
STABLE, LOW-COST 
REFERENCE POWER SUPPLIES 

By CARL DAVID TODD 

Design of a “standard” voltage supply for small laboratories or shops, 

using economy-grade transistors as temperature-compensating diodes. May¬ 

be used as a d.c. or a.c. calibrator to monitor small voltage changes. 

AVERY stable voltage source of known value can be a 
useful addition to any lab or shop. It can help you 
calibrate instruments or serve as a comparison to 

monitor very small voltage changes. Imagine having your 
own complete reference supply with the following charac¬ 
teristics: 1. Temperature coefficient less than 0.002%/°C; 
2. Operating stability better than 0.03% even with line- 
voltage fluctuations of ±15%; and 3. Warmup time less than 
two minutes. 

The least expensive unit you could buy would cost far 
more than the components for the basic unit described here. 
Even if you buy all the parts new, you will spend less than 
$10.00. The secret of its low cost is in utilizing one charac¬ 
teristic of some economy-grade transistors. 

Basic VR Diode Regulation 

Let's start by looking at the diode VR (voltage regula¬ 
tor) circuit of Fig. 1. Voltage supply Vx and resistance 
R1 establish bias current lx through the VR diode accord¬ 
ing to the operating load line drawn on the diode's char¬ 
acteristic curve. 

We would like to obtain an output voltage, V0) which re¬ 
mains constant. Two sources of output-voltage variation or 
error are input voltage and operating temperature. Let’s 
see what we can do to reduce output error, even though in¬ 
put voltage or operating temperature may vary. 

First, consider what happens as the value of unregulated 
input voltage is changed. If Vx increases, the load line 
just assumes a new position—parallel to the former one and 
above it. The result is an increase in current flowing 
through the diode, which causes a slight increase in the 
voltage drop across it. The change in V0 will equal the 
product of the current change times r(h the dynamic resis¬ 
tance of the diode. 

To reduce the output-voltage variation, we might try re¬ 
ducing rd. For a particular VR diode, we could increase 
bias current since r(1 is somewhat a function of bias 
current. Unfortunately, this would just cause a larger vari¬ 
ation in lx with any change in Vx so we would gain very 
little improvement in the control of V0. We might also try 
decreasing the slope of the load line. This would neces¬ 
sitate a higher value of HI and a higher value of V1( How¬ 
ever, if the percentage of variation in V1 remained the 
same, we would still gain little. We need a better way. 

We can replace R1 with a constant-current device such 
as the transistor circuit of Fig. 2. As long as we keep 
voltage V2 constant, the emitter current of Q1 stays at 
a fixed value. If the current gain of Q1 is relatively high, 
collector current is just about equal to emitter current 
and also remains constant. In a practical circuit, V2 can 
be developed by a second VR diode—D2 in Fig. 2B. 

The second source of output-voltage variation in the 
basic regulator circuit of Fig. 1 is the temperature co- 

(A) SIMPLE CIRCUIT 

Fig. 1. The simplest diode-type voltage regulator circuit. 

(A} BASIC CIRCUIT WITH ADDITIONAL 
FLOATING SUPPLY 

(B) CIRCUIT USING A SECOND VR DIODE TO 
DEVELOP Vz 

Fig. 2. Adding constant-current regulation for bias current. 

Fig. 3. A graph of temperature coefficient versus breakdown 

voltage. This curve is typical of voltage-regulator diode. 
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Fig. 4. Any transistor is equivalent to two diodes, back-to- 

back. A temp-compensated regulator is in circuit like this. 

Fig. 6. Basic regulator circuit with 5-volf constant output. 

efficient of the VR diode. The value and polarity of this 
temperature coefficient (or KT), normally expressed in mil¬ 
livolts per degree centigrade (mV/°C), depends on the di¬ 
ode breakdown voltage. Fig. 3 shows a graph of typical 
'/alues. 

Very-low-voltage diodes (less than about 5 volts) exhib¬ 
it a negative Kr, while higher voltage units have a posi¬ 
tive Kt—one whose value increases with breakdown voltage. 
It is possible to find VR diodes, with just the right break¬ 
down voltage, which show almost zero KT over a wide range 
of temperatures. However, you can't just go to a distrib¬ 
utor and buy them. Besides, the cost of even “economy” 
VR diodes is considerably higher than for the plastic-en¬ 
capsulated transistors we will discuss in a moment. 

There is another solution to the temperature-error prob¬ 
lem. Since budget limitations of the small lab or the ex¬ 

perimenter preclude purchasing temperature-compensated 
VR diodes, we might consider constructing a temperature- 
compensated diode of our own. Let's see what is involved. 

Temperature-Compensating a Diode 

The basic temperature-compensation procedure consists of 
intentionally introducing a temperature error which is ex¬ 
actly equal in value but opposite in sign to that inherent 
in the diode. 

