lem. The signal tends to be affected by the D- and E-layers, and hence follows
the surface curvature and does not go in a straight line; hence the reflections off
a meteor trail are much weaker, because little of the signal is directed to the
reflecting zone. Tt is, therefore, highly beneficial to elevate the antenna as high
as possible to obtain the best results. The distance that can be spanned by two
stations using the same meteor trail is a function of the meteor trail altitude. For
a single-hop mode, which is the most common in use, the distance that can be
spanned with good signal levels is approximately 1000km to 2200km. This,
however, assumes that there is a similar station within the distance 'window' to
hear your echo!
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ANTENNA AZIMUTH POINTING ANGLE

For optimum signal return from a meteor
trail, the antenna needs to be orientated
such that the meteor trail passes across
the frontal lobe of the antenna beam, ie it
needs to be orthogonal to the trail. If the
antenna has a very narrow beamwidth,
indicative of high forward gain, the suc-
cess rate drops somewhat because only
part of the trail is within the main lobe of
the antenna. (This effect is not likely to
affect amateurs too much, as the possibil-
ity of making an antenna with such a nar-

meteor path

radar

row beamwidth is extremely difficult).
This reduces the total duration of the 'ping'. In practice, the arc subtended by the
trail to an observer can be as much as 30°. Hence, for best results, it is better to
use a wide azimuth beamwidth antenna. This factor can be illustrated in the fol-
lowing diagram.
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A secondary factor related to echo reception is that the antenna does not need
to be mounted high above the ground. Many of the scientific meteor radar sys-
tems use vertically-pointed antennas, which are only a metre or so above the
ground. With a horizontally-polarised Yagi, the antenna being very close to the
ground (less than 1) aids the signal being sent skywards by reflection off the
ground.

Ideally, for meteor scatter work, the antenna requires a positive horizon,
something that most amateurs would consider a disadvantage for normal VHF
DX communication, where a negative horizon would yield the best results. In
the author's case, when first using a single six- element Yagi on 6m, a nearby
hill is fortuitously in the correct direction and is used to launch the wave upward
by using the grazing effect. An elevation angle of 45° or higher will yield far
better results than an antenna pointed at the horizon.

Pointing the antenna to meet the meteor head-on will yield little or no echo
for an MF, HF or VHF system; the beam, when orthogonal to the trail, will yield

Fig 12.11: A meteor
echo will only
occur while the trail
is within the anten-
na beamwidth.
Hence, a wide hori-
zontal beamwidth
will yield better
results than a nar-
row heamwidth.

271



AMATEUR RADIO ASTRONOMY

Fig 12.12: Using an
adjacent hilltop to
form a grazing ele-
vated signal

272

the highest signals. There are, however, special cases where the echo does not
arise from the trail but from the ionised 'head' of the meteoroid. This requires a
very high frequency and extremely high power to get a usable reflection. This
mode is not likely to be suitable for amateurs as the transmitter power required
is very high, typically 50kW or more being required with a very high gain anten-
na. Transmitted ERP required is about IMW for reliable results.

This effect is known as the 'head-echo' effect and the size of the target is very
small. Unlike the normal meteor trail, which can extend for 30km or more
behind the particle and hence has a large radar cross-sectional area (RCS), the
head-echo diameter is very small. UHF and SHF radars have measured this and
a typical cross-section is about 1 to 10m diameter.

THE HEAD ECHO EFFECT

A recent study undertaken in Scandinavia in 1997 and 1998 has identified a sec-
ond mechanism for echo reflection. This is called the head echo effect. The size
of a typical meteoroid is extremely small, being about the size of a grain of sand.
This was not expected to cause a reflection, as it is so tiny. However, scientists
have now demonstrated that an echo is possible, because the particle rushing
into the Earth's atmosphere generates an electron cloud in front of it. This elec-
tron cloud is capable of reflecting a radar signal if the wavelength is short
enough. The target size is small in comparison to the electron trail generated by
the particle burning up, and hence a very high frequency needs to be used to
detect the object.

The Scandinavian experiment used 930MHz radar with extremely high power
(150kW) and three very large parabolic antennas (32m) connected as a tri-stat-
ic antenna to form a 3D-search radar. The ERP was in excess of IMW,

Qut of approximately 200 meteors observed, using conventional VHF radar
running in parallel, 10 meteors showed the head echo effect. As a high frequen-
cy gives little or no reflection from the ionised trail, the separation of this from
the head echo effect was the clue to why echoes were observed only in some
cases.

The system used is known as EISCAT, being the 'European Incoherent Scatter'
radar. The transmitter is based in Norway and the two remote receiving sites in
Sweden and Finland. Because of the very northern positions of these sites, much
longer periods of meteor observation are possible than sites nearer to the
Equator.
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In another recent study, undertaken by Australian and American scientists,
several very high-power radars were used to observe the head echo effect. These
used military radars situated at Roi Namur in the Kwajalein Atoll, Republic of
Marshall Islands and are air defence radars operated by the Australian and
American Air Forces. In addition to the main radar, known as ALTAIR, which
transmits a 6MW peak power on 160MHz and 422MHz simultaneously, sever-
al other radars took part in the observation. These other radars were TRADEX,
an L- and S-band radar, ALCOR, C-band, and MMW, a radar operating on Ka-
band and W-band. Hence, the spectrum was covered from VHF to the upper
microwave bands.

ALTAIR uses a 46m parabolic antenna and uses either right-hand or left-hand
circular polarisation to determine the echo polarity and range. It was found that
approximately 1.6 head echo returns per second occurred during the peak of the
Leonid shower.

Relevance to meteor scatter communications

In a very recent study performed at Arecibo Observatory in Puerto Rico with the
300m diameter fixed dish (operated by Cornell University) between 1998 and
2003, a definite factor emerged which is of great importance to amateurs
involved in meteor scatter communication. It has been known for some time that
the use of the UHF bands is not likely to be very productive because of the scat-
tering equation, but the exact reason was not known. In this study, Mathews [4]
used a dual-radar system operating at 40MHz and 430MHz to observe mete-
oroid reflections simultaneously. From this, it became apparent that the head
echo effect is the predominant mode at UHF. As the echo decayed away after a
very short 'ping', the VHF radar then showed a longer and more pronounced
normal reflection from the ionised trail. The ionised trail which follows is a
much larger target and extends for several tens of kilometres behind the mete-
oroid, and hence will act as a better reflector to VHF signals. The head echo
effect occurs at altitudes higher than traditional trail reflections and these exist
in the region of 120km down to about 90km.

Fig12.13: The IESCAT
930MHz tri-static
radar system. This
system consists of
three 32m parabolic
antennas. The trans-
mitter receiver is
located in Tromso,
and the remote
receivers in Kiruna
and Sodankyia.
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Fig 12.14: Arecibo dual fre-
qguency radar display of a ter-
minal meteor event. The initial
head-echo obtained by the
430MHz UHF radar is shown on
the top trace, and is caused by
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This picture is one taken from an earlier study using the Arecibo radar during
1998. In this is clearly seen the short UHF echo which abruptly disappears and
reappears at the lower VHF radar frequency. The VHF echo is weaker than nor-
mal because the dish is pointed head-on to the meteor (along the trail), and
hence the radar cross-sectional area is much smaller than if the dish was point-
ed orthogonal to the meteor trail.

The Arecibo radar uses a 6MW transmitter and the 1000ft dish located at
Peurto Rico and operated by Cornell University.

DAILY METEOR COUNTS

It has been estimated from collected data that as many as 100,000 meteoroids
may enter the Earth's atmosphere every day. Of these, about 50% are probably
large enough and travelling fast enough to give detectable ionised trails.

Sporadic meteoroids occur at any time of the year, whether day or night. The
highest incidence is normally after midnight and before sunrise. Quite how many
occur in an average day is an often-debated topic. Recent studies performed by
the Buckland Park station at Adelaide, Australia has, to some extent, answered
this question. This station uses 38.1MHz and 54.1MHz high-power radars with
a broad antenna beam to collect as many echoes as possible. This study occupied
five different operating periods between April 2001 and July 2003.

Discounting erroneous echoes, which were due to other signals such as inter-
ference, aircraft reflections etc, by rejecting echoes which apparently are due to
ranges outside those to be expected from normal meteoroid activity, the daily
count rate varies between 9000 and 14000. This is far higher than was originally
estimated.

The highest number of echoes or other signals received peaked at almost
38,000 in a day. Many of these were spurious and, after the computer algorithms
rejected the erroneous ones, this left the daily average of valid echoes that fitted
the criteria for an echo from an under-dense trail. The incidence of meteor
echoes does increase during traditional meteor showers (Leonids etc) but, even
so, the figure is still more than was expected.
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This study used two separate radar systems, one operating with a PRF of
2kHz, and the second with a lower PRF of between 400 and 500Hz to resolve
the range ambiguities. (The higher PRF radar had a range of 6 to 66km and the
lower PRF had a range of 70 to 310km.) The antenna system consisted of
crossed dipoles, one being the transmitting antenna and further dipole antennas
being used for the receivers. The transmitter had a peak power of 7.5kW. The
receiving antennas were arranged to give an omnidirectional azimuthal pattern
and having elevation angles of 0°, 20°, 40°, 60° and 80°.

The plot shown previously clearly illustrates the greater incidence of meteors
from high elevation angles. The number of echoes collected by the 0°, 20° and
40° dipole arrays are much lower than the 60° and 80° antennas. The bulk of the
echoes occur at about 70° elevation. These echoes are actual real returns after
computer analysis to remove bogus echoes and the total number is almost
10,000 in a 24-hour operating period.

SPECIAL ANTENNA SYSTEMS

Many of the large VHF scientific meteor radar system in use today use antenna
systems that to amateurs seem strange. Often only simple dipoles are used and
others use multiple low element-count Yagis. The scientists operating these sys-
tems are more concerned with collecting as many echoes as possible than a few
from a discrete point in the sky.

il

Another version commonly used from early on in the study of meteors, com-
prises two separate multi-Yagi arrays pointed in different directions - for exam-
ple, due south and due west, These antennas are coupled to two separate
receivers and the sky illuminated by a high-power transmitter, often using a
wide beamwidth dipole array. As a meteor approaches, it will transit first one
antenna and a little later the second antenna. By using trigonometry, it is possi-
ble to determine the altitude, velocity and the track of the meteor trail.

Because the Earth's surface is curved, pointing an antenna at the observer's
horizon will only detect meteor trails at a very long range, and the sky noise will
be at its highest level under this condition. With a high-gain antenna (which has
a narrow vertical pattern) pointed at the horizon, and with no obstructions in
front of the antenna, the maximum altitude observed would be only about 50km
above the Earth's surface, which is too far below the lower limit of the meteor
trail formation. This technique, therefore, limits the number of echoes that can
be detected because, for maximum reflection using VHF, the trail needs to pass
through the antenna beam at right angles at an observed altitude of about
100km. It is far more productive to elevate the antenna to a high angle, perhaps
as high as 80° above the horizon.

A second factor, that is important for all forms of weak-signal reception, is the
polarisation of the antenna. It is a well-recognised fact that, when an antenna is

275



AMATEUR RADIO ASTRONOMY

276

pointed at the horizon, the path loss attenuation suffered by a horizontally-
polarised signal is somewhat less than with a vertically-polarised one. Also, the
predominant polarisation of man-made electrical noise is vertical. A plane-
polarised antenna, when illuminated with an orthogonal-polarity signal, eg a
horizontally-polarised antenna attempting to receive a vertically polarised sig-
nal, the cross-polarisation loss is (theoretically) infinite. In practice, due to non-
perfect antenna patterns, the loss will be less than infinite, but will still be of the
order of 20dB. Hence, for optimum results when man-made interference is pres-
ent, the best option is a horizontally-polarised antenna.

