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Synthesizing Vacuum Tubes

Put that old tube-type receiver back to work by
replacing the burnt-out tubes with JFET circuits.

ome wag once said that a

vacuum tube was just an

N-channel depletion-mode FET
with a light in it to tell you when it was
good. Thereis enough truthin the com-
parison to warrant exploring the use
of FETs in hard-to-fill receiver tube
sockets. Of course, a one-to-one re-
placement isn’t possible, but with a
little headscratching, an FET-based
substitute may be built for either a
pentode or triode vacuum tube. The
substitute costs less and has a longer
life expectancy than a tube, and
there’s no penalty in performance.

Comparing Tubes and JFETs
A pentode vacuum tube has five
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elements: eathode, control grid (G1),
screen grid (G2), suppressor grid (G3)

and plate. The plate current is essen-

tially independent of plate voltage; the
dynamic plate resistance is very high.
This high plate resistance does not load
aresonant output tank, so simple tuned
output circuits can be used. And the low
capacitance between G1 and the plate
results in little coupling from output to
input, so no special circuitry is needed
for stable amplification at RF.

A triode has only three elements: a
cathode, a control grid and a plate. The
plate current is a function of plate volt-
age and grid voltage; the dynamic
resistance is relatively low. The cou-
pling between output and input
through the plate-to-grid capacitance
is relatively tight, which usually re-
stricts triodes to use in untuned appli-
cations. They can be used at RF with

special circuits or under special condi-
tions, but are more often found in audio
or other low-frequency applications.

A receiving tube typically requires
plate voltages of 100 V or so, positive
with respect to the cathode. The grid
is operated negative with respect to
the cathode, and plate current in-
creases as the grid-to-cathode voltage
becomes less negative. Grid current is
typically a few microamps when the
grid is negative but can be several
milliamps when the grid is driven posi-
tive with respect to the cathode. Plate
currents in receiving tubes are a few
milliamps, and output power is nor-
mally not a significant consideration.

The major parameters of tubes that
we’ll be concerned with are u, r, and
&, which are related by:

U=&m!p Eq1
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where g,, (transconductance) is the
change in plate current for a change in
grid voltage, with plate voltage held
constant; r, (plate resistance) is the
change in plate current for a change in
plate voltage, with grid voltage held
constant; and p is the change in plate
voltage needed to hold plate current
constant for a change in grid voltage—
in a word, gain. Pentodes usually
specify g, and rp, while triodes specify
uandr,. g, is typically in the range of
1000 to 10,000 pmhos. [The more mod-
ern term for the mho is the siemens.
Receiving tube databooks, however,
are likely to give g,, in umhos rather
than in uS.—Ed.| r,, is in the range of
1 MQ for pentodes and less than
100 k€ for triodes.

The N-channel depletion mode
JFET has features in common with
vacuum tubes. The drain (equivalent
to the plate) operates with a voltage
that’s positive with respect to the
source (equivalent to the cathode).
Drain current is essentially indepen-
dent of drain voltage; the dynamic
drain resistance is very high. The gate
(equivalent to the control grid, G1)
operates at a voltage that’s negative
with respect to the source. Gate cur-
rent is a nanoamp or so {essentially
zero) when the gate is negative with
respect to the source, and maximum
drain current occurs with 0 V gate-to-
source. The gate current can be several

milllamps when the gate is positive
with respect to the source. Of course,
the JFET operates with much lower
voltages than tubes, from a few volts
to 25 or 50 V maximum.

The JFET has only a single gate, and
the gate-to-drain capacitance is rela-
tively large, like the triode grid-to-
plate capacitance, which limits its RF
applications to special circuits or
operation under special conditions.
There are dual-gate MOSFETS (eg,
3N200, 3N201, 3N140. 3N187) that
have low output-to-input coupling and
are used in TV front ends without spe-
cial circuits. While their RF character-
istics may match a pentode, their
transconductances may not. A JFET
can have a transconductance much
greater than any tube, and its operat-
ing point can be adjusted to produce
various values of g,,,.

Two discrete JFETs or tube triodes
connected in cascode, as shown in Fig
1, have excellent RF properties. In the
JFET cascode, Q1 is a common-source
amplifier that drives the source of the
common-gate amplifier Q2. The volt-
age gainof Qlis gy 1 R, wheregyq)is
the cormmon-source transconductance
of Q1, and R, is the source impedance
of Q2, which is approximately Vgfazr
When the gy, values of both transistors
are equal, the voltage gain of Q1 is
&rldp and Q1 is unconditionally
stable. Since the current in Q2 is the

same as the current in Q1, the gain of
Q2isgs Ry, where Ry is the impedance
in the drain of Q2 (the load). The
cascode amplifier is stable, even
though the gain of Q2 (and thus the
overall gain) may be high, because the
grounded gate of Q2 effectively shunts
its Cyy to ground. The capacitance
between output and input is generally
in the range of femtofarads.