As shown in Fig. 3, VR diodes with breakdown voltages 
greater than about 5 volts have a positive KT, i.e., the 
voltage drop across the junction increases with increasing 
temperature. It is also a fact that an ordinary forward- 
biased silicon diode has a negative KT (voltage drop across 
it decreases with increasing temperature). The value of 
Kt may be between 1 and 2.5 mV/°C, depending on the 
level of bias current lY in relation to the area of the junction. 

In a commercial temperature-compensated unit, a VR di¬ 
ode is carefully mated with a forward-biased diode having 
just the right KT at the desired current level. The two 
diodes are then carefully tied together inside the same 
package to make sure both operate at exactly the same tem¬ 
perature. 

Generally speaking, making such carefully compensated 
VR diodes is beyond the capability of the small lab. Even 
if we were to find two well-matched diodes we could not 
put them in the same package, and performance over a 
range of temperatures would be only fair, at best. 

Don't give up, though. Fortunately, the emitter-base 
(E-B) junction in a p-n-p diffused silicon planar epitaxial 
transistor has a breakdown voltage typically between 6 
and 7 volts. We can use it, then, as our VR diode. This 
is in the proper range to have a KT of approximately +2 
mV/°C. All we need to go with it is a forward-biased di¬ 
ode that we can place in very close contact with the E-B 
junction we are using as a VR diode. We have another di¬ 
ode—the collector-base (C-B) junction. It is about as close 
to the E-B junction as it can be. 

What happens if we connect the terminals of the transis¬ 
tor as shown in Fig. 4? (The p-n-p transistor is shown 
symbolically as a two-diode equivalent, which it is.) The 
C-B diode is forward biased and the E-B diode is reverse 
biased. If Vi is large enough, the E-B diode will be biased 
in the breakdown region by current Iv 

The processes used in making this type of transistor are 
generally controlled with care. As a result, both diodes 
are uniform from unit to unit of the same type. As a mat¬ 
ter of fact, measuring the collector-emitter voltage on 
several hundred Fairchild 2N3638 p-n-p transistors with 

equal to 5 mA indicated that 92% of the units were with¬ 
in a spread of ±0.17 volt. This represents a tolerance of 
±2,5%, which is far closer than we would likely find for 
a standard VR diode type. The cost is much less. 

Fig. 5 shows the breakdown-voltage characteristic curves 
fqr a typical 2N3638 under different temperature condi¬ 
tions. The terminals were connected as shown in Fig. 4. 
Note that the curves for all three temperatures intersect 
at point A. This represents the optimum bias point for 
minimum temperature coefficient. 

The bias current which yields the desired near-zero KT 
is of course a function of breakdown voltage. Transistors 
having a collector-emitter reverse breakdown of —6.6 volts 
at a test current of —5 mA should be biased at —7 to —7.5 
mA. Current should be reduced to —4 or —4 mA for tran¬ 
sistors with —6.8-volt breakdown. 

As can be seen from the curves of Fig. 5, the KT of our 
unit may be controlled by varying the bias current slightly. 
This makes it possible to adjust the KT to a very low 
value. Notice that as long as the bias current for a typ¬ 
ical unit of Fig. 5 is maintained within a ±10% spread, 
we still get a KT of less than 0.001 %/°C! 

To achieve the very low temperature coefficient of 
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which this approach is capable, it is also necessary to 
control the KT of the bias current since this could cre¬ 
ate a temperature error greater than the one compensated 
for. To meet the 0.001%/°C performance stipulated above, 
we must keep the level of bias current within 0.1%/°C. 
If we carefully adjust the current through our home¬ 
brew compensated VR diode, we can produce an intentional 
temperature error which is equal in size but opposite in 
sign to the net sum of any other temperature errors. The 
result can be a very tight Kr for the package. 

Operating Circuits 

A practical circuit for a stable reference supply is 
shown in Fig. 6. Ql, anc^ ^2, R3, R4 make up 
the constant-current bias source for Q4 which is the transis¬ 
tor being used as our temperature-compensated VR diode. 

In order to produce a bias current that is stable with 
temperature, the E-B diode of Q1 (biased in a forward di¬ 
rection) and Q2 compensate for any change in VJiE for Q3. 
The net voltage across R2 therefore remains constant with 
temperature. 

R4 provides a means of adjusting the temperature coef¬ 
ficient of the over-all supply by varying the bias cur¬ 
rent. A lower-than-optimum bias current gives a negative 
Kt while a higher value yields a net positive KT. 

Resistors R2 and R3 should be wirewounds to prevent 
temperature problems. They need not be precision units- 
in fact, Ohmite “Brown Devil” power resistors will work 
quite well. 

Terminals A and B are provided to compensate for ex¬ 
ternal loading. If, for example, a load resistance of 10,000 
ohms is to be tied to the output, we can make the bias cur¬ 
rent through Q4 constant (and thus hold the output vol¬ 
tage) by increasing the current output from Q3. This is 
easily done by connecting a resistor, of the same type and 
value as the load, between A and B. This technique not only 
allows for correction of most output-voltage error which 
might result from loading, but also keeps the KT of the 
output voltage constant. Load resistances down to about 
2500 ohms are practical. 

