Crowhurst’s
Twin-Coupled Amp JL et

Revisited

By John Stewart

hile completing my earlier :
version of Crowhurst’s ampli-
fier!, I began to think there
nected push-pull
that would enhance its operation and at
the same time further lower its cost. As
well, not everyone wants or needs more
circuit, again in a push-pull mode. The
OPT secondaries are connected in se- :
: ries or parallel to match whatever load |
circuit that could be easily adapted to the
preferences of many. The result is shown |
. gain applied as local voltage negative

As background for those who may
have missed the earlier article, Norman
Crowhurst has provided for us a circuit
that is a variant of the unity-coupled

might be still more changes

than 30W as I had built into the previous
amplifier. With those thoughts in mind,
my goal became the design of a flexible

in Photo 1.

design introduced in the late 40s by F.

H. MclIntosh and G. J. Gow. Instead of
an expensive and difficult-to-build bifi-
! jective was to show step by step where
minor circuit changes could result in
improved performance. I've included
. plenty of test data so that you can de-
cide how far along you would like to
go. You might find
some of the circuit :
and construction :

lar-wound output transformer as used

in the McIntosh amplifier, Crowhurst
uses two separate identical but rather

ordinary output transformers (OPTs).

He calls the result his “Twin Coupled

FIGURE 1: Basic circuit.

A return to the work of a noted designer
. broadens the appeal of his amp de3|gn

Back [

Amplifier”234,
One of these
OPTs is con-

in the plate cir-

cuit, just as in an ordinary amplifier.
The other is connected in the cathode

is to be connected. The result is that
you have one-half of all the output stage

feedback (NFB).
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ideas in this arti-
cle useful in other
. sures that the load will be split evenly
between the plate and cathode circuits
Crowhurst’s cir-
cuit does not pro-
vide the epitome of
performance, but
nevertheless for
the cost and effort
does perform ex- !
tremely well. I be- :

PHOTO 1: Completed amp.

i lieve it will easily outperform any other
: vacuum tube amplifier of similar cost
. and quite a few costing considerably

more. If you should decide to build this
amplifier, you should be aware that volt-

© ages in the circuit are dangerous, even
© to those of us with years of experience.

- THE BASIC CIRCUIT

In the design of this version of Crow- :
hurst’s amplifier I had two objectives in
mind. I always like to present a circuit
: that performs well but at the same time
can be built by others economically
- each of Crowhurst’s output transform-
. ers should reflect 4k back to the tubes.

In the simplified schematic (Fig. 1),
each of V1 and V2 is an imaginary tri-
ode with a mu of 5.4. Tubes used in

the original circuit required a plate-to-

plate load impedance of 8k. That means

The secondaries would each need to be
16Q in order to match to an 8Q loud-
speaker.

In order to defeat the problems
caused by leakage inductances be-
tween windings and stray capacities,
capacitive coupling is applied to the
ends of the transformer primary wind-
ings. This capacitive coupling also en-

should the secondary windings be se-
ries connected. Depending on circuit
constants, when the secondary wind-
ings are paralleled, the resulting local
NFB at the cathodes yields a damping
factor (DF) of about 4, even before any
loop NFB is applied.

Furthermore, Crowhurst does not



include the secondaries of his output

transformers within the loop NFB cir- :
cuit. That improves stability consider- |
ably. If you like, it is possible to oper-

ate this version of the amplifier with no

very respectable damping factor.
If you apply a 100V signal to the
grids of V1 and V2 as in the simpli-

¢ transformer primaries will be about :
70V. With the impedance ratio of each :

transformer set at 4000 to 16, you would

Crowhurst’s circuit® depends on

good coupling of the two secondaries
to each of their primaries to distrib-
ute the audio load equally between
fied schematic, the result at the output

the plate and cathode circuits. At the

higher frequencies he has overcome
leakage reactance effects by using

¢ 500nF capacitors to tie the plate and
get about 4.4V into an 8Q load. All this :
is based on ideal transformers.
loop NFB, and you would still have a

i cathode signals together. The original
. circuit used 6BQ5/EL84 pentodes so
. that each of their screens was wired
directly to the opposite plate. That way

they still operated as pentodes because

the screens were held at a constant
potential from their respective cath-
. odes. It was also push-pull throughout,

FIGURE 2: Cathode biased amplifier.
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FIGURE 3: Fixed bias amplifier.
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the circuit will be—to a large degree—self :

adjusting and trouble free. The detailed
schematic shows resistors in all of the

grid leads including the screen grids.
Their primary purpose is to damp out
any possibility that any stage of the am-
plifier might oscillate at radio frequen-
cies. This does happen on occasion in
. helps those who have followed these proj-

some circuits and sometimes produces

strange and difficult to track down per- :
¢ formance problems, even in the simplest
circuits. I've also included another ampli-
fier schematic for a fixed bias version of
signal current in the PP 6V6GT pair will

the amplifier (Fig. 3).

All of the circuit designators I have
used in the schematics are the same as |
: fier, a good bias setting for the output

I used in the previous article. I hope this

We know that tubeg are
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ects. Most versions of this circuit are
easily driven to full output by a %V input.
In order to keep the cost to a mini-

- mum, I've chosen a pair of 6V6GTs as

the output tubes, but there are other pos-
sibilities. You will need to be somewhat
careful with the selection of the output
tube type because large heater to cath-

- ode voltage swings occur during normal
- operation. The 6V6GT allows up to £200V
. difference between the heater and cath-

ode.