Mimicking the Tube’s
Parameters with JFETSs

As you can see the basic nature of a
pentode or triode vacuum tube can be
matched using JFETs. The next step
1stomake our JFET circuit exhibit the
same parameters—from Eq 1—as the
vacuum tube we're trying to replace.
What we’ll do is trim the transcon-
ductance of a JFET to the particular
value needed by adjusting the JFET’s
operating point.

To simulate the 6SK7 (Fig 2) re-
quires a device with a transcon-
ductance of about 2000 umhos and a
dynamic output resistance greater
than 800 kQ.! The g4 of a JFET can be
expressed as:

gp =
! (Vg = Vi)

where I 1s the drain current, V,, is
the gate-to-source voltage that causes
Ip, and V,z is the value of V,,, that

s
reduces Iy to zero.

Eq 2
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Fig 1—The cascode uses triodes as an RF amplifier.
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Fig 2—A JFET cascode synthesizes a 6SK7 pentode.
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The fundamental electrical param-
eters of a JFET, Ip, V,r and Vg, are
related as follows:

2

1- Voﬂ

Vs

Ip =1Ipgs Eq3

where Igg is the drain current when
Vg4s18 0. Eq 1 can be rewritten to solve
for V,pror Vi

Ves/Voir =1-Tn/Ipss Eq 4
Vorr :Vgs/(l—\/flr)h/ll)ss) Eq5
Vs = aff(lv VIp/ fués) Eq6

The values of Vs, Vs and Ipgg given
in the data sheets are often only maxi-
mum and minimum values and are
quite broad. For circuit design, either
typical values are assumed or actual
values are measured.

The actual values can be measured
with simple test equipment: a power
supply (something between 9 and
24 V), a multimeter and a resistor in
the range of 20 kQ. Connect the
N-channel transistor’s drain to the
positive side of the power supply, the
gate to the negative side of the power
supply, and the source to the negative
side through the resistor. Measure the
voltage E across the resistor R and
calculate or measure Ip. Eis V.. Short
the resistor and measure Ipgg. Mea-
sured values for a particular MPF102
were found to be: Ipgg = 4 mA, Vg =
2.62 V for I = 0.131 mA. Plugging
these values into Eq 5 and solving for
Vuf/yields V()/f': 3.2V. )

The value of g4, corresponding to Iy
and I'pgg can be found by substituting
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Fig 3—A JFET synthesizes one half of a
6SL7.

Eq 6 into Eq 3:

2/IpIpss
B =y
off
Rewriting to solve for I yields:
(gfsVoff)Z
ID = Eq 7
41 pgs

Eq 7 shows that g, the parameter
we're trying to synthesize, is related
to Ip. Eq 6 shows that I is related to
Vgs- Thus if we establish the proper
value of V., we should get the value of
8, we want. For the typical 65K7 g, of
2000 pmhos, Eq 7 shows that the Ip
that produces a V,, of 2000 pmhos in
the MPF102 measured earlier is
2.56 mA. Using Eq 6, the V,, corre-
sponding to that Iy, of 2.56 mA is cal-
culated to be 0.64 V. For this particu-
lar JFET, a 0.64-V Vg, should produce
the desired g7 of 2000 pmhos.

A 242-Q source resistor will produce

this V.. A standard 240-Q part is
used. ’%he typical cathode bias for a
6SK7 used in an IF amplifier is 3 V,
which is provided by 270 Q bypassed
with a 0.1-uF capacitor. 270 Qis pretty
close to 242 Q and may be used with
only a moderate change in perfor-
mance, within the limits of the tube. It
is serendipitous that the same value
of bias resistor can be used for either
the FET or the tube. A different FET
would probably require a different
resistor.

The gain of the synthesized tube is
probably the most important charac-
teristic to be developed, but the input
and output capacitances can be impor-
tant, too. The input capacitance of a
common-source amplifier is greater
than the gate-to-source capacity by
virtue of the Miller effect:

Cip =Cis +C |Av|

where C; . is the capacitance from gate
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Fig 4—A perf-board layout for a synthesized 6SK7.
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to source, C,, is the capacitance from
gate to drain, and A, is the voltage
gain of the amplifier. In a cascode
amplifier, the voltage gain of the com-
mon-source part is essentially ~1 (the
input is inverted), so the input capaci-
tance is simply C;s + Cpq. For an
MPF102, that’s about 10 pF. The ca-
pacitances of a 6SK7 are: C;, = 6 pF,
Cout = 7PF, Cyp, = 3 fF. The differences
can undoubte(fly be accommodated by
the coupling transformer tuning. Low
output-to-input capacitance C,, is
critical for stable RF/IF gain. Both the
pentode and the FET cascode have
feedback capacitance in the femto-
farad range. But from a practical point
of view, a stable amplifier is as depen-
dent on the physical layout, interstage
shielding and dimensions of the chas-
sis as on the plate-to-grid capacitance.

