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A Phase Meter Calibrator

Adding a phase angle meter to your test bench can

make your life a whole lot easier.

phase angle meter is useful

in audio work to determine

eference signal and a phase
shifted signal, both having identical
time periods. Typical uses include:

* Finding the phase angle between |
voltage and current to determine the !

phase shift and impedance of a loud-
speaker over its frequency range.

* Finding the phase shift between the
input and output voltage of a tube am-

quency) and LF (low frequency) cut-
off points needed to avoid instability in
feedback amplifiers.

you can do it with an oscilloscope, but
it is a tedious process. You must display
the two sine waves on the scope, and

place the time base in the uncalibrated !

mode with the reference sine wave posi- :
tioned so its start and finish zero-cross-
the phase shift between a !

ings exactly span the full ten horizontal
divisions on the screen. Each division
represents 36°. For small phase angle
differences, you can position a half-cycle

over the ten horizontal divisions, so each |

major division will represent 18°.
Next, while triggering on the refer-
ence sine wave for display stability, you

measure the time difference between the
. reference and variable sine wave same-

plifier to establish the HF (high fre-

direction zero-crossings and convert that
number of divisions to degrees of phase
shift. You must also determine—by rela-

tive position—whether the variable sine
- wave is leading or lagging the reference. :
If you need to measure phase angle, :

You must use the chop mode—not al-
ternate—so the two sine waves are syn-
chronized in time.

Some very expensive digital storage
oscilloscopes (DSO) have the processing
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FIGURE 1: Phase Angle Meter block diagram.
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power to do this
work for you, but

scopes, you need
to perform the

for most hobby-
oriented analog

above steps for
each frequency |
of interest. The !

Back [

By Charles Hansen

scope needs to have a wideband fre-
quency response of at least 100MHz

i for a 50kHz sine wave measurement

range. At low frequencies, the relatively
long display blanking time will make

- the measurement difficult. At high fre-

quencies the dimmer trace intensity will
make the measurement equally difficult.
A PC-based storage oscilloscope elimi-
nates these problems and, if it has cur-
sors you can position on the time axis,

. can eliminate any rough interpretation

of an analog display and provide a more
exact determination of the phase shift.
Over a year ago I won a Phase Meter
PM-720 analog phase angle meter on
eBay. The date codes on the parts indi-
cated it was made about 1965. Because
I couldn’t find any documentation on

. the unit, I spent a fair amount of time
. reverse-engineering the schematic from

the circuit board layout. Some of the
circuitry was sealed in a potted module
that plugs into the main circuit board.

I intended to restore the PM-720 to
full working condition, but needed a
method of accurately varying the phase
angle of one sine wave with respect to
another fixed reference sine wave. This
article describes the fairly simple cir-
cuit that I made for this purpose. Parts
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cost is about $41. You can also use it :

to calibrate the Analog Phase Angle

eBay.
PHASE METER BASICS

The block diagram for the PM-720 in
Fig. 1 is fairly typical of the operation !
of an analog phase angle meter. The

an integrator that produces a DC voltage :
. that is linearly proportional to the phase
Meter by Vern Mastel in the 4/1980 :
issue of TAA!. Another analog phase
angle meter candidate is the HP 8413A
phase-gain meter, often available on

angle between the two sine waves.

signal and applies a zero-level (in-phase)

calibration offset if required. Logic cir-
: cuit flip-flops (not shown) receive the :
: same square waves that are input to the
. comparator and determine whether the
variable sine wave input leads or lags the !
- such, most of the circuitry is discrete,
¢ with over 170 parts in the unit, many of

reference sine wave.

Modern digital phase angle or gain-

phase meters can do this and so much
more with their DSP capabilities. You

© can also determine power factor, lead-lag
A3 buffers and scales the integrated !
. vars, voltage ratios, Bode plots, and so

compensation, phase-gain margin, watts,

on.

The PM-720 designers had a very

¢ limited availability of ICs in order to
. perform the various steps needed to pro-

duce the phase angle measurement. As

reference and
variable sine
waves are input
to Al and A2,
which amplify
(if necessary) the
sine waves and
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Dyna Clone Power Transformers
PA211 Upgrade and Replacement transformer for Dynaco PAS2,

PAS3 and PAS3X preamplifiers.

PA522 International export version of PA211 with "universal"

120/240V 50/60 Hz primary.