In the cathode bias version of the am-
plifier, while delivering 10W to the load,
the voltage at the 6V6GT cathodes var-

. ies from -100 to +140V. The offset is due
. to the approximately +20V bias at the
. cathodes. Some versions of the amplifier

are capable of delivering close to 15W
to the load, resulting in even larger volt-
ages at the cathodes. The cathode biased
version of the amplifier manages more
than 12.5W before clipping. With the
180R cathode bias resistor R40, the zero

be about 90mA.
For the fixed bias version of the ampli-

tubes is 60mA. You can do that by adjust-

© ing the output bias pot P4 so that a volt-
: age drop of 0.6V is developed across the
© 10R current sampling resistor R29. With
: no signal applied, you can set the DC
: balance of the output tubes by adjusting
. the pot P3 so that there is 0V between the
' test points TP1 and TP2.

You could also use a pair of 6AQ5As in

' this circuit, provided you keep the maxi-
. mum plate dissipation in check. Howev-
er, its close relative, the 6AQ5, would not
. be suitable, because its maximum heater
to cathode voltage rating is only 90V. An-
other tube that would work is the 6K6GT.
The 6F6 family won’t, although you will
see later in the section on results data
T've included some test data.

In looking through the tube data

sheets, I was surprised to find the 6BQ5/
EL84s not suitable, even though Crow-
. hurst had used them. The 6BQ5/EL84
H-K rating is only 100V. However, he
probably correctly assumed that no one
would normally listen to his amplifier at
anywhere near full power on a continu-
ous basis. Another condition in which the
6BQ5 might be possible to use is with an
8k load if such a combination of OPTs
were available. That allows the power to
¢ be delivered at a lower voltage.



For this circuit I have settled on a total
load impedance of 10k, which suits the
6V6GTs well. That would be 5k plate-to-
plate and 5k cathode-to-cathode. For that

put transformers (OPT). Fortunately, the
125J has a primary to secondary turns
ratio that fits this application well.

In order to achieve a very low out-
put impedance that translates to a high
damping factor (DF), you need to be able
to connect the secondaries in parallel. I
was not able to do this when using the
Hammond 125E Universal OPTs in the
earlier article, so another problem is
solved! In this mode the OPTs will run
about double the recommended imped-
ances, thus the output voltages are about
1.4x and the currents are about 0.7x nor-
mal for a given output power.

In order for the 6V6GTs to run as true
pentodes, the screen grids are cross cou-
pled to the opposite plate of each of the
tubes. However, for the sake of complete-

ness, I have included data in the tables
for both ultralinear and triode operation.
You will see by comparison that these
alternatives do not offer much in the way
of advantage as they do while in an or-
dinary push-pull circuit. As connected,
most of their gain is already applied as
NFB through the cathodes, even while
connected as pentodes.

In the ultralinear connection the
screen leads are simply taken to the DC
HV supply, allowing you to run the plates
at a higher voltage for more power if

desired. That is what I did in the ampli- :
fier of the previous article. For triode :
operation I simply connected the screens

directly to their plates through the damp-
ing resistors.

The circuit used to connect the 6V6GTs
to the OPTs in this amplifier results in
just 1250Q from each cathode and plate
to earth. These low impedances reduce
the effects of capacitive shunting and
thereby improve the high-frequency per-
formance. Nevertheless, you will need
to be careful with proper phasing of the
transformer output interconnections.

THE DRIVER

I'm again using Crowhurst’s original

circuit with minor variations, although :
you will see as we progress there will
be some changes or enhancements to :
improve the performance. Rather than
using a 12AX7 and 12AU7 as voltage

¢ amplifiers, I used a 6SL7GT and 6SN7GT.
That was partly for cosmetic purposes,
. but I also like working with the larger
sockets in an experimental amplifier.
you can use a pair of Hammond 125J out-
. design progressed and they looked bet- :
 terfitted to my rather large experimental
chassis. If you were to build this ampli- :
. is done in circuits such as the Mullard

They simply made changes easier as the

fier, any of the combination of tubes I've
mentioned would work well.

I believed Crowhurst’s application of :

a 1.8k tail resistor in the driver 12AU7
while his plate resistors were 39k was
rather on the small side. A higher value

tail resistor results in a better balanced

drive to the output circuit. In this part
of the circuit you need as much voltage

i at the plates as possible in order to drive

the output tubes to full power.

Some way must be devised so that a
larger tail resistor could be used, without
using up more of the plate supply, which

5-20. There are quite a few ways of devel-
oping a negative voltage with which you
can supply a higher resistance tail resis-

. tor. Here are two of them and out of that
. three possible circuit solutions.
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In the first variant, I already had a
. For the input tube I used the 6SL7GT
(CT) lead of the high voltage winding of
the power transformer, which I will dis-
cuss as part of the power supply. During
normal operation there are 30V pulses
at twice the line frequency between the
which is useful for setting an operating :
point for least distortion at the output. I
. found this control became almost irrele-
vant when the tail resistor of the 6SN7GT
was increased, so much so that it could
amounts to about 200pF. If you were to
test for this parasitic capacity, you would

100R resistor inserted into the center tap

common lead and the transformer CT.

These pulses can be rectified and then
put into a simple circuit to yield a regu- |

lated -14V supply.