Antennas for meteor scatter

As has already been mentioned, ideally we need an antenna with a reasonable
amount of gain but also reasonably wide vertical and horizontal beamwidths, to
maximise the collecting area. These two factors are somewhat in contrast to
each other. Normally, antennas with high gain will have narrow beamwidths,
both in the azimuth and elevation planes. What we require is a horizontally-
polarised antenna with a fairly narrow vertical pattern but a wide horizontal pat-
tern. The way the scientists get around this problem is to use a large array of
dipoles or very low element-count Yagi types. These have a large total collect-
ing aperture and hence high gain over a simple dipole. These arrays occupy a lot
of ground area, and are not very suitable for amateurs who have small proper-
ties in which to erect antennas.

One way to get a narrow vertical beamwidth but a wide horizontal beamwidth
is to stack two or more conventional small Yagi type antennas above each other.
When two or more horizontally-polarised antennas are stacked vertically, the
horizontal beamwidth does not change - only the vertical pattern is reduced. For
the lower-frequency bands, such as 6m and 4m (which offer the best meteor-
scatter results), this is a cumbersome array.

To understand the limitations of Yagi antennas, it is useful to look at the pub-
lished details in a book such as the ARRL Antenna Handbook, where several
examples are given for the NBS design.

If we take a three-element NBS Yagi, the forward gain would be of the order
of 7dBd; this is normally not sufficient if the transmitter power is limited. The
boom length of a three-element NBS Yagi is approximately 0.4\. The stacking
distance of two three-element Yagis is about 0.252 in practice, when the imper-
fect pattern over-lapping and extra feeder losses are taken into account, this will
yield, at best, a total gain of about 9.5dBd. To get more gain requires more ele-
ments, hence a longer boom and a greater stacking distance. A single five-ele-
ment NBS Yagi will yield a forward gain of approximately 9.2dBd. This anten-
na is approximately 0.8A in boom length, or about 5m in total length in the case
of the 6m band. The stacking distance required is approximately 0.6A. When
stacked, the expected gain is about 11.5dBd.

Continuing upwards in element number we see that a six-element version has
a gain of 10.2dBd and a boom length of 1.2. This requires a stacking distance
of 0.8A. When stacked, this will yield about 12dBd. A 12-element NBS Yagi has
a gain of 12.25dBd with a boom of 2.2. This is a large Yagi, and not many ama-
teurs will be able to erect one this large. A pair of 12-element Yagis will require
a stacking distance of about 2.5X, approximately 15m for a 6m array. The
expected gain when stacked is about 14dBd.
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To continue adding
extra elements quickly
becomes counter-pro-
ductive as the gain lev-
els off at higher element
counts. For example, a
17-element version has
a gain of 13.4dBd,
which is only 1.2dB
more than the 12-ele-
ment version but to
achieve this little extra
gain makes the boom
3.2Ah. This boom is
~19m long for the 6m
band. When the vertical
stacking distances are
calculated, ~6A, the
array soon becomes
unmanageable.
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problem. If one exam-
ines the properties of the corner reflector antenna, we see that, although it also
ends up being quite large physically, because it does not need to be rotatable,
but simply needs to point upwards at a fixed elevation, it becomes a practical
solution.

The structure can be made from wood and covered with a wire mesh. For 6m,
the maximum mesh aperture should not exceed 200mm, hence 50mm or 100mm
chicken wire would serve nicely.

Henry Jasik's Antenna Engineering Handbook, st edition, published by
McGraw-Hill, contains the definitive description of the corner reflector. The
curves shown below cover the 45° and 60° versions.

The corner reflector, when analysed from the field strength produced, is lim-
ited to certain angles. The basic formula is o = 7/n, where « is the angle at the
apex and n is an integer (0. = 7, /2, /3, /4 etc). For these cases, only the fol-
lowing apex angles are practical oo = 180 , (a flat reflector), 90°, 60°, 45°, 30°
etc. Corner angles that are not 7/n are not very good, and the polar pattern suf-
fers from lobe splitting. Generally, for the cleanest polar pattern, the construc-
tion should be limited to integer angles.

Fig 12.15: Radiation
resistance of driven
M2 dipole versus
spacing for B = 45°
and 60°

Fig 12.16: Gain ver-
sus spacing for p =
45° and 60°, direc-
tion f = 0° and 90°.
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A corner reflector with a 60° apex angle and a side length of 22, will yield a
forward gain of about 13dBd and has a narrow vertical pattern but a wide hori-
zontal beamwidth, as it uses a simple half-wave dipole feed-point. By truncat-
ing the reflector into a trough reflector, the size diminishes somewhat.

A corner reflector or a trough reflector needs to have a minimum width of
0.6, but preferably 1A or more, when fed with a half wave dipole. The length
of the side (S) need to be in excess of twice the feed-point spacing when con-
figured as a corner reflector. The typical value for the feed-point from the apex
is approximately 0.3 to 0.5A, hence the value for S can be as little as 1A and still
generate a useful amount of gain. The trough reflector reduces the total length
and a 1 size for S is capable of good gain and is manageable, as it can be laid
flat on a sloping roof. The mounting arrangement should allow for setting the
elevation angle to that required; fitting a hinge point at the apex allows the array
to be tilted upwards. In the author's case, the rear roof of the house already
pointed in the correct direction and was almost the optimum angle for a 60° cor-
ner reflector. Adjustable-length front legs set the required angle. In the author's
case, the antenna is practically invisible from the front of the house.

As has already been mentioned, the choice of corner angle is somewhat lim-
ited, narrowing the angle towards zero increases the gain but lowers the feed
impedance to very low values, although, as is to be expected, this gives a nar-
rower vertical pattern. Probably the best option with a corner reflector is to
choose a 60° angle and then the dipole is situated approximately 0.35A from the
apex, which gives feed impedance of close to 50Q. The exact feed-point posi-
tion does not greatly affect the gain - moving the dipole from 0.2 to 0.5A
changes the gain by only about 1.5dB, but the feed impedance varies over a
wide range. The dipole should be fixed to a boom that can slid in or out of the
corner to set the feed-point impedance. A further gain increase can be made by
fitting a reflector element in front of the dipole to make the feed into a two-ele-
ment 'backfire' beam. This will increase the gain by about 3dB. In total, a gain
of 13dB is casy to achieve. To get this gain with a conventional 6m Yagi would
require a boom in excess of 20m.

More gain can be attained with a 45° angle, but the feed impedance falls to
low values at small offsets of the dipole. A possible way around this is to design
for a 12.5Q feed-point impedance and then to use a 4:1 transmission line trans-
former or balun to transform back up to the 50Q feed-line. These can be made
simply and are low loss.

However, if the curves for a 45° corner reflector are examined, they show that,
when the dipole is at a point of either 0.554 or 1.2A4 from the apex, the feed
impedance is close to 50Q. At 1.2, the gain falls almost to zero, so is not
viable. Further examination of the gain and impedance curves show that the first
maximum gain point on the curves rises to almost 15dB when the dipole is
spaced 0.6\ from the apex. At this distance, the feed impedance is approxi-
mately 75€Q. and should match to standard 75€2. coaxial cable with little diffi-
culty. Increasing the spacing to approximately 2A shows a gain of approximate-
ly 17.5dB, but the feed impedance is now 100€2, making it difficult to match to
a standard feed-line unless matching sections are used. One possibility is to
combine two such aniennas and convert the two 100X points to 50€) by con-
necting them in parallel.




CHAPTER 12: THE SCIENCE OF METEOR SCATTER

WIDTH
Fd N
=
FOCAL FOINT
DIPOLE
CORNER REFLECTOR
SIDE VIEW FRONT VIEW

The maximum theoretical spacing of the dipole feed from the apex is depend-
ent on the polar pattern being free from break up of the main lobe and is given as:

~0.65A for 90°
~0.95\ for 60°
~1.2X for 45°
~2.5\ for 30°

The first peak in the forward gain, but not necessarily the ultimate maximum
gain, occurs theoretically when the feed-point is spaced from the apex by the

following values:

~0.5) for 90°
~0.65L for 60°
~0.85\ for 45°
~1.2A for 30°

The Trough Reflector

By truncating the corner reflector into a trough reflector, we can obtain somewhat
more gain in the same overall physical size. Gains of up to 17dBd are achievable
at S0MHz from a single antenna occupying a space of 6m x 12m using an apex

angle of 45°. To achieve this with a single Yagi would

Fig 12.17: Basic
diagram for a 60°
corner reflector

require a boom length of over 30m. The half-wave dipole
should have telescopic elements to allow a finer setting of
the resonant frequency and hence the feed-point impedance.

Either a simple half-wave dipole may be used, or a fold-
ed dipole offers better matching to a 50Q feed-line in a nar-
row angle version. The use of a proper 'push-pull' feed
balun is important to prevent beam-skewing, as with all
antennas fed with a dipole. The W2DU ferrite sleeve choke
balun is highly recommended as it has almost zero loss and
gives perfect balance in amplitude and phase. The power
handling is defined by the coaxial cable and, with a low-
loss cable, it can handle kilowatts of power at VHF.

Fig 12.18: The trough reflector. This is a useful modification
of the corner reflector The vertex has been cut off and
replaced by a simple plane section.
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Fig 12.19: Typical
roof-mounted cor-
ner reflector
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Multi-band antenna

A further advantage of the corner or trough reflector is that, because it belongs
to the family of plane reflector types, it is inherently a wide-band design, like
the parabola. Provided that the width of the opening is greater than 0.6\ at the
lowest frequency, it will work well. Multiple feed dipoles can be arranged to
allow operation on several different bands. The gain will be higher for the high-
er frequency bands provided that the wire-mesh aperture remains below ~0.1A
at the highest frequency. For the 6m version built by the author, readily-avail-
able galvanised wire fencing mesh 1.8m wide with a 90mm aperture was used,
attached to a framework of 25mm square steel tubing.

The two sections of the author's corner reflector measure 6m x 6m, as a com-
promise had to be made due to available material length and the space available
on the roof. The 1.8m wide mesh required four strips to be attached, overlap-
ping each other to cover the 6m span. The stiffening struts that formed the two
parts were arranged as fixing points for the mesh. The mesh was fastened with
galvanised iron wire. A set of struts was fastened across the open mouth to pre-
vent the structure collapsing and to support the far end of the feed boom. These
were extended to form the legs to raise the mouth to the correct elevation.

The F/B of a corner reflector is very high - values of 25 to 30dB are typically
realisable with a small enough mesh apertures. If the mesh were replaced with
solid sheet, the ratio would approach infinity, but wind-loading could then become
a problem, The side-lobe attenuation is also quite good, being of the order of 15
to 20dB, and if screening panels are fitted at the sides, this approaches the F/B.

F/B is important, especially on the lower bands such as 6m and 4m. Man-
made noise on these bands can be high and, if the antenna has mediocre F/B
attenuation, the noise picked up from the rear of the antenna can be enough to
override the wanted echo signal. Long Yagis are not especially good in the F/B
parameters. They are normally acceptable when the interfering signal is direct-
ly off the back of the beam. Figures of 15dB or more are common but, when the
interfering signal occurs

REQUIRED ANGLE at an angle of 30° or
' more off the back, the
rear lobes are often quite
a bit higher.