PA774 Upgrade and Replacement for ST35 and SCA35
PA060S Improved replacement power transformer for ST70
PA135 replacement power transformer for Dynaco (tm) Mark 4.
P782S replacement power transformer for Mark 3 and Mark 2
C354 Exact replacement for chokes in ST70, Mk2, Mk3 and Mk4

Dyna(‘m) Clone Transformers...world’s most popular and fastest selling
Dynaco(tm) replica transformers, priced competitively with generic massmarket
transformers! Used by hobbyists, repairpersons and OEM'’s worldwide. Made in
America’s heartland by transformer professionals with over 50 years experience
making private label and OEM transformers.
Dyna Clone output transformers are dimensionally identical and wound the same as
the originals, with the same number of turns, sections and wire size, using the same
patented Dynaco winding method, and made on the same core size and material.
All have the requisite ultralinear screen taps.
Dyna Clone power transformers use improved insulation technology and 100%
solids resin (no dripping wax!) impregnating to provide transformers that run cooler
& quieter than the originals. Bolt in replacement installation, no cutting or drilling.

See and read more at WWW. [riodeelectronics.com

Dyna Clone Output Transformers..compare price,

quality, weight & specs to comparably priced mass market transformers.

Why settle for generic when you can have a classic?

Z56548 Reproduction of the Z565 output transformer as used on the

ST35 and SCA35 amplifiers, except that the output taps are4 and 8 ohms

A470S reproduction of the Dynaco A470 output transformer as used on
the Dynaco (tm) ST70 and MkIV amplifiers

AA431S a reproduction of the Dynaco A431 output transformer as used on
the Mkll and Mklll amplifiers and Sunn guitar/bass amplifiers.

Other stuff we sell: Tubes, Sockets, Other upgrade/replacement Parts.
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them germanium transistors. Today you
can build the same or better capability :

with far fewer parts?.

The PM-720 was quite sophisticated
for its era, with a frequency range of
1MHz and an input voltage range from

play meter had four ranges of 180°, 90°,
36°, and 12° full-scale. It also provided

an analog output voltage proportional to

the 180° range meter reading. There are
a myriad of trimpots for output, zero ad-
just, balance between lead and lag phase
input, and so on.

The discrete power supply takes up
half the PC board, with +12, +6, +3.6,
-6, =12, and —18V supplies needed for
the various functions. These were de-

rived by discrete transistor regulators or

zener diodes from +25V DC raw supply
rails. All the aluminum caps in my unit
were shot and in need of replacing. Two
were leaking elec-

es. RTL was the first integrated circuit !
logic family (years prior to DTL and
TTL), which ran on a +3.6V DC sup- | to another trimpot that can convert the

. full-scale signal to whatever maximum

ply. These basic NOR gates are used to
produce the required inverters, one-shot

. gate, and RS flip-flops. The logic drives
1V RMS to 500V RMS. The analog dis-

two germanium transistors that, in turn,
drive the 28V LEAD or LAG indicator
lamps.

The reference and variable square |
waves are then applied to level shifting :
circuits that convert the reference square

wave to 0 to +1.7V, and the variable

. input square wave to -10V to +OV. These
© two square waves are applied to the pot-

ted module along with the zero adjust
offset derived from the +12V supply.

¢ The integrator 0 to +3.6V DC voltage
comes out the back of this module, and :
represents a 0 to 180° meter reading.
¢ frame.
- the full-scale readings for each of the

There are four trimpots that calibrate

PM-270’s meter ranges.
The 0 to 3.6V signal is also supplied

up to +3.6V that pleases you. I chose to
calibrate it for 0 to +1.8V for use with
my DMM, whereby 1.8V is equivalent
to 180°. The integrator has a fairly long
exponential time constant, so phase
angle readings at 1kHz can take about
five seconds to settle to full scale.

The mystery potted module may con-
tain an op amp, based on the responses
I observed at the output from the input
signals I applied. The +12 and -12 power
supplies are furnished to two of the
module connector pins. It is too small to
hold very many discrete transistors, and
there were only two solid-state mono-
lithic op amps available in the 1965 time