By returning the 6SN7GT tail resistor
to the -14V supply, it is possible to add
. mentioned.
You will see that the main loop NFB is
ed to the brown lead. For a single-ended
circuit you simply connect the primary

another 2.55k for a total of 4.35k in the

tail (Fig. 4A). I found the setting of the AC
balance pot P2 to be much less critical
after this minor circuit change. You will
see later that there was some improve-

distortion measurements.

when I replaced the tail resistor with

a simple current source consisting of
a 2N3053 NPN transistor, a common :
red LED, and two resistors (Fig. 48). I .
used the 2N3053 because I had one in :
my parts box, but a 2N2222 would work
just as well. If you were to use this op- |
. self-winding capacity of the primary.
In order to get a reasonable high-fre- :
. quency output, it is possible to modify
: the feedback loop by combining C10 and :
R34 in the circuit of the 6SL7 input cath- :
. odes. This CR pair reduces the feedback :
at the higher frequencies, just as a simi-
lar circuit does in Crowhurst’s original
version. If you were to use other than
in opposite phase, you will need to con-
then you would need to adjust the CR

tional circuit as your 6SN7GT tail circuit,

you could eliminate AC balance pot P2

from the circuit. If you choose to do that,
then R7 should be 150k while R8 is 100k.

Their junction is then taken directly to :

R4, the one k resistor on the grid of V1b.

The third possible solution, which I !
will cover separately, results if you in- !
tend to connect your output circuit for :
fixed bias operation. If so, it allows a
tail resistor of 31k and very good bal-

ance of the drive to the output tubes.

FIGURE 4: Alternative cathode
returns for the 6SN7GT driver.
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THE PREDRIVER

connected in a circuit essentially the

on the amplifier. He included the control,

be replaced by fixed resistors, as I have

again wired back to the cathodes of the
6SL7GT. In the results tables you will see

: considerable performance data both with
ment in performance from the resulting the NFB connected and with no NFB.
Even better performance resulted THE OUTPUT TRANSFORMERS :
¢ While this circuit arrangement lets you
: extra capacity will show up on one of the

use low-cost output transformers, there

is still a need to make some circuit ad-
justments to accommodate them. One of
these concerns the high-frequency rolloff
in any transformer response. This rolloff
to each other. You can see on the ampli-
: fier schematic that the primary leads of

is caused by leakage reactance and the

the Hammond 125J output transformers,

i pair for that arrangement.

Another transformer problem is the im-

: balance of the interwinding capacity be-
same as that used by Crowhurst. The :
AC balance adjustment I mentioned was
included in Crowhurst’s second article :
you will find the secondary winding is

tween the primary and secondary. This is
not the same winding capacity I referred
to. For most low-cost audio transformers,

wound around one end of the primary.
Whatever circuit you might connect
this to acts as though an additional ca-
pacity had been connected to one end of
the circuit. In the Hammond 125J that

find it at the end of the winding connect-

so that this extra capacity appeared at

the power supply lead of the transformer,
away from the plate connection.

However, in a PP circuit there will
be considerable imbalance, because the

signal leads. As a result you need to con-
nect the output transformers in this cir-
cuit so that both their primaries and sec-
ondaries are connected in opposite phase

the transformers are connected in such
a way that the parasitic capacities will
balance. If you are unfortunate enough to
make the other possible connection, you
will find response to a square wave to be
unsymmetrical. Output is also consider-
ably reduced before distortion shows up.
Because the primaries are connected

nect the secondaries so that the resulting

FIGURE 5: Output transformer detail.
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signal adds in order to drive your loud-
speakers properly. Refer to the output :

transformer detail (Fig. §). If you intend to
drive a 4Q loudspeaker, then substitute

the yellow leads where I have indicated :
the green lead connection. Either way, :

you may leave the OPT secondary circuit
ungrounded if you like.

THE POWER SUPPLY

The power supply is relatively straight-
forward in its simplest form (Fig. 6). All

125mA DC, while the amplifier connected

for cathode bias operation runs about :

100mA at no signal.

Rather than using a vacuum tube E

rectifier, I prefer silicon diodes such as

the 1N4007, so in this amplifier the 5V
winding is free to be used for other pur-
poses. In this case it simply powers the

pilot light. If I were to use a vacuum tube

rectifier, my preference would be the
5V4GA, as it was in many projects in ear-

lier days. Since the 272DX was designed
for use with vacuum tube rectifiers, I've

included an 82R resistor in series with
each of the silicon diodes. This serves

two important purposes.

First, I want to limit the charging cur-
. rent to the first capacitor, just as a vac-
uum diode would. Second, if one of the
rectifier diodes were to fail shorted, the
resulting current would be limited at
fier is cathode biased so that the current

least until the fuse blows. You need one

resistor in series with each diode to do
¢ that properly.

FIGURE 6: Unregulated power supply.

of the power is easily provided by a Ham-
mond 272DX transformer. It is rated for

The first electrolytic capacitor after
the rectifiers is 10uF. To many familiar
with current vacuum tube thinking, this
may seem much too small. The ripple
at this point is about 50V peak-to-peak.
However, the simplest form of the ampli-

change from no signal to maximum is

. not particularly great.
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I've used a 47uF cap at the output of
the filter so that even the lowest frequen- :
cies possible in this amplifier are well
handled. After going through the Ham-
mond 159P 10H choke, the HV ripple is |

less than V. The filter resonance is at
7.8Hz.

pacitor input to the filter and the 82R re-

sistors in series with the rectifier diodes

needed to run the output circuit with-
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i between the cathodes and plates of the
comes close to providing the voltage I :

6V6GTSs after voltage drops in the output

transformers.
out exceeding the 6V6GT dissipation rat-
ings. But I needed a little more drop, so I
added the 100R resistor in series with the
. 272DX HV CT. That is where I was able to
The combination of a rather small ca-

The 6.3V winding is rated at 4A. In this
circuit it need deliver only 1.8A, so I have

been very conservative and reliability
will be very good. As further protection, I
derive a -14V supply I mentioned previous-
! ly in the text. The result was about 313V

FIGURE 7: Regulated power supply.