Overleaf is the dia-
gram for a proposed
large multi-element
trough reflector for a 6m
meteor-scatter radar sys-
tem. This features three
sections, one for trans-
SINGLE STOREY HOUSE mit and two for receive.
The two receive anten-
nas each have an LNA,
and these are combined
in a two-way power
combiner to increase the
gain, but maintaining
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the same horizontal beamwidth as a single antenna. As the radar features a very
rapid transmit/receive period (~500 times per second), the use of an antenna
changeover relay or PIN diode switch is not practical, and so two antennas were
required to operate as a bi-static radar. The additional screening between the
transmit and receive sections is required to prevent burnout of the receive
LNAs, as it is not practical to switch these off during the transmit period. This
radar system operates in the 6m band and features a 250us transmit pulse peri-
od with 600W peak power, a receiver on-time of up to 2ms and a receiver noise
figure of ~1dB. Echoes from meteor trails of up to 150km are possible. With the
transmitter switched off, the system becomes a transit radio telescope with suf-
ficient sensitivity to hear noises from the larger radio stars.

The width of each section is 1A and the dipoles are half-wavelength. The indi-
vidual sections have a wire mesh screen between them. If the need is for a sin-
gle corner or trough reflector, the screening plates at the ends are not required.

Details of the corner and trough reflectors can also be found in RSGB and
ARRL publications.

Fig 12.20: Three-
section trough
reflector for 50MHz
meteor-scatter
radar system under
construction

Fig 12.21: Twelfth-

| scale model of one

section of the
framework for the
proposed trough
reflector. This was
built to assess the
performance.
Measurements
were made at
600MHz. The pic-
ture shows the
antenna before fit-
ting the mesh. The
framework is made
from brazing rods
soft-soldered
together. The
dipole element
would be fastened
to the aluminium
pipe and the posi-
tion adjusted by
sliding it in or out.
It is supported by
short pieces of
steam pipe
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RECEIVER PARAMETERS

As the sky noise at 6m and 4m is still quite high, due to man-made, cosmic and
atmospherically-generated noise, the use of a very low noise-figure receiver is
of no real advantage. The lowest noise temperature that can be practically used
at SOMHz is about 300K, this is a noise factor of 2 or about 3dB noise figure,
and hence the receiver does not present a serious problem. With the antenna
pointed at the horizon, the noise temperature is considerably higher due to the
extra man-made noise that is picked up by the antenna. The greater length of
noisy atmosphere the antenna sees raises the total noise temperature. On 6m this
can be as high as 1000K, which equates to a noise factor of 4.5 or a noise fig-
ure of about 6.5dB. For 144MHz, the lowest noise figure required is about 1dB,
which is simple to achieve with a low cost dual-gate MOSFET LNA.

i
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The receiver bandwidth required will depend on the modulation mode. For
CW, the narrowest filter can be utilised, as the Doppler shift is quite low. For
SSB and digital modes, the bandwidth will need to be greater, a maximum of
3kHz being about right. The use of NBFM is not very practical because of the
loss of system sensitivity using a crystal filter of 8kHz or more bandwidth
erodes the system sensitivity. However, with very strong showers this is still
possible.

In the author's meteor radar system, the receiver IF consists of a very fast
response logarithmic amplifier and a roofing filter using a 15kHz bandwidth
crystal filter. A post-detection video low-pass filter of 4kHz sets the final system
bandwidth. With this setup using a 1dB NF LNA, echoes as small as -139dBm
are detectable. This sort of sensitivity is in the EME bracket. Sun noise meas-
urements show that, when the Sun drifts through the antenna aperture, an
increase of up to 16dB is observed.
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n Chapter 6, we considered some of the possibilities, when choosing a
system tfo receive radio astronomy signals. In this chapter, we now con-
| sider the requirements for a particular application, the equipment nec-

essary to receive signals at the Hydrogen Line at 1420MHz.

The Search for Extra-Terrestrial Intelligence programme (SETI) normally
focuses on the Hydrogen Line as being the most likely frequency that a form of
intelligence would use to try to convey information to some distant galaxy.
Before we examine the equipment requirements in detail, it is perhaps useful to
see why the Hydrogen Line is the most likely frequency and some of the prac-
tical limitations.

THE HYDROGEN LINE

Hydrogen exists in copious quantities spread throughout space. Scientists today
believe that 80% of all matter in space is comprised of hydrogen. The exact
number of hydrogen atoms existing in deep space has been estimated as being
one atom of hydrogen for each cubic centimetre of space. In other words, it is
extremely thinly spread but, then again, there are an awful lot of cubic cen-
timetres contained in space. The first clue that an emission may occur at
1420MHz was made by a Dutch astronomer H C van de Hulst in 1944, but it
wasn't until 1951 that an emission was observed by Ewer and Purcell in the
USA. The equipment the Americans used was quite crude, a 1m diameter para-
bolic antenna and a crystal detector; even so the signal was easily resolved.

In stars, hydrogen atoms are converted into helium, at the rate of four atoms
of hydrogen to make one atom of helium. The word helium is derived from the
Greek word Helios, meaning 'from the Sun'. The evolution of a star occurs when

A Hydrogen Line Receiving System
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sufficient hydrogen has been attracted into a small volume by gravity from a
massive body, where the density and pressure are very high and the reaction can
start. As the hydrogen is converted an enormous amount of energy in the form
of heat and light is generated, our Sun is currently burning hydrogen at the rate
of about 4 million tons per second.

A component of the radio emission from the Milky Way comes from the spin
flip transition of the hydrogen atoms in the interstellar medium. This spectral
line arises from the fact that the electron and the proton in-the hydrogen atom
have a particular direction of spin. The energy of the configuration where the
spins are aligned is different from that when the spins are in opposite directions.
This difference in energy is emitted when the atom goes from one state to the
other and has a wavelength of 21cm, a frequency of 1420MHz. Since the emis-
sion comes from the hydrogen atoms in the plane of the galaxy, the velocity of
the line with respect to the solar neighborhood (or the local standard of rest) can
be used to study the structure of the galaxy and its rotation.

The fact that we can receive signals from the hydrogen atoms present 'chirp-
ing' at 1420MHz allows us to search the sky for changes in the level received.
Where the mass of hydrogen is greater, we expect to receive a stronger signal.
This will occur in some parts of space where no known star or other object
exists, but large hydrogen gas clouds are known to exist. In some areas of space,
the hydrogen atoms are excited by the intense radiation from a nearby star.

Of interest, stars as well as emitting signals across a broad band of spectrum,
as our Sun does, also emit signals at the hydrogen line frequency of 1420MHz.
In optical astronomy, many hydrogen-line-emitting stars in the optical spectrum
are not visible because of the dense clouds of dust between them and the observ-
er on the Earth. Because radio waves have a much longer wavelength than light,
they are able to penetrate the dust clouds and so signals can be received on Earth
from these distant objects.

Doppler Shift

If we listen on the hydrogen line frequency of approximately 1420.4MHz and
the signal is being radiated by a receding star, the frequency will be shifted in
frequency due to the Doppler Effect. If the star is moving away from us at a
great velocity, the signal is shifted lower in frequency. The average velocity of
a star moving away from us is about 50kms-1. By knowing the exact signal cen-
tre frequency, we can calculate the effective velocity of recession. The exact
centre frequency of the main hydrogen line is 1420.40575MHz without
Doppler. With an object receding at 50kms!, the signal will be shifted 237kHz
lower in frequency. Hence, the local oscillator in the down-converter will need
to be made adjustable to get the signal within the centre of the IF pass-band.

EQUIPMENT REQUIRED

If you follow the list of equipment shown in Chapter 6, the minimum equipment
consists of an antenna, an LNA and a down-converter with a tunable IF. At the
hydrogen line, we have a choice of antenna types to use. The best approach
would be a parabolic antenna (dish), as it then could work on several bands by
changing the feed mechanism. Another choice could be long Yagis or a large
corner reflector. Making a dish for 1420MHz of about 3m to 5m is not that dif-
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ficult, Although time-consuming, it would repay the effort spent as it could also
be used for EME on 23 or 13cm. The long Yagi design offering the best gain
would be an array of loop quads following the G3JVL design. These are easier
to make and offer a far lower wind resistance than even a small dish. Four
G3JVL loop quads will achieve about 26dBd of gain, which is equivalent to a
4m diameter dish. A single large corner reflector can achieve about 18 to 22dBd
of gain.

The LNA needs to be carefully considered. For the ultimate sensitivity, we
need a very low noise figure. At this portion of the spectrum, the sky noise tem-
perature will be below 15K for an antenna pointed at the zenith, so a noise fig-
ure of 0.2dB or lower is practical. With the advent of very low-noise PHEMT
devices, this becomes possible at a modest cost. The author is currently design-
ing a SETI system with a 0.2dB noise figure using two inexpensive Agilent
PHEMTs. Using the analysis software SysCalc, the sensitivity of the receiving
system was determined when an LNA of 0.2dB noise figure was used with a
receiver bandwidth of 2.5kHz (SSB filter). This receiver is designed as a Dicke
receiver, with a changeover relay between the antenna and the LNA with an
insertion loss of 0.1dB (see Chapter 3 for details). The system noise figure to a
first order is therefore approximately 0.3dB and the MDS is -139.7dBm. This,
with a modest antenna, will give reasonable results.

The down-converter can be a type as used on 23cm with retuning and a
change of crystal frequency for the local oscillator. At 23cm, the image rejec-
tion requirement normally dictates the use of an IF at 50MHz or 144MHz,
although there is an advantage in using a lower IF. Generally, it is a mistake to
make the IF less than 10% of the signal frequency, because of the image filter-
ing problems.

The choice of IF is determined by the potential interfering signals that may be
present at the image frequency. In the author's design, the first IF was chosen to

Fig 13.1: G3JVL
loop-quad antenna
x 4, for 23cm. (Note
the damage to the
loops due to large
perching birds!)
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be 140.4MHz and a first LO of 1280.000MHz was used. This placed the image
at 280.8MHz below the signal frequency, ie at about 1140MHz. A two-pole fil-
ter was made to eliminate the image response; this has an insertion loss of
approximately 1dB. (The same filter was duplicated and tuned to serve as the
band-pass filter following the final LO multiplier). Provided the gain of the
LNA is much greater than the insertion loss of the filter and the coaxial cable
between the antenna and the main receiver, the system noise figure will only be
degraded by a fraction of a decibel.

If a second down-converter follows the first, and the second IF arranged to be
somewhere in the HF spectrum, we could then use an HF receiver (with its
wider tuning range) to search for signals several megahertz from the centre fre-
quency. Depending on what receiving equipment you have will determine the
best approach. Many modern HF transceivers offer general-coverage receivers
with a wide choice of IF bandwidths. It would be advantageous to utilise a log-
arithmic amplifier to drive a meter or chart recorder to allow better detection.
The AGC needs to be disabled and the gain adjusted manually for optimum
results.

For best results, the final IF bandwidth needs to be narrow. Even 500Hz is not
too narrow and the use of such a very narrow [F bandwidth will improve the
system sensitivity considerably. The hydrogen line is more like a coherent sig-
nal than the normal broadband noise case, because the bandwidth is only a few
hertz. However, this places an extra strain on the local oscillator stability and
frequency-setting accuracy required to hold such a narrow-band signal within
the IF pass-band. Also, the Doppler shift needs to be taken into account.