The first, designed by linear IC genius
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Bob Widlar, was the uA702 produced by
Fairchild Semiconductor (FSC) begin- :
ning in 1963. It had the same +12 and :
-6V supply voltages as the pA710 com-
parators used on the PM-720 main PC
board, and the date codes on the 710s :
were 532 (32nd week of 1965, using the :
generally accepted industry date cod- :
ing). The Fairchild high gain-bandwidth :
HA709 (also designed by Widlar) had
just come out in 1965, so it probably :
wouldn’t have been available during the :
PM-720 design cycle. Either op amp
would have been quite expensive in 1965.
If T am correct that this module contains :
one of the early op amps, it may have
been potted inside to hide the integrator -
design details from perceived competi- !
tors. Or I could be totally wrong. :
Bob Pease of National Semiconductor :
said these original WA702 and pA710 !
FSC designs used crude NPN mono-
lithic technology, which was all that was
available back then. They used +12V
and -6V supplies so as to not exceed :
the overall 18V breakdown rating. The
UA702 was a poor performer, and was
out of production by the mid-1980s (the
last listing I have in my 1987 Fairchild
Linear catalog shows support for only !
the Military pA702QB package). ,
The 702 and 710 circuits used mostly '
load resistors pulling up to +12V, and
pulldown resistors to —-6V. Most of the
signal processing was done between the !
zero volt ground pin and +6V. The out-
put swing was in the range 0 to +6V. For :
its day, it was considered fairly bright.

When the nA709 came along, with its :
36V breakdown ratings it could happily :

run on *15V supplies.
Texas Instruments also made versions

of these devices. Bob didn’t mention :
whether National ever made the 702, !
but Widlar went to work for NSC in
1966 and designed the much improved !

LM101 and LM107 op amps.

HOW 7HE CALIBRATOR WORKS

. The Phase Angle Calibrator makes use
¢ of an op amp filter circuit called the

all-pass circuit, which takes a sine-wave
input and produces a constant amplitude

. phase-shifted sine wave output. The lag |
output version is shown in Fig. 2. You !
can produce a leading phase-shifted out- :
. put by interchanging R3 and C1. :

The theory behind the all-pass filter
is available in many reference books and :
. texts, but I found one by Walt Jung®
that I believe is the easiest for a novice !
to understand. The phase shift angle is :

varied by R3 and C1 in accordance with
the formula

0 =-2tan’! 2ntR,Cy

where 0 is the phase angle, and f is the
- frequency. After selecting a suitable value
for C, you can solve for R; by rearrang- :

ing the formula:

R, = tan(-6/2) / 2nfC,

This is hardly a linear relationship, as
you can see by the graph in Fig. 3. Large
changes in resis- :

2879 2290

0375

s 1ipes T

input signal to
both inputs of the

PS I BOVION

02 = ¥ Vi FREQUENCY K H

= oo A - op-amp inverter !

© "'f@":/@ww to generate the !

mmfmlz:::—-\ . ‘klﬂz o] s 1807 Signal' You

0300 Vg st " also need to mul- .
e o= = tiply the value of !

w ouist ” C1 by 10 for each :

DATCH ALAR VIEWS

FIGURE é: Phase Meter Calibrator chassis.

frequency to re-
tain the constant

tor value produce
very little change !
in phase angle as
'3 you approach 0°
or 180°. It is much
easier to apply the

phase angle meter
for 0°, and use an :
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Tube Output

Toroidal transformers for tube
output applications.
Electrostatic

Step-up toroidal transformers.
Solid State Power

Low noise, low inrush 500 to
2000VA.

Standard Power
Designed for general purpose
applications. From 15 to
1500VA.

Part No. PAT3025-SE
Application 300B Single-ended
Primary 2490 ohm
Power 13W
Secondary 4 & 8 ohm
Ratio 24.96:1
Pwr. Bandwidth 20Hz - 147kHz
Insertion Loss 0.18dB
Quality Factor 327,300
Case Aluminum
Finish Textured black
Size 153 x 90mm

PLITRON

MANUFACTURING INC

vlitron.com

8-601 Magnetic Drive
Toronto, ON M3] 3]2 =
Canada g
416-667-9914

FAX 667-8928 ;
1-800-PLITRON(754-8766) ;

www.plitron.com
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amplitude feature of the all-pass filter.

The schematic diagram for the Phase !
Meter Calibrator power supply is shown |
in Fig. 4. The J1 power source is a 15V |
AC plug-in AC adapter, so there is no

. on-off power switch.

D1 and D2 each half-wave-rectify :
the 15V AC into roughly 21V DC.
C2 and C3 are the main reservoir caps,
and U1 and U2 are linear regulator ICs
that provide +15V

N-MOSFET |
< . o 1 e

PHOTO 1: Phase Meter Calibrator top view.