Practical Replacement
Circuits

Fig 2 shows a cascode JFET replace-
ment for the 6SK7 pentode. The only
sticky part of using JFETs to synthe-
size vacuum tubes is obtaining the
needed low operating voltages with
minimum modification of the receiver.
The dc plate voltage of the 6SK7 is typi-
cally 150 V, while the maximum drain-
to-source voltage of the MPF102 is
specified as +25 V. The gate voltage of
Q2 sets the source voltage of Q2, which
is the drain voltage of Q1. The resistors
R1 and R2 in the gate divide the volt-
age to about half the drain voltage, so
a supply of 50 V would result in about
25 V across each of Q1 and Q2. Using a
nominal 43-V supply allows for toler-
ances in R1 and R2 as well as for up to
10% variation in the supply voltage.
The lower drain-supply voltage needed
for the FETs can be obtained in several
ways. An obvious solution is to build a
suitable low-voltage supply, but that
would be a major receiver modification
that would be hard to justify unless all
of the tubes were replaced.

Conceivably, the plate voltage could
be dropped using a bypassed resistor.
The specifics of dropping the voltage
would depend on the drain current and
the B+ supply voltage used in the re-
ceiver. The dropping resistor can be
calculated, and the drain voltage is
Vdrain = B* —RIp. Since Ip is constant,
the voltage across R is constant, and
B+ changes appear at the drain. Most
tube-type receivers have an unregu-
lated plate supply, and line voltage
changes of +10% cause a 150-V supply
voltage to change +15 V. The power
supply voltage fluctuations can thus
drastically change the FET’s supply
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voltage. A simple dropping resistor in
the high-voltage plate supply may be a
risky solution.

A more conservative solution for RF/
IF amplifiers is to regulate the screen
supply down with a Zener diode and
shunt feed the JFETs through an RF
choke, as shown in Fig 2. (The screen
supply is not otherwise needed.) The
supply voltage for the cascode can be
anything between 9 and 47 V. The Ze-
ner used in this example is arbitrarily
chosen to be 24 V. The power dissi-
pated in the dropping resistor, R3, is
(B+-V2)(Ip+lz) and may be in the '/2-W
range. It is good practice to derate re-
sistor power dissipation by 50%, so a
1-W part would be appropriate for R3.
A 1-mH choke, similar to aJ. W. Miller
part number 9230-92, is adequate for
L1. The coupling capacitor, C2, must
have a voltage rating greater than the
B+ supply; use something similar to a
Sprague 5HKSS10. The gate-bypass
capacitor, C1, must have a dc working
voltage greater than half the drain
voltage; a monolithic ceramic like
Sprague’s 1C10X7R103K100B rated at

100 VDCW is a convenient size.

The bias will probably need to be
changed from the pentode tube’s value.
Changing the bias means changing the
value of the cathode resistor, but keep-
ing the cathode bypass capacitor.

Almost any pentode can be synthe-
sized with the equations given and can
be substituted for hard to find tubes.
The layout of the circuit board is not
especially critical. A perf board
mounted on an octal header will not
take up any more room than the tube
and can be pin-for-pin compatible with
the tube. A layout of the perf board is
shown in Fig 4. The terminal numbers
shown are those corresponding to a
6SK7. The shell of the tube connects to
pin 1, which should go to ground. The
positive supply for the FETs comes
through the G2 pin, pin 6. The G2 sup-
ply, V+, is typically 100 V and may
come from the plate supply through a
dropping resistor or from a separate
supply. The value of R3 needed to drop
the screen voltage to the Zener voltage
can be calculated with the following
equation:

1 Drain
3
Gate 2 Source

2N3822

)
2 (

@)

P

O

Fig 5—A board layout for a synthesized 6SL7.



Aug 1997 QEX - Copyright © 2017 American Radio Relay League, Inc. - All Rights Reserved

V-V,
I
where V* is the supply voltage, V5 is
the Zener voltage and I is the current

drawn from V+.

The existing screen voltage must be
measured and the current limiting
resistance calculated using Eq 8. The
current in R3 is the sum of the drain
current and the Zener current. (The
Zener current need not be greater than
1 or 2 mA.)

Pin 5, the cathode pin of the 6SK7,
probably goes to ground through about
270 Q. In the example cited, the cath-
ode resistor should be 240 Q, but for
other FETs a different value of resis-
tance may be needed.