LOW-NOISE AMPLIFIER DESIGN

The basis of a low-noise amplifier design using Agilent PHEMTs is now
described. The device chosen is the ATF-34143, which is an SMD device in the
SOT-343 package. This device is readily available and offers a noise figure of
approximately 0.14dB at 1.5GHz when correctly noise-matched to the antenna.
The ATF-34143 is a depletion-mode PHEMT and hence requires a negative gate
voltage with respect to the source to bias it correctly. Although a negative bias
generator could be used, a simpler method is to use active source-biasing with
a resistor to set the required gate voltage. (Using a switching converter to gen-
erate the gate voltage is often not the best option, as even a very small amount
of ripple voltage at the switching frequency will amplitude-modulate the gate
signal and cause noise sidebands to occur. If the switching ripple is as low as
0.01 of 1V, this will still be detectable as noise sidebands.)

The biggest problem designing with PHEMTs and GaAsFETs at low fre-
quencies is obtaining sufficient device stability. If the device is not stabilised
across a wide range of frequency, the device can oscillate and will give a very
poor noise figure. The second problem is attaining the required noise match to
the 50Q antenna. In normal low-noise amplifiers, the choice is often to resonate
the gate capacity with a high-Q inductor or section of transmission line to
achieve the mismatch required. For the traditional GaAsFETs used up until now,
this is often the best option, PHEMT: are slightly different and require a differ-
ent technique. The portion of spectrum from 70cm to 13cm is a transitional area
between traditional inductors and strip-line designs.
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When working in this grey area of spectrum, the use of a shunt inductor or
transmission line brings about problems.

In order to get close to the potential noise figure of which the device is capa-
ble, the inductor Q needs to be very high, so high that it is impossible to achieve
with normal air-wound inductors. For the earlier generation of GaAsFETs,
where the noise figure is 0.4dB at best, this is not so important, but when the
device can potentially attain almost 0.1dB noise figure, the inductor Q becomes
critical.

An alternative method is to ulitise a series-tuned input inductor; this does not
need such a high Q and can work satisfactorily at 1.4GHz. This is the method
used by the author, and computer simulation shows that it is possible to get very
close to the ultimate noise figure when an inductor Q of 200 is used. In a shunt
inductor circuit, we would require an inductor at least 10 times this Q (~2000)
to attain the same performance.

An air-wound inductor of ~8nH at 1.4GHz can attain a Q of between 150 to
250, depending on how the inductor is mounted. The inductor used here is a
very low value, but possible to make with care. This will be approximately 1.5
turns of 26SWG wire wound on a 2.5mm former with leads Imm long. This
allows mounting on standard inductor pads used for 1008-style inductors.

The schematic of the LNA is shown below.

The components are all SMD and the printed circuit board material is Rogers
R0-3203, 0.762mm thick with 10z copper (35um) double-sided. It is important
not to change the material type or thickness because the 50£2 microstrip lines
used for the input and output matching and the source inductors are designed
assuming this material. The performance is greatly dependent on the high-fre-
quency loss of the substrate material. RO-3203, although expensive compared
to G-10 or FR-4 board, is an excellent choice and very little is required for this
LNA design.
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Fig 13.2: Two stage
ATF-34143 LNA for
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Achieving stability

The Rollet stability factor (k) is a measure of how stable a device is. If the value
of k is greater than 1.00, the device is unconditionally stable, and will not oscil-
late no matter what the input and output terminations are. Most microwave tran-
sistors at frequencies below about 4GHz are potentially unstable even in a true
50€) resistive network. If the ATF-34143 is analysed with software such as
ARRL Radio Designer in a 2-port 50€2 network using the S-parameters supplied
by the manufacturer, the Rollet stability is much less than 1, in fact it is closer
to 0.4 and hence is potentially unstable at the frequency of operation. Not only
this, but examination of frequencies much lower than the 1.4GHz centre fre-
quency shows that the value of k drops to very low values below approximate-
ly 800MHz; in fact, at below 500MHz, the device is seen to be oscillating vio-
lently. This is because, at 500MHz and lower, the device is capable of 40dB of
gain. So it is important, when designing with these very high-gain devices, to
explore frequencies a long way from the operating frequency to see if the device
is potentially unstable. Failure to correctly stabilise the device will result in an
HNA (high noise amplifier).

In order to use the device successfully at its potential gain and noise figure
requires us to stabilise the device. This is achieved in two ways. The addition of
a small inductance, in series with the source ground leads, greatly increases the
stability and also the input match and noise figure. In the schematic are two
inductors per device (LS1 to LS4) these are nominally 2nH and are provided by
short lengths of printed circuit board track with high impedance. (The reason
two inductors are used in parallel is that the ATF-34143, like most microwave
transistors, has two source leads.)

The second method of achieving stability is to use a resistor to load the drain
of each device; this, however, can cause a large loss of gain. In the case of the
first device (TR1) we also need an inductor (L3) as a matching element between
the medium impedance of the drain of the first device and the high impedance
of the gate of the second device. From the drain to ground of TR1 a 390Q resis-
tor is connected with a low reactance DC blocking capacitor to prevent the resis-
tor upsetting the DC bias condition (R3 and C4). The second device also has a
resistor loading the drain (R7) except, in this case, it also provides the match
between the drain impedance and the 50€2 load and the DC biasing. (It would
have been possible to use an LC output matching network, but this only increas-
es the total gain by a fraction of a dB and the extra cost of the SMD inductor
was not considered worthwhile.)

Both of these stabilising techniques result in a small loss of gain, but not
enough to cause the noise figure to degrade severely. In the analysis software,
the gain for the two stages fell about 3dB from the ultimate but the Rollet fac-
tor increased from 0.4 to over 1.00. The overall cascaded gain for the two stages
is approximately 27dB at the lowest noise figure attained. The first stage is opti-
mised for lowest noise figure (approximately 0.18dB) and a gain of 12dB. The
second stage noise figure can be slightly higher without degrading the overall
noise figure (see Friiss's equation in Chapter 3) and here a gain of about 15dB
is attained with a noise figure of 0.22dB.

The DC biasing of each device is performed by the 100€2 series resistors (R6
and R7) to provide the required drain current of ~20mA at a drain-source volt-
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age of 3V, this being the optimum setting for lowest noise figure consistent with
acceptable gain. From the manufacturer's data, the gate-source voltage required
for a drain current of 20mA is approximately 0.66V. In order to supply a volt-
age of 0.66V when 20mA is flowing, the source resistor required is 33€2; this is
provided by two 68€2 resistors in parallel. The supply voltage is designed for 5V,
and hence the values of R6 and R7 are required to be 100Q. (If a different sup-
ply voltage is used that is higher than 5V, a 5V regulator should be used to
derive the correct voltage - an LM78L035 regulator would be appropriate.)

Note that the maximum safe drain-source voltage is only 5.5V and, therefore,
the 5V supply should be considered the maximum upper limit.

Components

For optimum performance at 1.4GHz, the components used need to have low
parasitic inductance and good Q. Also, because the cost needs to be considered
and the handling of small components can be difficult, larger-than-optimum
components have been selected. For the best high-frequency performance, we
could select the smallest SMD devices currently available, the 0402 series
(Imm x 0.5mm), but these are very difficult to work with for the average ama-
teur constructor. Hence, all the components are readily-available SMD types
with the exception of L2, which is wound with enameled- or silver-plated cop-
per wire. The value of this component is critical to achieve the noise figure. By
squeezing together or spreading apart the turns, the inductance can be varied
over about 20%. Adjustments need to be made in a quiet RF environment with
a good noise figure measuring system for optimum results. As the top cover
needs to removed to do this, a screened room or shielding box needs to be used.

The rest of the inductors are SMD type with good Q, either Coilcraft HQ
series or Pulse Engineering. These inductors are in the popular 1008 package
size (4mm x 2mm). The Q-values for these need to be greater than 30 at the
operating frequency. Note that L1 is essential to provide the DC return for the
biasing. The design was slightly compromised by the available inductor values
in the larger 1008 series, and these have been optimised to suit the manufactur-
er's standard stock items.

All resistors and capacitors are 0805 SMD (2mm x 1.2mm). The small-value
capacitors are NPO material (up to 470pF) and the larger decoupling types are
X7R. All the resistors are 2% 0805 metal film or carbon film; either type will
work well.

The LNA is designed for line-powering from the main receiver, so saving an
additional piece of two-core cable between the main receiver and the antenna.
L5 provides the DC path for this as well as presenting a high impedance to the
50 receiver downlead. The DC supply for the LNA is designed to be 5V; if this
is changed, the value of the drain current resistors will be incorrect. If line-pow-
ering is not required, omitting L5 will allow the DC supply to be fed in via an
optional feedthrough capacitor.

Printed board layout

The board layout shown identifies the SMD components, which are all on the
topside of the board. The bottom of the board is a continuous foil to serve as the
ground plane. Numerous 'via holes' connect the top and bottom foils and these
are 0.7mm in diameter and plated-through for low-inductance grounding. The
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Fig 13.3: Two-stage LNA component layout (top side), not to scale
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Fig 13.4: Two-stage LNA top tracks and pads, not to scale

Fig 13.5: Two-stage LNA. Top copper negative relief plot
290

use of wires to stitch the top
and bottom foils is unlikely to
be good enough due to the sta-
bility criteria. This is also the
reason why the 0.762mm board
thickness is required; thicker
board has too much inductance
in the plated-through via holes
and may cause instability and a
loss of gain to occur. (In the
computer simulation file, the
extra grounding inductance
caused by via holes has been
included to get an accurate
result).

The tracks and component
pads are shown in black. The
small circles are the 0.7mm via
holes and the two large pads are
mounting holes 2.7mm diame-
ter to accept M2.5 screws.

In order to generate the top
copper photo-master, the areas
around components and tracks
are relieved by a second layer.
This provides the clearance
between the component pads
and tracks and the remaining
top copper ground plane.

The top copper is removed
where the black arcas are
shown; the white areas are solid
top copper. To make a complete
top copper photo-master, the
top copper relief plot is pho-
tographed and a negative made.
This will turn the white copper
areas into black and the black
areas into white. This is then
combined with the top copper
tracks and pads and a positive
photo-master plot made.

The board measures 49.5mm
x 25.4mm (1.95in x 1.00in). To
reduce to correct scale, ensure
the X and Y dimensions are
correct. If sufficient interest is
shown, the writer may be able
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to supply unpopu-
lated boards or
fully-assembled
and tested boards.

49,5mm

AN
N

Enclosure B o B 8 B B ® 8 8 ®|
Because of Fhe = B oo B T =
extremely  high B & & =
sensitivity, it is - B
imperative that the 5
LNA be mounted & EEE & =
in a very well- & 8 gz
screened el}closure 3 o3 B By & =] -

to prevent interfer- W

8, 7mm 2,7mm

o o

A1l holes through plated

ing signals causing
spurious respons-
es. The best option

MATL: Rogers RO—~3283
Thickness: @,762mm
Goppar: 35um finished

is a milled-out RF
box with a tight-
fitting lid. The board is designed to interface to SMA connectors with extended
centre pins as coax-to-board interfaces. The bottom of the board is free from
components and two fixing screws serve to clamp the board on to a flat surface
made by milling a recess in a thick piece of aluminium plate.