100 | 1okHz |

°
12
DEGREES ——
VAR PHASE
ANGLE
| 180°OUT —
NPN N-JFET | [N PHASE &

DC at the supply
rails for the all-
pass phase shift
circuits. C4 and
C5 ensure stable
operation for the
regulators. LED1
is the power-on
indicator. Fuse
F1 protects the !
§ power supply AC
adapter. C6 and :
C7 are the local
bypass caps for the
all-pass circuit op
amp.

The schematic

- ]

" kHz | |

1kHz

diagram for the
all-pass phase shift
circuit is shown
in Fig. 5. A sine-
wave signal gen-
erator is applied to
J7. The calibrator
can handle up to :
7V RMS of input
signal. This be- |
comes the refer- |
ence sine wave that
is connected to J8.
Op-amp U3A is
the all-pass filter.
S3 selects a
phase shift angle

from 6° to 150°,

PHOTO 3: Phase Meter Calibrator with PM-720 phase meter.

and S4 selects a
frequency range
from 10Hz to :
100kHz. The phase
angles I chose for
S3 are optimized :
for the four ranges
of operation of the
PM-720, but you
can change the
resistors to meet
your individual

requirement, in
accordance with
the formula shown
earlier to solve
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S5 applies the input sine wave to the
variable output jack J9 for the zero phase
shift condition. In the second 180" phase
shift position, the input sine wave is

- processed through unity-gain inverter

U3B. The variable phase shift position
of S5 selects the output of the all-pass
circuit U3A. The two output jacks have
series 100€) resistors to protect against
accidental shorts. The input source sig-
nal generator should have a low output
impedance of no less than 600Q).

CONSTRUCTION

The drawing for my chassis is shown in
Fig. 6, along with the rear views of the

- rotary switches I used. I built the cali-

brator circuitry on two wire-wrapped
perfboards for this project. In keeping

- with good assembly practice, solder in

the least sensitive parts first (resistors,
then capacitors). Then install the regu-
lator ICs and other semiconductors last.
Double-check the orientation of the
polarized components. I used a low-
profile IC socket for the op amp, and
checked for the proper power supply
voltages at the socket before plugging
in U3.

Photo 1 shows the top view of my

" Phase Meter Calibrator chassis. The

switches and banana jacks on the left
side are associated with a transistor
matching circuit that is not part of
the subject calibrator (for details see
www.passdiy.com/articles.htm, transistor
matching). The lettering was made on
transparent adhesive-backed drafting
appliqué film, as is my usual practice.
The sine wave input jack J7 is at the
top, while J8 and J9 are on the right
side.

Photo 2 shows the internal wir-
ing. The raw DC supply, power jack,
and fuse are in the bottom part of the
chassis on the left in the photo. The
switches, DC regulators, and op amp
are located in the top half of the chassis,
on the upper-right side of the photo.
The unrelated transistor matching jacks
and switches are on the lower right in
the photo.

I used tapped nylon spacers to mount
the perfboards to the chassis. I used %"
spacers on the raw DC supply board and
cut the wire-wrap pins short because of
the depth of the rotary switches. The
op-amp board uses %" spacers and full-



height pins. The resistors and caps that
control the phase shift are mounted on
their respective rotary switches.

USING THE PHASE
METER CALIBRATOR

Photo 3 shows the calibrator in use

with the PM-720 Phase Meter. The
input signal is a 1kHz sine wave, and
the calibrator is set for 90°. The PM-720 :

shows the needle centered on the 180°

FS range. My DMM is connected to the
analog output jacks and shows a reading :
of 91.5° (0.915V DC). The red power !
lamp and blue LAG lamp can also be :

seen below the meter.

The PM-720 still has its original alu-
minum filter caps at this point. As soon

as I verified that the unit was fully func-

TABLE 1: PARTS LIST.

: range.

. tional, I replaced all the aluminum caps
- with Mouser Xicon TG high tempera-
. ture axial lead caps. :
. RY is always in-circuit and gives ap-
. proximately 180° phase shift, although at
. this extreme the gain is dropping from
- unity and the distortion is higher. Be-
cause of the asymptotic approach of the !
required resistor values to the 0° and :
- 180° phase angles, you may need to se-
- lect different values of R10, R11, R19, !
and R20 while using an oscilloscope !
- to verify the phase shift. C14 (100kHz .
range) is only 47pF, and suffers from
any parasitic capacitance in the wiring.
- Again, I needed to select C14 from a
number of different NPO caps to get a
reasonable 3% accuracy at the highest .
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Digi-Key Corp.