Synthesizing a dual-triode, such as
the 6SL7, in a resistance-coupled am-
plifier presents a different problem:
enough pins to bring in ground and the
high capacitance of coupling and by-
passing capacitors. The six pins
needed for the two sets of triode ele-
ments and two pins for the heater oc-
cupy all eight pins of the socket. The
synthesized 6SL7 doesn’t require a
heater voltage, so one of those pins can
be used to bring in ground. The tech-
nique of applying power to the FET
with shunt feed as used with the
pentode is not an attractive option
because high-voltage coupling capaci-
tors for low-frequency circuits are
physically large. The only other choice
is direct coupling and accepting the
power supply changes. In Fig 3, the
supply voltage is shown being series-
fed through the plate load resistor R,
with a heater pin being used for
ground.

The 6SL7 data sheet showspu =70, r
= 44 kQ, and G,, = 1600 umhos. A
MPF3822 JFET is chosen to simulate
the triode to take advantage of its
higher (than the MPF102) drain-
source voltage rating and to demon-
strate handling a different JFET.

The MPF3822 has only its maximum
and minimum characteristics speci-
fied, so the following values were mea-
sured: Ipgg = 6 mA, Ip = 2 mA for V,
= 3.5 V. The value of V,,sis found to be
4.3 V with Eq 5. Eq 1 shows that I is

R3 = Eq8

2 mA when Gy, is 1600 pmhos. The V,,
needed for I'p = 2 mA is shown by Eq 6
to be 1.8 V. The source resistance, R2,
needed to produce the 1.8 V bias is
910 Q. The equivalent r, is obtained
by shunting the FET drain with 43 kQ
(the nearest standard 5% part). The
voltage, E,, can be shown to be:

E,=(B* Ry Ip)r,/(r, + Ry)

Eq9
B+ and R1 are peculiar to a particular
receiver’s circuit and must be mea-
sured. As an example, assume the sup-
plyis+150V+10%(135Vto 165 V), R},
is 20 kQ and I is 2 mA. For these con-
ditions, E, varies from 65 V to
85 V. A 47-V Zener will drop E, to 18
V to 38 V for the drain. If R; were
47 kQ, E, would vary from 19 V to
34 Vand no Zener would be necessary.
Power dissipation in the 43-kQ resis-
tor is less than Y4 W,

Conclusion

I've shown that a pair of JFETs in a
cascode circuit can synthesize a
pentode, and a single JFET can synthe-
size a triode. These rather simple cir-
cuits can solve the problem of finding
tubes to keep the receiver operating,
and the modifications to the receiver
are nominal. The equations given
above allow the scrounger of flea mar-
kets, yard sales and hamfests to resur-
rect a receiver that can be had for just
a few dollars and some research to find
out what tubes are missing. The older
Radio Amateur Handbooks have sum-
maries of receiving tube base diagrams
and typical operating characteristics.
Tube-type receivers don’t have the piz-
zazz of the latest and greatest solid-
state receivers, but they don’t have the
big price tag, either. Ham radio doesn't
have to be out of reach of the ham who
has to watch his pennies.

AMATEUR TELEVISION

Web site: www.hamtv.com

Low Cost Start

Model TVC-4G
ATV Downconverter
tunes 420-450 MHz toch 3
Only $89
TVC-9G 900 MHz $99
TVC-12G 1200 MHz $109
Get The
ATV Bug!

Made in USA L
Wired and tested boards start at $49
for those that want top package their own

SEE THE SPACE SHUTTLE VIDEO

Many ATV repeaters and individuals are re-transmitting
Space Shuttle Video & Audio from their TVRO's tuned
to GE-2 (85W) transponder 9 vertical. Others may be
re-transmitting weather radar durning significatn storms
or home camcorder video. If it is being done in your
area on 420 MHz - check page 577 in the 97-98 ARRL

Repeater Directory or call us, ATV repeaters are Com1pgnwiotl: I¥5°’1b
springing up all over - all you need is the TVC-4G ATV TH;QNSaMlﬁEH
420-450 MHz downconverter, TV setto ch 2, 3 or 4, and $299

70cm antenna (you can use your 435 Oscar beam). We
also have equipment for the 902-928 & 1240-1300 MHz
bands. In fact we are your one stop for all your ATV Full color & sound
needs and info - antennas, amps, transmitters, etc. Plug in your camcorder,
Hams, call for our complete 10 page ATV catalogue! antenna & 13.8 Vdc @ 1A
CALL (626) 447-4565 m-Thsam-s:30pmPsT.  VISA, MC, UPS COD

il: b@aol.
P.C. ELECTRONICS 24 i FAX (626) 447-0480

Tom (W60ORG) & MaryAnn (WB6YSS)

Buy both, for $359
and save $29

2522 S. PAXSON Lane ARCADIA CA 91007

August 1997 21