The writer designed a box using 15mm thick aluminium plate 62mm x 41mm
and milled a recess measuring 52mm x 31mm and 8.5mm deep in the top face.
(The internal radius in the corners is 3mm; a 6mm-slot drill is the best tool for
this machining operation.) The top cover is a piece of 3mm aluminium plate
with 6 x M2.5 cheese-head screws tapped into the body to fix the lid in place.
The basic dimensions of the enclosure are shown below. The depth of the recess
is chosen to place the launching 50Q strip-lines approximately 0.5mm below
the SMA centre pin allowing easy soldering when the SMA connectors are
mounted on the box.

Machine ta 8,5rmm depth

18,5mm .
e M2,5 x 2 places through
&2rnm v /s /
57
@, // o1 1,
/ 3
) 3

31mm
L]
Kk
wel

| @

52mm

3rhm radius

L1 Bl k7 LOW NOISE AMPLIFIER ENCLOSURE

MATL: 15Smm Ali

Fig 13.6: Two-stage
LNA. Drilling draw-
ing

Fig 13.7: Two-stage
LNA. Plan view of
milled cavity
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Fig 13.8: Two-stage LNA.
QOutput end details

Tap M5
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1@mm
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/ Tap M2,5 see SMA connector details
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7,5mm

The diameter of the hole for the centre pin of the SMA connectors is critical;
here a hole of 4.1mm has been specified which matches the diameter of the
Teflon insulation on the SMA centre pin. This is to preserve the coaxiality of the
50€Q line impedance where it passes through the 5Smm thick wall of the enclo-
sure. The Teflon insulator should be a slight push fit in the hole. If the hole is
too large, there will be a step VSWR generated that can increase the noise fig-
ure. If it is only the output connector, this is not so serious and only a very slight
loss in gain may be noticed; the input connector is the critical one. Wrapping a
thin piece of copper foil around the Teflon to make the connector fit tightly will
reduce the effect of the VSWR step.

The output end of the enclosure has an SMA connector and a feedthrough
capacitor should line-powering not be used. The feedthrough capacitor type is
not critical, as long as the suppression of signals is adequate. A 1nF type with
50V or more rating should suffice, and a common type uses an MS5-tapped hole
for mounting.

The SMA connectors are flange-mounting and require two or four fixing
holes. The four-hole version has been shown in the drawing. They may be either
male or female, although females are normally used for this application. The
type used is important to ensure a low VSWR transition between the coaxial
cable and the board.

The picture below shows the preferred type, which has an extended centre pin
and Teflon insulation. The centre pin and insulator are trimmed back so that the
pin lies on the input and output 50 lines for about 3mm and the insulation is
just touching the edge of the board.

With the milled recess shown, this will leave approximately 1.5mm between
the ends of the board and the inner walls. Two solder tags on each connector are
clamped by two of
the fixing screws and
bent to solder to the
top copper either
side of the 50€2 lines
at each end. This
ensures a low induc-
tive grounding of the
board to the enclo-
sure.

Fig 13.9: Extended
centre pin SMA
connectors for
stripline interface
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(Top left) Fig 13.10:
Four-hole SMA con-
nector details

(Top right) Fig 13.11:
Two-hole SMA con-
nector details
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Assembly

You will require a soldering iron with a small tip, preferably a 25 or 30W tem-
perature-controlled type. Ensure the soldering iron is connected to the mains
earth and the tip is grounded. It is also helps to use a liquid flux (not plumb-
ing flux which is corrosive!) to coat each pad before placing the component.
Other items you will need are a pair of tweezers to hold the component while
you solder it to the board and some fine solder, preferably not more than Imm
diameter.

Commence by fitting all the components but not the PHEMTs at this stage.
Begin by picking up a component with the tweezers and placing it on the pads.
Ensure the component is correctly orientated so it is square to the pads before
tacking one end in place. When one end is tacked, solder the other end and
then go back and solder the tacked end properly. Do not dwell too long on one
end as the heat may cause the opposite end to unsolder. It should not take more
than 1s to solder either end if the iron tip is at the correct temperature. The
molten solder will try to align the component due to surface tension in the
molten solder.
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The ATF-34143 is very sensitive to static electricity and due care needs to be
observed when the device is soldered into circuit. The soldering iron tip must be
grounded and the tweezers used to pick up the device should be discharged by
touching them to the ground before touching the device. A static wrist strap,
which is bonded to earth, is also a good idea. A good idea is to spread a piece of
aluminium cooking foil about 300mm square on the workbench and use a draw-
ing pin with a piece of wire to ground the foil to the mains earth. Touch the iron
tip onto this before soldering each lead of the PHEMTs into place.

When all the other components are soldered into circuit, finally fit the two
PHEMTs. Carefully note the orientation of the device, the larger pad is one of
the source terminals. When all the components are in place, the board will prob-
ably look a mess with the flux, and trying to inspect the solder joints visually is
difficult. So it is best to clean the excess flux from the board. The writer uses a
mixture of benzene and cellulose thinners mixed 50-50.

This, with a 0.5in paintbrush (12mm) with the bristles trimmed to about 6 to
8mm is an excellent way to clean the board. Immerse the board in a glass jar
with the cleaning liquid for a few minutes and then fish it out and gently scrub
all the components with the brush. If any joints look poor retouch them with the
soldering iron before cleaning again. After the cleaning liquid has removed the
flux, rinse the board in some warm water and dry, either in the sun or use a hair
drier to blow warm air on the board.

Finally, install the board in the enclosure and fit the two SMA connectors and
the feedthrough capacitor if required. Clean off any excess flux with the brush
and cleaning liquid, and rinse under the warm tap and dry well.

Alignment

Before the LNA can be aligned for lowest noise figure, it is important to check
that the biasing is correct. The source resistor for each device is made from two
paralleled resistors of 682, The calculated source resistor is 33Q for the correct
drain-source voltage and current. Hence, by fitting two resistors in parallel, we
can remove one resistor and substitute a different value (without endangering
the very static-sensitive device) should it be necessary.

Begin by connecting a good 50€2 termination to each SMA connector so the
LNA is correctly terminated. Apply 5V DC, either via the receiver down-lead
with a suitable bias-T, or via the feedthrough capacitor. The power supply used
should be set to current-limit at approximately 50mA initially.

Switch on the power supply and measure the voltage across the source resis-
tors, it should be approximately 0.7V with respect to ground. If this checks out,
increase the power supply current-limiting to about 100mA and recheck that the
results are still within tolerance. Now measure the voltages on the drains with
respect to ground; they should be 3.7V. If the results obtained are very close to
the optimum, the biasing is correct. In common with most transistors, there will
usually be some variation; as long as the results are within 25%, this is accept-
able.

For noise figure alignment, a good noise figure measuring system will be
required. Even the best systems available on the market still have an uncertain-
ty of about +0.1dB when measuring these very low-noise figures. Because the
adjustment of L2 needs to be made, the top cover needs to-be removed.
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Therefore it is important to contain the LNA within another screened box with
a lid that can be removed to gain access to the device under test. The author uses
a discarded biscuit tin with a tight fitting lid. Several RF connectors and
feedthrough capacitors are fitted to the tin box so that different LNAs or other
pieces of equipment under test can accommodated. The RF connectors are the
types that have a connector on each end, known as 'bulkhead' connectors as they
allow a coaxial cable and plug to be connected at either end. Using back-to-back
adapters, the LNA is connected to the bulkhead adapter.

Predicted results

The computer simulation predicts an overall noise figure of 0.2dB at 1.42GHz
with an associated gain of 26.2dB and a Rollet stability factor of 2.02. A little
more gain could be squeezed, but the noise figure would not significantly
improve because the limiting factor is the Q of the input inductor, which was
assumed to be 200 in the simulation.

Operating on other frequencies

The design is inherently broad-band, and the results to be expected at 1296MHz
are very close to the 1.42GHz results. By a slight readjustment of the input
inductor, the LNA can be brought on frequency. Without optimisation (ie tuned
for 1.42GHz) the noise figure is predicted to be 0.23dB with an associated gain
of 27.7dB when used at 23cm.

SINGLE STAGE DESIGN

The ATF-34143 is a very good device for a single-stage design where a slight-
ly better noise figure is possible, but with less associated gain. Because the
LNA will be remotely mounted at the antenna, the resulting cable loss between
the LNA and the main receiver can impact on the system noise figure and this
is why the two-stage design is pre-

Fig 13.14: Predicted
results for a single-
stage LNA

NF
dB
AMP

Hs22
dB
AanP

1 -9.95
8 -10.13
9 -18.33
8 -10.56
7 -18.82
6 ~11.11
5 -11.42
5 =11.77
4 —12.1%
3 ~12.57
2 -13.83
1
1]
i}
Q
9
8
8
8
7
7

.

-13.54
-14.89
~14.78
-15.38
-16.12
-16.94
=17.84
~18.84
-19.93
-21.09

T T T .
R e - - N CIr U O S C I L]

[-R-N-N-R-R-N-N-N-N-N-N-N--R NN -R -]
.

~23.27
-23.89
-23.87
~-23.20

ferred. Freq HMS11  hs21 K HF
: s g . GHz dB dB kelvin
To give some indication of the capa- AP ANP  ANP aHp
bility of the ATF-34143, here are the
: ) 1.980 —15.658 16.265 1.06 21.77
predicted results for a single-stage 1.020 -16.689 16.130 1.87 21.86
: T 1.040 -17.864 15.997 1.07 20.34
LNA using the same circuit @ethod. 1000 i erey i S
Here the Rollet stability factor is not as 1.080 -20.861 15.738 1.88  18.92
: . : 1.100 -22.878 15.611 1.88  18.22
good but the ultimate noise .ﬂgurc is 1,128 -25.500 15.485 1.98 17.5%
only 0.03dB short of the device capa- 1.140 -29.244 15.360 1.09  16.87
o 1.168 -35.189 15.236 1.89 16.23
bility. 1.188 -37.781 15.111  1.09 15.62
hoosing a two-stage design, we 1.200 -30.982 14.987 1.09 15.04
BlRolnosIog ; 8 g 1.228 -26.555 14.862 1.18 15.49
have ended up with a greater stability 1.280 -23.547 15.737 1.18 13.98
i . 1.260 -21.287 15.610 1.18  13.52
factor because we are qu.lsmg the low Bl Y
Q of the SMD inductors in the second 1.300 -17.978 14.353 1.18 12.73
. . o : 1.320 -16.692 14.222 1.18  12.41
stage to improve the resistive loading. 1908 L iksa A e A AT 4B
If these inductors were air-wound the k 1.368 -14.572 13.95% 1.11  11.93
b =y 1.380 -13.677 13.817 1.11  11.78
factor would be correspondingly 1.588 —12.866 13.676 111 11.69
Toeeas 13.533 1.1
: : : 1.440 -11.455 13.387 1.11  11.70
One thing to note is how little the 1.460 -10.845 13.237 1.11  11.88
S z 1.480 -16.231 13.08% 1.11 11.97
noise figure changes for‘large excur L8 Ba8T 1N A da.u
sions from the design frequency; at

295



AMATEUR RADIO ASTRONOMY

Fig 13.15: Single-
stage LNA using
the ATF-34143
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0/P & DC Power

L1, L3, L4 & L5 SMD 1808 inductors

L2 gir—wound inductor Q=26

= = Ls1 & Ls2 = pceb tracks 2mm long
Al resistors & copacitors 8865 SMD

23cm, the noise figure has only increased by 0.02dB to 0.19dB, and at 1GHz the
noise figure increases only to 0.31dB.