701 Brooks Ave. South

Thief River Falls, MN 56701-0677
1-800-344-4539

www.digikey.com

Mouser Electronics

958 N. Main

Mansfield, TX 76063-4827
1-800-346-6873
WWW.mouser.com

Radio Shack

Local Stores, or

Radio Shack Unlimited (RSU)
1-800-THE-SHACK
www.tandy.com
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Symbol Value Description Vendor Part No. 4/80 TAA 12-16
ol 100F 50V Ceramic XTR Mouser 2IRX510 Ty pf;' Phase Meter Overates ¢
€203 22004F 35V 20%  Aluminum Mouser 140XRL36V2200 | - ormpie bhase Aleter Lperates to
045 2200F 100V 10% _Polyester Mouser 140PF2A228K - 10MHz,” Ron Mancini, Intersil Application
6:C7 100nF 50V Ceramic X7R Mouser 21RX310 ¢ Note AN9637.1 (10/27/2004).
£8-C9 27pF 50V 5% Ceramic NPO Mouser 140-50N2-270J : 3. Audio 1C Op-Amp Applications, 2nd Edi-
C10 470nF 250V 10% Polypropylene Mouser 1429-2474 ¢ tion, Walt Jung, Howard Sams, Para. 5.3.7
cn A7nF 250V 10% Polypropylene Mouser 1429-2473 H All-Pass Circuits Pp. 164-165.
c12 4n7 100V 10% Polypropylene Mouser 14291472 H ’
c13 470pF 50V 5% Polystyrene axial Mouser 23PS147
C14 47pF 50V 5% Ceramic NPO Mouser 140-50N5-470J Electronlc CI’OSSOVGYS
D1-D4 1N4002 1A 50V Mouser 625-1N4001
& VA 3AG Fuse RS 2701002 Tube
J1 Power jack, 5mm/ .
2.5mm mini Mouser 502TR-2A Solid State
J7-J9 BNC, insulated Mouser 523-31-10-RFX .
LED1 LED Red T1 % Any Passive Crossovers
R1-R2 3k3 oW 5% Carbon film Mouser 293-3.3k .
R7,R8,R21,R22  10k0 1% Metal film Mouser 271-10.0k Llne |eV9|
R9 10M 5% carbon film Mouser 295J250-10M Speaker ]eve]
R10 127k 1% metal film Mouser 211-127K
RN 59k0 1% metal film Mouser 271-69.0K 1
R12 44k2 1% metal film Mouser 271-44.2K CUStom SOIUtlonS
R13 33k2 1% metal film Mouser 21-33.2K We can Customize our
R14 24k3 1% metal film Mouser 271-24.3K .
R15 19K6 1% metal film Mouser 271-19.6K crossovers to your specific
R16 14k0 1% metal film Mouser 271-14.0K
R17 k0 1% metal film Mouser 271-11.0K needls' We can add nOtCh
R18 5k36 1% metal film Mouser 271-5.36K filters, baffle step
R19 3k57 1% metal film Mouser 271-3.57K 2
R20 1k78 1% metal film Mouser 271-1.78K compensatlon, etc....
R23 4k99 1% metal film Mouser 271-4.99K . .
RU4R25 100 5% carbon film Mouser 295J250-100 All available as kit
S3 1P 12 POS Rotary non-shorting Mouser 10YX112 .
S4 2P 6 POS Rotary non-shorting Mouser 10YX026 Fr ee Caraiog' g
S5 4P 3 POS Rotary non-shorting Mouser 10YX043 Ma[’ch and Electr0n|cs |nc_
U1 18L15 Reg, +15V, T092 Mouser 513-NJM78L15A
u2 79L15 Reg, -15V, 7092 Mouser 513-NJM79L15A PO Box 18099
u3 NE5532AP op amp, single audio DK 296-7040-5-ND Rochester, NY 14618
Enclosure, bud 6.89 x4.89 x 2.5 Mouser 563-PT-11557-G
15V AC 400mA power adapter Mouser HACH5 Phone (585) 423 0462
Fuse clip, single RS é;g;f;jggg FAX (585) 423 9375
Socket, 8-pin gold WW DIP Mouser - 3
WrapD, DIP8 o KATND info@marchandelec.com

hardware, perfboards, standoffs, wire, etc.

www.marchandelec.com
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