: voltage drop is only a volt or two.

POWER SUPPLY ENHANCEMENTS

: My final version of the amplifier output
circuit was to run in the fixed bias mode,
: so I needed better power supply regula-
tion. I simply used a cut-down version of
the regulator I had used in the circuit of
my previous article (Fig. 7). This circuit
is somewhat simpler because the volt-
ages involved are lower. Only one of the
IRF840 FETs is required.

included a 2A fuse and a CL-90 thermistor,
which is a very useful device ensuring a
soft start at turn-on for the tube heaters.
After reaching operating temperature, its

The regulator includes soft-start so

that when the standby switch is closed
the 6V6GT cathode currents don’t rise to
dangerous levels as they would without
that delay. The FET is connected simply
. as a source follower whose gate is driven
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v All details actually
recorded revealed

v Outstanding bass

v/ Balanced and unbalanced input
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amp, you will hear details you have never
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by the controlling voltage on an RC time
constant. The upper limit voltage is set
by a series of zener diodes. The physi-
cally small 1k resistor in the gate lead
guards against the FET oscillating on
its own.

For experimental use, having a stand-
by switch included in the circuit helps
me a lot in making changes and adjust-
ments while I work on the circuit. You
don’t ordinarily need this, but you might
want to have one for your own reasons. I
use an ordinary two-pole switch connect-
ed to the power transformer secondary
to unhook the rectifier diodes. Although
the DC is defeated, you should always
keep in mind that the transformer HV
is still in the chassis and can give you a
nasty bite.

You may have looked at the photo of
the rectifier sub-assembly and noticed
four rectifier diodes. The extra diodes
are used to wire the output stage for
fixed bias operation. The negative supply
provides the fixed bias potentials.

I've used current limiting resistors,
each of 2.7k in series with the diodes
into their 10uF filter cap. At that capaci-
tor you will find a little more than -300V.

After passing through a 10k WW resis-
tor into the zener diode circuit, I mea- :

sured -185V, even though the diodes to-
taled only 170V.

A look at the diode spec sheet for the
75V 1N5368B indicated that heating in
the diodes causes the zener voltage to
drift up. These zeners are rated at 5W,
but that would be in ideal conditions. As
used in this circuit, a little more than 1W
is dissipated in each of the 75V zeners.

I had originally used spaghetti on
the zener leads. It turns out the zeners
depend to a large degree on cooling
through the lead structure. Even after
removal of the spaghetti, there was still

didn’t find this to cause any problems.
If you find that the power line in your
area tends to run on the low side, you

iting resistor set than I have shown in
the schematics and parts list. You could
reduce R101 and R102 to 47R in order to

positive side of the power supply. I don’t
think you will need to change the values
of R103 and R104. Be sure to leave some

fier diode should fail there will be a mar-
gin of safety for that part of the circuit.

RESULTS DATA

. I have included several tables of test re-
¢ sults in order to better illustrate why

I made the various modifications. For
the total harmonic distortion (THD) and

¢ intermodulation distortion (IMD) tests,
. 1 first set the AC balance pot for a 2nd

harmonic minimum while the output was
1W. I left the AC balance pot in that posi-

tion for the remaining tests within each

test group. The NFB resistors R30 and
R31 remained the same for all measure-

¢ ments.
quite a voltage rise. However, I later

Measurement of the DF was done
using the rated load versus the no load
voltages at the output. From that I used

: the internal resistance at the amplifier
may need to use a different rectifier lim- :

load terminals to compute the DF. The
distortion data, given in percent, was
taken at Rload of 8Q and 1000Hz, except

. as noted.
get enough voltage to properly run the !

The test signals were provided by an
HP 200CD wide-range oscillator and

- a GW GAG-810 sine- and square-wave
audio generator. I took the THD measure-
resistance in the circuit so that if a recti- :

ments using an HP 334A analyzer and

"o 2.565-48
~' MADEINUSA. _ .
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DynaClone Power Transformers

PA211 Upgrade and Replacement transformer for Dynaco PAS2, Why settle for generic when you can have a classic?

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

DynaClone 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.
DynaClone 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.
DynaClone 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. dynaCIone. com

DynaClone Output Transformers. .compare price,

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

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 areproduction of the Dynaco A431 output transformer as used on

PA135 replacement power transformer for Dynaco (tm) Mark 4.  the Mkl and Mklll amplifiers and Sunn guitar/bass amplifiers.
P782S replacement power transformer for Mark 3 and Mark2 ~ Other stuff we’re working on: A420 (6600 ohm 30W) and
C354 Exact replacement for chokes in ST70, Mk2, Mk3 and Mk4 A442 (4300 ohm 60W with tertiary screen winding)..
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measured the figures for the individual
harmonics up to the 5th with a Pico Tech-

nology ADC-216 virtual instrument run-

ing data sets cross-check well.