This is a marked difference from the normal shunt inductor approach,
which has a very narrow bandwidth. Also, the input match is much better
than the shunt inductor method, where a severe mismatch to 50Q is general-
ly the case.

The circuit of the single-stage design is shown here. Again, the choice of low-
loss board material necessitates the more expensive RO-3203 material. This
LNA can be fitted on a board of 25mm x 25mm using surface mount compo-
nents,

The output matching in the single-stage design requires an inductor and
capacitor to match between the medium impedance of the drain to the 50Q load.
This is performed by the components L4 and C5. The inductor used for L4 is a
very low inductance SMD type made by Coilcraft or Pulse Engineering in the
1008 package style. The manufacturer's data gives a typical Q-value of 30 at

T
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Fig 13.16: Predicted noise figure and gain of the single-stage LNA
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ADDITIONAL RECEIVER CIRCUITS

The author designed a SETI receiving system for manufacture and distribution
to schools and colleges. This system uses commonly-available SMD compo-
nents and other semiconductor devices to keep the cost low.

The receiver was designed as modules for easy assembly and testing. The
modules are:

® LNA module

First mixer module

First IF module

Second mixer module
Second TF and demodulator
Local oscillator module

The first IF is at 140.4MHz and the second IF is at 21.4MHz. The final down-
conversion is performed in an NE615 IC, which accepts the 21.4MHz signal and
mixes it down to 455kHz. The circuit used is basically the Philips application
circuit with one important difference.

SECOND IF & DEMODULATOR MODULE Fig 13.17: Philips

s ;A N . o o application circuit
In the Philips application circuit, the third IF filtering is performed by 455kHZ for the NE615 IF

ceramic filters to give an IF bandwidth of approximately 15kHz. This is too amplifier
wide for the system sensitiv-
ity we require. Hence, the
third IF filtering was supple- %,m
mented with an additional sl “&
filter to give a 1kHz band- Bol fsl [el [ D
width. This sort of band-
width is not readily available
from off-the-shelf ceramic
filters and so a LC filter ) HIXER
using pot-cores was QESLLATCK
designed.
The diagram of the basic —

Philips application circuit is
shown below where two AL O LN G

ceramic 455kHz filters are _[";"{m
used. T4k
Js..

€18 Cir

"0

The additional TF filter

replaces the second ceramic siolilasi)il & T ;

filter (FLT2) and it is :L 1: ;I, l T ;]m
designed for the 1.5k imped- 1 %

ance used by the NE615. o dice

This filter uses high-Q induc-

tors wound on gapped RM-4 WUTE vo RESI ALDID UNMUTED =
. . . ouTPUT AUDIO

cores. The core material 1s -

M33 and the AL value is

63nH/t, hence the inductor

|
J

NESAGTSH
Application Component List
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Fig 13.18: 455 kHz
band-pass filter

Fig

13.19:

mixer module

First

consists of 26.5 turns wound on the
plastic bobbin. The cores are made by
Siemens with the adjusting screw to
set the exact inductance. The meas-
ured Q of these inductors is over 400.

The second IF can be either
21.4MHz or 10.7MHz by changing
the third LO crystal. (For 21.4MHz,
- - the crystal is 20.945MHz and, for

8p2

—1H

47p

2n7 =

10.7MHz IF, the crystal is
10.245MMHz.) The only output used from the NE615 is the RSS! signal at pin 7
that will drive a meter to indicate the strength of the received signal. This RSSI
signal requires filtering and buffering with a voltage-follower constructed
around a normal op-amp audio filter with a very low cut-off frequency, perhaps
as low as 50Hz.

FIRST MIXER MODULE

The first mixer module consists of the second RF amplifier stage, which is pre-
ceded by a band-pass filter centred on 1420MHz between the downlead coax
from the antenna-mounted LNA. This filter sets the image rejection perform-
ance and needs to be low-loss and matched to the system impedance of 50€2.
The first stage is another ATF-34143, based on the single-stage LNA design, and
it exhibits a noise figure of approximately 0.4dB with 12dB of gain. Because the
noise figure is not so important at this point in the receiver, the substrate used is
normal G-10/FR-4 with a thickness of 0.76mm. The series input inductor used
is a 1008 SMD with a Q of about 60, which is acceptable, as the noise figure is
relatively unimportant.

The first LO is injected into the collector of the second-stage device, the
AT41486 bipolar transistor, and the first IF matching network on the collector
features a low-pass filter to prevent the high-level LO signal from being trans-
ferred to the rest of the receiver. All the inductors used are 1008 SMD types by
either Coilcraft or Pulse Engineering, with the exception of the source inductors
for the ATF-34143 (which are printed striplines approximately 2mm long), and
resistors and capacitors are all 0805 SMD types. The first LO at 1280MHz is
provided by the Local Oscillator module.

RF I/p
1428.4 biHz
Zo = 52

Zo =58

S6nH SBnH  ZERH
et IF o/p
38p| &Ep| a2p 140.4 MHz
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The first IF module uses Dual Gate MOSFETs as amplifiers and mixers; the Fig 13.20: First IF
popular BF989 was selected for this application. The second LO at 119MHz is and second mixer

provided by the Local Oscillator module.

The variable inductors L1 to L4 are made by Toko and are 10mm square by
15mm tall and have a nominal value of 100nH with Qs of approximately 120 at
100MHz. The RF amplifier and filter uses a modified Cohn filter for the first
section with bottom coupling, and the second filter is a conventional top-cou-
pled pair. The bandwidth of these combined is approximately 2MHz. The mixer
uses the 119MHz from the Local Oscillator module injected onto gate 2. The
resulting second IF at 21.4MHz is selected by the tuned circuit in the drain of
the mixer MOSFET and uses a Toko 7mm square coil with a nominal induc-
tance of 1.5pH and a Q of 100 at 21.4MHz. The second IF signal is routed via
500 coax cable to the final module, the second IF and demodulator module
already described.

LOCAL OSCILLATOR MODULE

The Local oscillator module provides the first and second LO signals to the
modules. The choice of starting frequency is quite important, as we also need to
avoid in-band 'sprogs’ at the image of 1420MHz (~1140MHz), the first IF at
140MHz, and its image frequency of 97.6MHz, and at 21.4MHz. Hence, the fil-
tering in the early multiplier stages is critical.

The choice was made to utilise two crystals of about S0MHz as the starting
frequency. LO1 needs to arrive at 1280MHz with as clean a signal as possible.
As we need to multiply by 24 times to arrive at 1280MHz, this means that we
have a limited choice of the intermediate frequencies to be used. As the inten-
tion was to utilise commonly-available inductors and off-the-shelf helical
band-pass filters, this somewhat limits the frequencies that can be used. It also
means that the first multiplier from the 53.3333MHz crystal needs to be care-
fully done.

The first multiplier doubles the crystal oscillator to 106.666MHz and this will
have spurious products of 106.666MHz, but also 53.333MHz, 160MHz and
213.33MHz. Hence, the filter needs to be able to reject all of these so that any

module
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spurious signals either side of the wanted frequency of 106.666MHz are more
than 80dB down. If this is not achieved, spurious responses will occur during
reception.

The second multiplier accepts the 106.666MHz signal and multiplies it up by
four to 426.666MHz, where again it requires quite severe filtering to remove
any products of 106.666MHz either side of the wanted signal. The most dam-
aging signals are three times and five times 106.666MHz, and these will occur
at 320MHz and 533.33MHz. This was achieved with a Toko or Temwell 7mm
two pole helical band-pass filter with approximately 70dB of rejection to the
spurious frequencies.

The final multiplier multiplies the 426.666MHz signal to the final LO at
1280.00MHz and is filtered by a two-pole filter similar to the RF amplifier
band-pass filter. This signal is then applied to a MMIC amplifier with approxi-
mately 8dB of gain to give the required output level of +3dBm for the first
mixer module. A helical band-pass filter could be utilised here, and Temwell
lists a suitable 1270MHz two pole filter with acceptable insertion loss and selec-
tivity.

It would have been possible to use a 106.666MHz crystal and so avoid the
first multiplier stage, but the use of a 106.666MHz crystal requires a fifth over-
tone crystal with its limited 'pull-ability' to set the Doppler shifted LO require-
ments.

The second LO uses a 59.5MHz crystal and a doubler to arrive at 119MHz for
the second mixer module. The filtering here is not as critical and a spurious level
of -60dB would be acceptable.

Oscillator basics

The vast majority of amateur crystal oscillators are very far from perfect. This
is due to a lack of understanding of the basics. Generally, the crystal can only
be pulled lower in frequency than its nominal if a capacitor is added in parallel
with the crystal. In a fundamental crystal oscillator, the crystal is operated as a
very high impedance in its 'parallel resonant' mode. There is, however, a second
resonant mode called 'series resonance' that is available to the crystal manufac-
turer. In this mode, the crystal acts like a very low impedance when connected
as a series element in the oscillator. All crystals exhibit the two modes of oscil-
lation and if we did not do anything to prevent the wrong mode operating, the
crystal will be very skittish and may jump from one mode to the other.

In practice, the two modes are only separated by a very small frequency, typ-
ically about 1kHz. To prevent the third overtone crystal from acting as a funda-
mental oscillator at 1/3 of the marked frequency, it is important to shunt the
crystal with a low value resistor. Typically, the value of this damping resistor
needs to about 10 times the ESR of the crystal when operated in series mode.
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Fig 13.21: Basis of
a series-mode
Colpitts oscillator

Values of ESR for 50MHz to 100MHz crystals range between about 30Q to
100€2, hence a resistor of 680€2 is generally correct.

When operated in series mode, the addition of a capacitance in series with the
crystal will raise its frequency by a very small amount (typically 0.001%) and
the addition of an inductor in series will lower frequency by a similar amount.
By using both of these additional components connected in series, the crystal
can be pulled both lower and higher in frequency by a small amount before the
oscillator experiences unwanted spurious modes.

The connection of the inductor and capacitor should result in a series resonant
circuit at the crystal frequency with zero ESR. When setting up an oscillator of
this type, the crystal is first removed and a resistor with the maximum ESR
expected to be encountered is used. By adjusting the inductor or capacitor, the
oscillator should be able to be brought to the correct frequency.

The basis of a series overtone oscillator is shown below. The inductor L1 and
capacitor C1 are chosen so that the network resonates at the crystal frequency
of XL. A potential divider made from the 22p and 47p capacitors between the
base and emitter provides the feedback. Two high-value resistors of 47k pro-
vide the base bias. The collector must be securely grounded to RF, as this is a
Colpitts oscillator. The output from the oscillator is connected to an emitter-fol-
lower stage to buffer the oscillator from any loading due to the multiplier stage
that follows. The two transistors are fed from a stabilised 8V rail for maximum
stability.

LOW NOISE OSCILLATOR SUPPLY

The stabilised supply feeding the oscillator and buffer stage needs special atten-
tion. This needs to be as stable and as low-noise as possible; do not even con-
sider using Zener diodes for this application they are simply too poor. Zener
diodes generate an incredible amount of wide-band noise which, if allowed to
enter the oscillator, will cause very poor phase noise performance, because the
noise riding on the DC supply amplitude modulates the carrier. Although the
carrier is only amplitude-modulated when the signal then passes through a non-
linear multiplier stage, the process of AM to PM conversion occurs, which caus-
es the phase noise performance to degrade.