I made IMD tests by the SMPTE (Soci-
ety of Motion Picture & Television Engi-

neers) method using a 4:1 ratio of 60Hz
and 7kHz signals. Other IMD tests were
done by the CCITT method, using equal
signals of 1 and 1.6kHz.

of time chasing down ground loops in the

the display raster can cause interference

Table 1 is a comparison of the various

TABLE 1 Twin Coupled Amp Performance Summary
Qutput 6V6GTs ultralinear connected & cathode biased
CONDITION WATTS  2H 3H 4H 5H THD Other
i 1 0.037 0.029 ~ ~ 0.055 cathode current = 9TmA
A) 6SN7GT driver cathodes 3 0,024 0.066 ~ _ 0.078
through 1.8k to common
10 0.039 0.634 0.056 0.364 0.640
B) 6SNTGT driver cathodes ; gggg ggiz - R gggg
through 4.3k to -14V - - .
10 0.014 0.650 0.057 0436  0.870
C) 6SN7GT driver cathodes | 0044 0019 -~ - 0.054  DF =943
through 2N3055 CC source 3 0.046 0.028 ~ ~ 0.056 NFB = 12.6dB
to -14V 10 0.094 0.432 0.048 0.31 0.450
D) 6SNTGT driver cathodes | 0046 0024~ = 0.058
through 31k to -160V 3 0.042 0.029 0.006 ~ 0.060
10 0.067 0.433 0.060 0.310 0.440
TABLE 2 Twin Coupled Amp Performance Summary
BV6GTs cathode biased; 6SN7GT driver cathodes through 2N3055 CC source to -14V
CONDITION WATTS  2H 3H 4H 5H THD Other
1 0.048 0.021 0.004 ~ 0.058 DF = 9.89
E) Output Triode Connected 3 0.041 0.028 0003 ~ 0.057 NFB = 10.8 dB
6 0.061 0.81 0.108  0.587 0.860 cathode current = 91mA
1 0.044 0.019 o o 0.054 DF = 9.43
C) Output UL Connected 3 0046 0028 ~ ~ 0.056  NFB=12.6 dB
10 0.094 0432 0.048 031 0.450 cathode current = 91mA
1 0.047 0.017 ~ ~ 0.055 DF = 9.92
3 0.04 0.023 ~ ~ 0.051 NFB = 18.4 dB
F) Output Pentode Connected 0035 0045 0003 0006 0.060
12.5 0.033 0.044 0.003 0.007 0.060 cathode current = 91mA

TABLE 3 Twin Coupled Amp Performance Summary

QOutput 6V6GTs Pentode connected & Cathode Biased

CONDITION WATTS 2H 3H

1 0.047 0.017
F) 6SN7GT driver cathodes 3 0.041 0.023
through 2N3053 CC source 10 0035  0.045
to -14V

12.5 0.033 0.044

1 0.044 0.029
G) 6SN7GT driver cathodes 3 0.101 0.082
through 1.8k to common 10 0271 0.212

12.5 0.262 0490

4H 5H THD Other

~ ~ 0.055 DF=9.92

~ ~ 0.051  NFB = 18.4dB

0.003 0.006 0.060

0.003 0.007 0.060 cathode current = 91mA
0.006 0.004 0.062 DF=891

0016 0.006 0.125 NFB =144 dB
0.004 0.032 0.300

0.074 0175 0.600 cathode current = 91mA
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i the results, you would not think there is
measurement setup. Using a PC as part of :
. the setup adds another problem because '
ning into a PC. With a 16-bit resolution, it
has a dynamic range of 96dB. The result- .

any significant advantage of one circuit
over any other. However, as more resis-

© tance was added into the tail circuit, the
if you are not careful. This shows up as :
a false indication while using a digital !
spectrum analyzer such as the Pico ADC-
216 and is known as “aliasing,” an arti-
fact of the digitizing process. You must
be familiar with advanced measurement
techniques in order to properly evaluate '
. the resulting data.

Take great care in order to get accurate
results from the tests. I spent quite a bit '

setting of the AC balance control became
less critical.

If you don’t have any distortion mea-
surement equipment available, this is

an important feature to keep in mind.

The best option in that case is the simple

¢ constant-current (CC) circuit using the
. 2N3053 NPN transistor connected to a
negative supply.

possible 6SN7GT tail circuits. Looking at
the 6V6GTs with the same tubes and cir-
: cuit connected for triode and ultralinear
. (UL) operation. As you would expect, pen-
. tode operation provides the most power

Table 2 compares pentode operation of

and triode operation the least, just as in
an ordinary amplifier. The DF for triode
and ultralinear operation is only margin-
ally different than while pentode connect-

. ed, so there is no advantage with respect
. to that.

The only other advantage while not

. pentode connected is possible in the UL

mode. Because the screens would then be
supplied separately from the plates, it be-
comes possible to run the plates at higher
voltage and hence more power could be

. available. That is what I did in the previ-
. ous project.

Table 3 shows the advantage of using

- the 2N3053 CC source when compared to
. the original 1.8k in the tail of the 6SN7GT
. cathodes. Distortion is reduced at all lev-
" els and particularly at 12.5W, where the
. THD is reduced from 0.6% to 0.06%. That
isa significant drop and is much less crit-
' ical to adjustment of the AC balance pot.

In Table 4 T have made minor changes

so that the amplifier is set for fixed bias
operation from its regulated power sup-
ply. It now clips at about 14.5W. You can
see by the measurement results that even
as close as 14W is to clipping, the distor-
tion is still quite low. You can see in tests

H and I the minor difference in perfor-
mance when the 6SN7GT cathode tail is
taken from the 31k resistor as compared
to the 2N3053 CC source. But here again
the CC version is much less critical to ad-

. justment of the AC balance pot.

In tests J and K the front-end 6SL7GT

¢ circuit is set up for differential input and

zero NFB (Fig. 8). I used a DPDT switch
Sia,b to alternate between the regular
circuit and differential input. Another

. DPDT switch (not shown) is used to dis-



connect the NFB for zero feedback. The
differential circuit provides a much better
balance for the drive signal to the output
6V6GTs than is possible with the original
front-end circuit.

To optimize this mode of operation the
CR time constant in the cathodes of the
6SL7GT needs to be changed. C10 is then
6.8nF while R34 becomes 2.2k. If you so
choose, you can also easily connect this
front end to a differential source. If you
use the switches to change the operation
mode, be sure the amplifier is shut off
before switching. Otherwise, damage to
your loudspeakers or the amplifier could
result. Also, there is another comparison
of the CC tail with the 31k resistor tail on
the 6SN7GT driver tube.

The tests L, M, N, and O are provid-
ed so that you can see how well twin
triodes of the 6BK7/6BQ7/6BZ7 family
compare to what you would normally
use. These tubes are often overlooked
for this kind of operation, yet they are
surprising performers as you can see by
the results. I did a similar comparison
in the earlier project. It was easy to try
again because the socket adapters I had
made up and the tubes used are still

here on my workbench.

If you decide to go with tubes of this
type, the substitution is rather easy. For
the 6SL7GT, you can wire a 6BQ7 straight
into the circuit with no changes at all. For
the 6SN7GT substitution you will need to
add one each 2.2k resistor in series with
each of the 6BQ7 cathode leads. Their
junction then simply goes to whatever

cathode tail circuit you choose. These
resistors serve to reduce the gain of the
6BQ7 so that it is more like that of the
6SN7GT. At the same time they provide
a degree of linearization of the 6BQ7’s
characteristics.

Also notice in this group of tests the
negative supply for the 2N3053 has in-
creased from 14V to 20V. The new volt-

FIGURE 8: Alternative front end.
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age is derived differently from what was | Tests P and Q return you to the :
: wired for differential input and zero NFB.

used in the cathode biased version of the - 6SL7GT/6SN7GT front end. Test P is

amplifier. Refer to the regulated power regular operation with the CC source as :
supply schematic. © the tail for the 6SN7GT cathodes. Test Q :
© small side they perform very well. In test

TABLE 4 Twin Coupled Amp Performance Summary
Fixed Bias / Regulated PS / 6V6GTs Pentode connected

CONDITION WATTS  2H 3H 4H 5H THD Other
1 0.043 0024 ~ = 0.056 DF =8.95
H) BSNTGT driver cathodes through 3 0.044 0035 -~ ~ 0.061  NFB =154 dB
29k to -160V 10 0.044 0.020 0010 0.007 0.042
14 0029 0015 0.018 0028 0.070 cathode current = 60mA
1 0.044 0.022 0004 ~ 0.056 DF=9.59
1) BSN7GT driver cathodes through 3 0038 0033 ~ ~ 0.056 NFB =18 dB
2N3055 CC source to -14V 10 0029 0012 ~ 0.007 0.035
14 0.033 0.043 0.006 0.004 0.055
T T — 1 0.143 0.083 0005 ~ 0.145 DF=3.75
o ercetotes hough 0257 0182 0007 0013 0270 NFB=Zero
Differential input circuit 10 0486 0054 0010 0051 0470
14 0571 0213 0.046 0030 0580
. 1 0.115 0.088 0010 ~ 0.124  DF=3.62
e
Differential input circuit 10 0450 0.074 0.007 0.046 0440
14 No Data 0.560
L) 6BQ7s substituted for the driver 1 0.040 0.036 ~ & 0.066 DF =6.76
& predriver. 3 0.043 0.068 0.007 ~ 0.086 NFB = 14dB
Driver cathodes through 2N3055 CC  1g 0.058 0054 0005 001 0.075
source to -14V " No Data 0.160
M) 6BQ7 driver & predriver Balance 1 0042 0030 ~ ~ 0.062  2x 6V6GT
Pot reset to Series | 3 0.045 0051 0003 ~ 0.076  cathode current = 46mA
Driver cathodes through 2N3055 CC 10 0.054 0.033 0008 0010 0.170
source to -14Y 14 0059 0109 0005 0013 0286
1 0.040 0.016 ~ 0.006 0.050 2x 6V6GT
N) 6BQ7 driver & predriver N
Driver cathodes through 2N3055 CC 3 0036 0007 ~ 0.013  0.050 cathode current = 46mA
T 10 0.039 0.156 0.010 0.019 0.175
14 0048 0242 0.014 0051 0.280
0) 6BQ7 driver & predriver 1 0.051 0.039 ~ ~ 0.072 DF =766
Vi 1V
Drver cathodes through 2N3085 CC Bl o —— e
source to 20V 10 0089 0029 0007 0009 0.100 2x 6V6GT
14 0.098 ~ 0.006 0.010 0.108 cathode current = 60mA
P) Retun to 65L7,/6SN7 BSNTGT 1 0.045 0024 ~ = 0.054 DF=9.74
eturn to _
driver cathodes through 2N3055 CC 3 0043 0033 0056  NFB = 179dB
source to 20V 10 0.047 0015 ~ . 0.045
14 0032 0029 0.034 0030 0.071 cathode current = 60mA
1 0.117 0.113 ~ ~ 0.15 DF = 3.72
Q) Differential input circuit 6SL76T 3 0269 0250 0011 0014 0320 NFB=Zero
cathodes through 75k to 155V 10 0537 0218 0019 0060 0560
14 0.690 0.071 0025 0.020 0.700 cathode current = 60mA
1 0.081 0.051 ~ 0.020 0.100 DF=9.20
R) Same as P ahove 3 0.167 0042 ~ 0.167 0.160 NFB = 18dB
But at 60Hz 10 0329 0.167 0.046 0037 0.320
14 0352 0.189 0.034 0.153 0420
S) PP 6F6s as output 6SN7GT driver 5 0225 0.140 0013 0009 * DF = 764
cathodes through 3.9k to -20V 9 0582 0605 0200 0259 * NFB = 14.6dB