The best choice for a stable supply is a three-terminal regulator with adequate
decoupling. Some modern three-terminal regulators offer noise performance
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Fig 13.22: Additional
noise filtering for the
oscillator supply line
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figures as little as 1uV over a broad bandwidth. In some cases, an additional
noise filter is required to clean up the DC supply rail. The use of an emitter fol-
lower with a large value capacitor connected in shunt with the base to ground
can reduce the noise voltage by 100 times or more.

With a 2N2222 transistor, which has a current gain of about 400 at small cur-
rents, the effective capacitance appearing across the emitter to ground is the
product of the current gain multiplied by the capacitor value. In the following
diagram, the effective shunt output capacitance is nearly 19,000pF. Of course,
we lose approximately 0.6V across the pass transistor but this is not of too much
concern as the pass transistor is only powering the crystal oscillator and first
buffer amplifier, and the total current will only be about 20mA or so. (If you are
concerned about this, simply add a silicon diode in series with the common lead
of the LM78L08 regulator to raise the output by 0.6V or so.) The remaining
stages are fed directly from the output of another 8V regulator, perhaps the 1A
version such as the LM7808.

MULTIPLIER STAGES

The requirement to multiply from the crystal oscillator frequency to some high-
er frequency requires a stage known as a multiplier. A multiplier is an amplifier
that is driven by a lower frequency and biased so that is a very non-linear. This
then generates harmonics of the input frequency and the required harmonic is
selected by a tuned circuit and then further filtered to remove the fundamental
and other harmonic products.

The generation of harmonics can only occur at integer values, for example 2,
3, 4 etc and it is normally unwise to attempt too large a multiplication in one
stage. Hence, we often limit the multiplication to about four although three is
more common. In order to enhance the generation of the required harmonic, the
conduction angle of the amplifier is deliberately limited; for high-order multi-
plication, the conduction angle will be low, and for lower-order harmonics, the
conduction angle will be somewhat higher. In order to control the conduction
angle, two things need to be done. The first is that there needs to be sufficient
input drive power to force the active device into a non-linear region of its trans-
fer characteristic, and the second is the device biasing needs to be such that the
current flows in narrow pulses.

Generally, the optimum device for a multiplier is a BJT npn RF transistor
biased towards Class-C and with an appropriately-decoupled emitter resistor.
For high-order multiplication, the emitter resistor needs to be larger than that for
lower-order multiplication. The output power of a high-order multiplier will be
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much less than that for a lower-order multiplier, hence the filtering that follows
to select the required harmonic needs to be of a low insertion loss. It must not
be forgotten that the fundamental signal at the collector will in most cases by a
lot greater than the wanted harmonic. Not only this, but if the multiplier is a
tripler, the doubler product will also be a greater signal power, somewhere
between the fundamental and the wanted third harmonic in level. Hence, the
band-pass filter needs to have exceptionally steep slopes to gain sufficient rejec-
tion of this and any other unwanted multiplier products,

Assume the fundamental power at the collector is 10dB greater than the want-
ed harmonic and that we require an output signal with no unwanted products
greater than 60dB below the carrier. Therefore, the rejection to the fundamental
signal needs to be at least 70dB. In the case of the tripler, the second harmonic
power level will be approximately 6dB above the wanted third harmonic (four
times bigger), and so the steepness of the filter slope out of the pass-band needs
to be adequate to reject this. These values are for the signal power existing at
the collector without any filtering components.

Often the bandwidth limitation of the filter we need to reject other harmonic
products, means that the insertion loss is greater than desired and the available
power to drive the next multiplier is then too small to guarantee adequate per-
formance. In a case such as this, we need to employ an amplifier stage after the
multiplier with sufficient gain to raise the signal level to that required for the
next multiplier. This amplifier can also utilise band-pass filtering to improve the
harmonic filtering. Generally, the closest multiplier stages to the oscillator need
the tightest band-pass filters to reject the unwanted signals adequately.

As the frequency gets higher, the amount of drive power required for the next
multiplier stage also goes up, because the gain of a semiconductor typically rolls
off at 6dB/octave. If insufficient drive power is available, the higher frequency
multipliers will become inefficient and the output power will be less than it
could be, or may even stop working completely. Also the insertion loss of high-
er-frequency filters tends to go up due to the limited Q of the inductors at the
UHF and microwave end of the spectrum. It is always possible to reduce the
drive power should it be necessary. but not so easy to increase it.

When using BIT NPN transistors as multipliers, the choice of collector voltage
is quite critical. From experience gained designing a great number of multiplier
chains, the best supply voltage is about 8V; for lower supply voltages, the harmonic
output power and efficiency fall. The same effect occurs for supply voltages much
higher than 8V; at above about 10V, a similar loss of efficiency occurs. The 'sweet-
spot' for most small-signal NPN RF transistors lies between 7V and 9V.

When designing a multiplier chain, the optimum drive level is often found
empirically using a signal generator to vary the drive level into each stage.
When the best multiplier efficiency has been achieved, the output power can be
measured. Once this has been ascertained, the number of amplifier stages
required becomes clearer and where they need to be placed in the line-up. As a
rough guide, the input power level needs to be at least 3dB more than the max-
imum level that would be used when the device is operated as a linear stage. In
other words, we need to drive the device well past the normal 1dB compression
point to ensure non-linear operation. For an early multiplier stage, this may
require as much as +10dBm from a 50€) source when a device such as the
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Fig 13.23: Idler cir-
cuit fitted at collec-
for to enhance the
harmonic genera-
tion
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BFR92 or similar is used. (Generally, we are not using 50€ as the impedance
between stages and so the actual voltage swing on the base of the multiplier and
the source impedance of the stage driving it is a more accurate way to determine
the parameters.) However, too much drive will also cause the multiplier effi-
ciency to fall with a result that too little harmonic power being generated. This
can sometimes be corrected by varying the value of the emitter resistor of the
multiplier or starving the driving stage of collector current to reduce its output
power experimentally. It goes without saying that the power from the oscillator
stage needs to be reasonably constant; if this varies over too wide a range, the
whole multiplier chain can stop working correctly and the harmonic filtering
may be less than optimum.

The optimum impedance at the collector of the amplifier can be found from
the normal formula for amplifiers.

- (Vne = V‘e sa;)1

R, =-—fe_eeat’
& 2XP,

where: Ry is the load impedance (€2),
V. is the collector supply (V),
Vee.sar 18 the saturated voltage across the collector-emitter junction, and
P, is the output power (W).

The typical saturated collector-emitter voltage for a small signal npn RF tran-
sistor is approximately 1V.

Hence, if we desired an output power of 10mW and the supply voltage is 8V,
the collector impedance required for maximum power transfer is approximate-
ly 2450€2. The collector tuned-circuit needs to present the correct impedance to
match to the transistor correctly.

Another factor that is often overlooked is the choice of transistor. For efficient
multiplication, the f; of the transistor needs to be much greater than the output
frequency desired. For operation up about 2GHz, types such as the BFW92 or
SMD version BFR92, with an f; of 6GHz are a good choice. To enhance the har-
monic generation, we can use extra tuned circuits at the base or collector as
idlers to increase the circulating current in the base-emitter or collector-emitter
junctions. Often as much as 50% extra output power can be realised for the same
drive level when suitable idler circuits are used.

In this circuit, an addi-
tional series-tuned idler
circuit has been added to
'suck-out' the fundamen-
tal signal. This causes a
high circulating current to
flow in the collector-emit-
ter junction and assists not
only the harmonic genera-
tion but also reduces the
level of fundamental sig-
nal prior to the normal
band-pass filter.
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This technique can be expanded, and a variety of high-efficiency multipliers
known as parametric multipliers are often used at microwave to generate large
multiplier ratios. In a parametric multiplier, the active device is operated as a
high-gain amplifier with a small amount of positive feedback. The feedback is
not enough to cause it to oscillate, but when the drive signal is applied, the
device becomes super-regenerative and delivers a high output power. The prin-
ciple is in essence that of 'frequency locking'. The spectral purity is much better
than a conventional multiplier, as the only significant products present at the
output are harmonics of the output frequency plus a very small amount of fed-
through fundamental signal. Hence, the filtering required is not very critical.
One design the author was involved with generated a +10dBm power output at
1GHz when driven by a 100MHz oscillator - a multiplication value of 10 times.

Normal designs would utilise conventional multipliers employing two stages.
One stage would need be a x2 and the second a x5 to get the required total mul-
tiplication of x10. The first stage would be the x2, so the output signal was at
200MHz. The second multiplier would be the x5, and the spurious products at
800MHz and 1200MHz would be the most difficult to eliminate. In total, at least
four active stages would be required. Another possibility would be a varactor
diode or step-recovery diode (SRD) to generate this sort of multiplication. The
efficiency of a varactor or SRD multiplier is very low, perhaps at best 10% so,
to obtain +10dBm output would require an input drive power of about 100mW.
A varactor or SRD multiplier will generate copious harmonics of the funda-
mental as well as the required multiplier harmonic. This would necessitate more
filtering to clean up the signal. Generally, harmonics of the final frequency are
not of much concern, because the receive mixer will regenerate these when driv-
en. Therefore, there is no need to reduce these; in fact in many cases, the high-
er the harmonic level of the LO the better the mixer seems to work.

CHOICE OF CRYSTAL TYPE

Another factor that needs to be considered is the frequency stability of the final
output signal. This cannot be any better than the crystal oscillator stability. It is
convenient to use the measurement of 'parts per million' (ppm) when dealing
with frequency stability. If the oscillator has a stability of 1ppm per °C of ambi-
ent temperature change and the multiplication is 100 times, then the final fre-
quency stability is still 1ppm per °C.

However, if the oscillator ran at 10MHz and the output was at 100MHz, the
frequency drift with temperature would be 10Hz per °C. Typical low-cost crys-
tals used by amateurs have temperature stability factors of between 50ppm and
200ppm. Hence, for a 200ppm crystal, the expected frequency drift over an
ambient temperature range of 30°C (ie from +25°C to +55°C) could be as much
as 200 x 30 = 6,000ppm. Generally, for normal AT-cut crystals, the frequency
will drift lower in frequency for increasing ambient temperatures and higher in
frequency for ambient temperatures below +25°C.

At very low ambient temperatures, another problem manifests itself. If any
moisture is contained within the evacuated crystal envelope, this will form ice-
crystals on the quartz wafer below 0°C and may cause the oscillator to stop
working. Where very low ambient temperatures are expected, it is necessary to
specify a nitrogen purged envelope when ordering the crystal.
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Fig 13.24: Typical
warm-up character-
istics of an oven
oscillator

Fig 13.25: Temp-
erature variation
for various crystal
cuts with +25°C
inversion tempera-
ture
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If the crystal is a 200ppm type and operating at 100MHz, the frequency will drift
100 x 200 x 30 = 600kHz. Hence, as the frequency of the crystal increases, it is
necessary to specify a lower ppm figure.

If we desired our 100MHz oscillator to remain within 10kHz of nominal over
this temperature range, we would need to specify a temperature stability tolerance
of (10,000 / 100,000,000)/30 = 33.3ppm per °C. This is readily obtainable from a
relatively low-cost crystal. However, if we required a much tighter temperature tol-
erance specification, say, a maximum of 1kHz at 100MHz, we need a ppm speci-
fication of 3.33 which 1s very difficult to achieve.

It also ends up being a very expensive crystal. However, if the crystal tempera-
ture can be held within close limits, the frequency drift is much less. Consequently
the usage of crystal ovens is the least expensive way to tackle this problem.

The crystal, when manufactured, is cut for a particular 'inversion' or 'inflec-
tion temperature'. The inversion temperature is the centre of a curve; often the
temperature chosen is +25 C when normal ambient temperatures are encoun-
tered. As the ambient temperature deviates from the inversion temperature, the
error in frequency gets progressively worse. At the two extreme ends of the
temperature range, the frequency error will be greatest. Over the centre portion
of the curve, the slope of the curve is quite flat and so very little error occurs.
So if the inversion temperature was chosen as +70°C and the crystal is contained
in a +70°C thermostatically-

controlled oven, the fre-
quency error falls to very
low values. Typically figures
of 0.1lppm maximum error
are attainable with little dif-
ficulty over an ambient tem-
perature range of -40°C to
+65°C. For our 100MHz
oscillator this is an error of
10Hz maximum because the
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oven controls the tempera-

ture to better than =1°C.
100 i An oven oscillator, when
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From this curve we can see
that we could use a normal — Inflection Point
+25°C crystal in an oven A ¢ A
oscillator at +70°C. This | W ¥
places the 'upper turn over g 5[ \\ Upper
point' at approximately | & N Turn Point
+70°C. The output frequency | + -3 /’
will be approximately | & -1lf < 7
20ppm lower than required | © 'g N oV
but, provided we have :25 R o P 4 ; e
enough pulling range in the 40 90 0 20 40 B0 RO IO
oscillator tuning, we can then Crystal Temperature (°C)
move the centre frequency '

up the required amount.

Crystal ovens have been used in a great many commercial two-way radio
transceivers over the last 30 years. One of the most common to be found on the
surplus market is the octal-based crystal holder used in some of the older Pye
Telecommunication VHF and UHF mobile and base station transceivers. These
were manufactured by Cathodeon (a Pye subsidiary) and accommodate two
HC6/U crystals.

These octal-based ovens operate on either 6V or 12V and hold the crystal at
75°C with an error of less than 2°C. Several other manufacturers make similar
types that can often be found on the surplus market or at amateur flea markets
and mobile rallies for very little cost.

The copper cap normally fits on top of the crystal chamber and the outer
sleeve fits over the top of the oven assembly. The heater element is wound on
the outer of the crystal chamber and thermostatically controlled by components
in the phenolic valve base.

Fig 13.26: Effect of
ambient tempera-
ture on the crystal
frequency

Fig 13.27: Cathodeon
crystal oven for
HC6/U crystals
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Oven crystal oscillators are known as OCXOs but another technique is to use
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tal oscillators' or TCXOs. Normally, a thermistor is used to measure the ambi-
ent temperature and then a tuning voltage is applied to a varicap diode connect-
ed to the crystal to alter the shunt capacity. With careful design and calibration
it is possible to achieve temperature stability values of about 1.5ppm over the
normal ambient range of -10°C to +60°C.

? i 7 ”/{f;/% . '?W

//,,,)?f/, ’f
i //4’///’47/# / W
i y /f//n'f/ "// iy f%’. i
i f/// W/{f W/ M%ﬁf/ ?f’f{«‘ ﬁ/ //
/ i

i
15
1A

i 1’/‘ h; ﬁ/ r}/ ,4, i
- Mg,;,,yf,,f,,w ﬁffmﬁg'f;;
e =

i

/ ,y
/ /f:,&;/f,{ﬁ fé i /f
f 7

’;;“

L
A ff«’ff?ffﬁ%' fuct
i i

T
il

i
ﬂ?
. L

308



Appendix: Further Information

BOOKS

The Evolution of Radio Astronomy, James Stanley Hey.

Science History Publications, New York, 1973, ISBN 0 88202 027 7

This book is now out of print, but second hand copies can often be often
obtained via the usual specialist booksellers on the Internet, although they are
expensive due to the very limited publication.

Radio Astronomy, Dr John D Kraus, W8JK

McGraw-Hill, 1966 ISBN 0 07035392 1

This book is now out of print, but early edition second hand copies can be often
obtained via the usual specialist booksellers on the Internet. Again not inexpen-
sive for a well cared for copy but worth buying if possible. Current secondhand
price about $70-00.

Astronomer by Chance, Dr A C B Lovell

Oxford University Press 1992, ISBN 0 19 282949 1

An excellent read covering not only the history of Jodrell Bank in considerable
detail but also Lovell's wartime work on radar systems. Of the various books by
Lovell probably the best one to purchase as it contains the first two books infor-
mation, albeit in a shortened form. Unfortunately the paperback version does
not contain any pictures.

The History of Jodrell Bank, Dr A C B Lovell

Lovell's first book tracing the early history and the dramas surrounding the
building of the Mk1 antenna.

Out of the Zenith, Dr A C B Lovell

Oxford University Press, 1973. ISBN 0 1927624 2

Lovell's second book covering the period between the Mkl completion and the
later years.

Radar Handbook, Merrill I Skolnik

MecGraw-Hill, 2nd Edition 1990. ISBN 0 07057913 X

The definitive textbook on radar. Although quite heavy in places with complex
formulae the section on radio astronomy is a must read. The earlier editions are
the best to look for as the later versions omit much of the historical details. Also
by the same author is a student soft back version that contains an abridged ver-
sion of much of the original book.
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Antenna Engineering Handbook, Henry Jasik

McGraw-Hill. No ISBN available.

The definitive textbook on all types of antennas. Also contains a complete chap-
ter by Dr John D Kraus, W8JK, on Radio Astronomy which is a must read. The
best edition is the first, published in 1961 although these are now very scarce
and expensive. The second edition was edited by Richard C Johnson in 1993
and omits some of the earlier historical details.

Comet, Carl Sagan & Ann Druyan

Random House, 1st edition 1985. ISBN 0 39454908 2

A very comprehensive book on comets, meteors and asteroids. Amply illustrat-
ed and in an easy to read format. Aimed more at the younger reader but con-
taining a host of information for amateurs interested in meteor scatter and mete-
or radar experiments.

Astronomy, Dr Fred Hoyle

No details of publisher or ISBN.

Again more aimed at the younger reader but contains a lot of useful information
for a beginner.

Microwave Handbook, Volumes 1 to 3, edited by Mike Dixon, G3PFR

RSGB

A lot of useful information although not specifically intended for radio astrono-
my.

VHF/UHF Manual

RSGB

A host of constructional details for equipment that can be adapted for radio
astronomy purposes.

Planets, Stars and Galaxies, A E Fanning

Dover Publications, INC, New York, 1966. ISBN 0 486 21680 2
An excellent primer in basic astronomy details.

WEBSITES

There are so many that it is impossible to list every one, but the ones shown are
good starting points.

Radio Astronomy Observatories

Jodrell Bank - Atip://www.jb.man.ac.uk

The home page contains the normal navigation tools to find the section you
require. Of particular interest is the ‘Jodrell Bank Live’ section where you can
look at the various telescope details in real time. The seven telescopes making
up the MERLIN system are shown with the current antenna positions and front
end amplifier status.

Parkes Radio Telescope, Sydney, Australia - Attp://iwww.parkes.atnf.csiro.au
Another interesting website with a lot of good information. If you can, down-
load the animated videos and also look at the real time streaming video camera
shots taken from the dish. Watch out for the kangaroos!
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Max Planck Observatory, Bonn, Germany - http:/www.mpifr-bonn.mpg.de
Some excellent diagrams of how radio telescope receivers work.

National Radio Astronomy Observatory (NRAQ) USA - htip./fiwww.nrao.edu
There are several remote sites linked to the main one at Greenbank, Virginia.
The VLA (Very Large Array) in Socorro, New Mexico was featured in the film
‘Contact” and consists of 27 dishes each of 25m diameter.

Arecibo Observatory, Peurto Rico - http://www.naic.edu

The very large fixed dish operated by Cornell University pioneered much of the
recent work on meteors and deep space objects. Also featured in the film
"Contact".

Hart RAQ, South Africa - heip://www.hartrao.ac.za

My local radio astronomy observatory situated at Hartesbeesthoek, near
Johannesburg. Originally built by NASA as a space tracking station for the
Apollo moon program today it is operated under the National Research
Foundation (NRF). Although only a small dish the work is of international
importance.

Related Topics

Antennas - http://www.wighz.org

The website by Paul Wade, WIGHZ, is an excellent source of information on
parabolic antennas and feed horns. WIGHZ is probably the leading amateur
authority on dishes and feeds; if you can't find it here it probably hasn't been
invented yet! Many of the articles are reprints from ARRL publications written
by Paul Wade. See the sad story of Dr John D Kraus's, W8JK, big telescope
which was demolished in 1997 to build a golf course!

Magazines - htip.//www.vhfcomm.co.uk

The popular English version of UKW-Berichie is VHF Communications edited
by Andy Barter, GRATD. Lots of good stuff for VHF, UHF and microwave ama-
teurs.

SETI League - htip://www.setileague.org

There seems to be as many websites for SETI as most other topics, but this is
the best place to start. There is a wealth of information on equipment and soft-
ware for controlling radios.

Software - http:/www.radiosky.com

Computer software to track objects are few and far between. One of the best [
have come across is Radio-Eyes written by Jim Sky. You can download a free
30-day trial version here. If you wish to purchase a licensed copy it can be done
online.
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AMATEUR RADIO ASTRONOMY

For anyone with even a passing interest in radio astronomy this book is a revelation. Written by a
radio amateur, Amateur Radio Astronomy shows how much radio amateurs have contributed to the
science of radio astronomy and how the average amateur can make and set up equipment to study the
signals coming from space.

Amateur Radio Astronomy covers in depth the subject of receiving radio signals from outer space.
Starting with a historical perspective of Radio Astronomy this book covers all that is needed to
become active in this area. The book covers what parameters are required for the antenna and
receiver through practical low noise amplifiers. The reader is also provided with straight forward
advice and practical information to put together your own receiving station. A practical design for a
"hydrogen line receiver” is also included. This desian is aimed at the 1420 MHz the freguency which is
focused on by the Search for Extra-Tesfestrial intelligence programme (SETI) as the most likely on
which information would be conveyed from another galaxy.

This book Is the result of period of research stretching back over the last ten years and provides a
work that has no equivalent published elsewhere. The author has achieved a great balance between
histoical narrative and technical information. Amateur Radio Astronomy is not only 'a great read’ but
a practical reference for this fascinating topic. This book Is thoroughly recommencded to anyone
interested in astronomy and the practical application of radio technology.

JOHN FIELDING, ZS5JF

Born in 1949, John Fielding graduated with a diploma in Electrical Engineering from Liverpool
Polytechnic. After 12 years working for the British Post Office he joined Marconi Space and Defence
Systems (MSDS) as a Senior Engineer and worked on several military projects. In 1984 he emigrated to
South Africa to join a military contractor as Chief Engineer. John has also served on several South
African Bureau of Standards (SABS) committees for radio communication standards.

John first became a licensed radio amateur in 1972 as G8FPH. On moving to South Africa he upgraded
his licence and became ZS5JF. He has served as a radio club chairman and later as VHF and Microwave
Manager of the council of the South Africa Radio League. He has also represented South Africa at a
number of International Amateur Radio Union conferences.

For the past 25 years John has held a keen Interest in radio astronomy. Currently he operates a 6m
meteor radar system from near Durban studying the Southern Hemisphere sporadic meteor showers.
He is also the author of about 20 published articles and joint author of a paper on historical radio
astronomy matters.

currently semi-retired John lives with wife Penny and three dogs on a small holding on top of a
mountain in rural Kwa Zulu Natal, South Africa, near the Indian Ocean.
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