* Indicates no THD Data
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shows the performance with the front end

In test R I have set the test signal to
60Hz. Even though the OPTs are on the

S, a pair of cathode biased 6F6s have been
used in the output circuit. If you use 6F6s
the cathode bias resistor is 330Q.

For the SMPTE IMD test I set the two

signal sources so that the amplifier out-
. put was 8W as indicated on the Metrahit

29S Wattmeter. That is equivalent to an
11.76W sine wave. The resulting IMD
sidebands in the amplifier output mea-
sured about 40dB below the 7kHz signal.
Refer to the spectrum for the differen-

tial input mode with zero loop feedback
. showing 7kHz and the upper and lower

60Hz sidebands. In the CCITT IMD test I
found the highest IMD product to be al-
ways more than 60dB down from either of
the test signals, even at 14W equivalent.

. The 600Hz difference signal was always
. the largest of these.

~ CONSTRUCTION

This amplifier was built as an experi-
mental unit and not as a showpiece. As
a result, I did not spend much time on
cosmetics. My primary objectives were

. the design of a reliable and affordable
. vacuum tube amplifier of outstanding
. performance and flexibility, easily built

by someone of moderate experience. As
usual, I will leave it to you, the builder, to
decide what the appearance should be for
your own listening environment.

I built my version of this amplifier on

a rather large Hammond 1444-32 chassis
: measuring 17 x 10 x 3", It has a matching

Hammond 1434-30 bottom plate. I like
to have room to move around while

FIGURE 9: Input 60 and 7000Hz

mixed 4:1 output is 8W on the watt
meter, equivalent to 11.76 sine wave.
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making changes, adjustments, and mea-
surements.

ers are all mounted on the top surface supply. voltage regulator.

while the choke is inside the chassis. You -

may not need that much space and will : Bias LED
find you can get by with something small-
er, in particular if you should choose to
use a miniature tube set. For example,
if you go with an output section using
the 6AQ5As and the 6BQ7s in the driver
circuitry, you will need somewhat less
space power. You could get along with
a power supply consisting of something
like a Hammond 270DX and one of their
157M chokes.

You can see in Photo 1 that I've again
installed the wood pieces on the chassis
ends as I have for earlier projects. Dur-
ing the development stage this structure
supports the amplifier while it is invert-
ed on the test bench. The wood pieces
also work well as handles so that I can
easily move the amp from the workbench
to the shelf.

Several of the circuit parts were built
as sub-assemblies, rather than trying to
put them together while inside the chas-
sis. You simply attach two of the terminal

WELBORNE

Laboratorie

REMOTE CONTROLLED STEPPED ATTENUATOR KITS

Finally a remote controlled stepped attenua-
tor that doesn’t use noisey motors or dozens
of expensive relays. Our new attenuator
design is affordable, compact & modular!

- 60 Steps of Attenuation

- Mute, Balance, Power & Source Selection
- Only a single resistor in the signal path

- Available with numeric LED readout

- Single Ended or Balanced Operation

- Circuit board signal path of <1 inch

- Compact.... each circuit board 1.75" x 4.00”
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and delay. ’ ’

OTmmon

C103

D1, D2, D3, D4

Negative Out

Positive Out

EQUIPMENT USED IN THE DEVELOPMENT OF THIS AMPLIFIER

HP 334A

HP 200CD

GW GAG-810

Rohde & Schwarz
Metrahit 29S8

Pico Technology ADC-216
Pico Technology M1053
Powerstat

Total Harmonic Distortion (THD) Analyzer
Wide Range Audio Generator

Sine and Square Wave Audio Generator
Dual Channel, 100MHz Oscilloscope
Precision RMS DMM and Power Meter

Dual Channel Spectrum Analyzer/Oscilloscope

Differential Probe
8A Variable Transformer

strips to a clean scrap of wood. Then
solder all of the parts in place on the
terminal strips. You can then mount the
whole assembly in the chassis and wire
into the circuit. I found this technique to
be very useful while building a “one off”
circuit. The various component parts are
identified in Photos 2-7.

The heatsink for the IRF840 FET is

. nothing more than a scrap of %" thick
: aluminum extrusion. It measures in
: total about 2.5” x 4” and is more than
¢ enough to dissipate heat generated in
¢ the FET. Don’t be tempted to feel the
heatsink for temperature as you might
_ a solid-state amplifier. There are al-

most 400V on the sink during normal

: operation! The heatsink is supported
: and insulated from the chassis by three

1—Amplifier

C1 680nF, 630V
€2, C3 330nF, 630V
C4, C5 6.8nF, 630V
6, C9 22UF, 450V
C7,C8 150nF, 630V
C10 47nF, 630V
cn 1000uF, 40V
C12 - See Text 10uLF, 450V
LED A common red LED
P1 100k

P2 100k

P3 10k

P4 10k

Knob for Gain Control

3 Pot. Locks for the Bias, AC

and DC Balance Adjustments

a1 2N3053 or 2N2222
R1, R2, R3, R4, R19, R20 1K, 2W

R5, R6 100k

R7 120k

R8 33k

R9 1.8k

R10 270k

R11, R12 15k, AW
R13, R14 39k

R15, R16 180k

R17, R18 75k

R21 to R28 Not Assigned
R29 10R, W
R30, R31 270k (Negative Feedback)
R32, R33 120R, 2W
R34 5.1k

R35 68k

R36 31k

R37 18k

R38 Not Assigned
R39 12k

R40 180R

R41 4.3k

R42 22k

R43 180R

Al resistors are 2\ except as noted

Diff Amp Input Stage Only

Gain

AC Balance (optional)
DC Balance

Output Bias

Front End FB Adjustment

Cathode Bias
Optional, see Figure

T1, T2

V1

V2

V3, V4

4 Octal Sockets

RCA Phono Connector (Input) AES p/n S-H310
One 6-Screw Terminal Strip (Output) AES p/n S-H317P

2—Power Supply

PARTS LIST

Hammond 125J Output Transformer
6SL7GT

6SN7GTB

6V6GT

C101, C105 10uF, 385V
€102 47UF, 385V
c103 22uF, 385V
c104 470nF, 630V
C106 220nF, 630V
C107 to C110 Not Assigned
c112 1000uLF, 40V
CL-90 NTC Thermistor
D1 to D6 1N4007 or equivalent
Q1 IRF840 FET
R101, R102 82R

R103, R104 2.7k

R105, R106 270k

R107 47k

R108 1k

R109 10k 10W WwW
R110 10R

RN 100R

R112 560R

R113, R4 120R

Al resistors are 2\ except as noted

$101, S102 DPDT Switch

T101 Hammond 274BX Power Transformer
21,72, 73 1N5378B, 100V Zeners

74 30V Zener

75, 76 1N5368B, 75V Zeners

z7 14V Zener

78 20V Zener

Chassis Hammond 1444-32, 10 x 17 x 3 Chassis

Bottom Plate
Small Aluminum Extrusion

Hammond 1434-30, 10 x 17 Bottom Plate
Heatsink/Mounting for Q1
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Design crossovers with
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Design 2-way and 3-way passive crossover net-
works, high-pass, band-pass or low-pass filters,
impedance equalization, L-pads and series or par-
allel notch filters. Its Thiele-Small model provides
professional results without complex testing.

Design speaker boxes for any space: car, truck,
van, home hi-fi, home theater, pro sound, studio,
stage, PA and musical instruments. Import acoustic
measurements. For example, the response of a car
can be imported to simulate the in-car response.
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and beautifully illustrated printed manuals.
We include the world's largest driver database with
the parameters for many thousands of drivers.
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For more information please visit
our internet website at:

www.ht-audio.com

Tel: 269-641-5924
Fax: 269-641-5738

$129 sales@ht-audio.com $09

plus S&H Harris Technologies, Inc. plus S&H
P.0. Box 622

Sophisticated Driver Modeling and Advanced Box Design Passive Crossover Filters and Scalable Driver Modeling

* Multiple drivers with isobaric, push-pull and bessel options. « 3 dual voice coil Ed::;':;h:;gzzm » 1st, 2nd, 3rd and 4th-order “ladder” filter topologies.  Parallel crossover
wiring options. = "Expert Mode" dynamically analyzes driver parameters. « Design topology. = 2-way crossovers offer Bessel, Butterworth, Chebychev, Gaussian,
closed, vented, bandpass and passive radiator boxes. * "Suggest’ feature provides US.A. Legendre, Linear-Phase and Linkwitz-Riley filters. » 3-way crossovers offer All-
fast box design. » All box types account for leakage losses and internal absorption. - Pass Crossover (APC) and Constant-Power Crossover (CPC) filters. Xsover Pro's
+ Advanced vent calculation. « Bandpass boxes can be single or double-tuned with 2 capabilities scale to fit the amount of driver data. = A crossover, filter or L-pad can
or 3 chambers. = 22 box shapes (shown below). « Open up to 10 designs at one time. be designed with just the nominal impedance of each driver. » With full Thiele-Small
* Analyze small-signal performance with: Normalized Amplitude Response, Impedance, parameters, impedance equalization can be designed and the performance graphed.
Phase and Group Delay graphs. = Analyze large-signal performance with: Custom Ampli- = Graphs include: Normalized Amplitude Response, Impedance, Phase & Group Delay.
tude Response, Max Acoustic Power, Max Electric Input Power, Cone Displacement and = Graphs can include the full speaker response including the box. » Estimate component
Vent Air Velocity graphs. « Includes a helpful "Design Wizard" for beginners. resistance (ESR & DCR). » Calculate the resistance of parallel or series components.
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