The basic reference supply in Fig. 6 provides a very 
stable voltage of approximately 6.7 volts at an output resis¬ 
tance of approximately 10 ohms. Adding one of the output 
circuits of Fig. 7 will permit an adjustable output voltage. 

Using the simple potentiometer of Fig. 7A at the output 
gives us a way to vary the output voltage. We would need 
to compensate for the loading effects of R5 either by 
placing a 5000-ohm wirewound resistor between A and B or 
by changing R2 to 1000 ohms. The output voltage will not 
be calibrated but it will be very stable and thus may be 
used as a reference to measure small voltage changes, as 
will be discussed later. 

By using the more elaborate output circuit of Fig. 7B, 
we can obtain output voltages that correspond to the read¬ 
ings of a multi-turn dial attached to the 10-turn poten¬ 
tiometer used for R7. (The open-circuit output voltage will 
be one-half the dial reading on a 0-10 basis.) Calibration 
potentiometer R5 permits us to adjust' the full-scale vol¬ 
tage to exactly 5 volts. For the output voltage to be ac¬ 
curate, no appreciable loading of the output is permissible. 
Maximum output resistance is approximately 1700 ohms. 

Fig. 8 shows a circuit that permits 0-10 volts output. 
The open-circuit output voltage corresponds exactly to the 
dial reading of the counter associated with R7. Two home¬ 
made temperature-compensated VR diodes are connected in 
series to permit the higher output voltage. The maximum 
output resistance is 3300 ohms. 

Construction Hints 

Before assembling your reference supply, measure the 
breakdown voltage of all the 2N3638 transistors. Use the 
circuit of Fig. 4 with Vx — 22V2 volts and R1 = 3300 ohms. 

TO OUTPUT OF 

REFERENCE 

SUPPLY 

R5 5 
Sk.n.3 

DO” 

ADJUSTASLE 
OUTPUT 

(A) 

Fig. 7. Output circuits for reference supply. (A) Simplest 
version, (B) Precision-type output control with calibration. 

Fig. 8. Complete 10-volt constant-voltage reference supply is 
independent of temperature, due to low-cost transistors wired 
as temperature-compensated voltage regulator diodes. Parts 
for elaborate version cost under $25, with a precision dial. 

Fig. 9. Accessories. (A) Hookup to adjust temp-compensation 
pot. CB) Chopper circuit, so supply can make a.c. measurements. 

This allows you to spot any maverick units by making sure 
the breakdown voltages of the transistors to be used as tem¬ 
perature-compensated VR diodes (Q4 in Fig. 6 and Q4 and 
Q5 in Fig. 8) are between 6.55 and 6.75 volts. 

Circuit layout is not critical, although best performance 
is obtained when all the transistors are mounted close to¬ 
gether so they operate at the same temperature. 

Calibration and Adjustment 

Precise adjustment of temperature coefficient can be ac¬ 
complished while monitoring the output voltage as ambient 
temperature is varied. Fig. 9A shows a possible test ar¬ 
rangement. Vx must be a relatively stable power source, 
at least during the test. Ml is a v.o.m. set for its lowest 
current range. Be sure to get the polarities of the meter 
and the supplies correct. The reference-supply output 
should be adjusted until the two values are exactly equal 
(no meter deflection) at room temperature. 

Now place the power supply in an oven which has been 
heated to about 100°C (212°F on your wife’s oven control) 
and allow it to stabilize for 5 to (Continued on page 79) 
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good—capable of excellent high-fidelity 
performance in home music systems. 
As we stated earlier, some are more 
sensitive or more powerful than others 
—and more expensive as well. Since the 
measurements were made under our 
standard conditions, although within 
the framework and spirit of the appli¬ 
cable IHF Standards, the actual num¬ 
bers may differ in some cases from a 
manufacturer's published ratings. 

In some cases, the harmonic distor¬ 
tion at low power levels was masked by 
noise or hum. The measured figures in 
each case were so low that the distor¬ 
tion was obviously negligible. Also, the 
hum and noise measurements show 
that these were not excessive when the 
receiver was operated at reference gain 
settings. 

All power and distortion measure¬ 
ments were made with 8-ohm loads. 
A rough determination was made of 
the power available with 4-ohm and 
16-ohm loads. These powers are ex¬ 
pressed as percentages of the power 
into 8 ohms and were measured at the 
point of visual clipping of the output 
waveform. Sometimes the measure¬ 
ment could not be made at 4 ohms 
without blowing a speaker fuse or trip¬ 
ping an automatic protective circuit in 
the amplifier. This does not mean that 
a 4-ohm speaker cannot be used with 
the receiver but merely that it cannot 
operate at full power for a prolonged 
period into a low impedance. 

It is quite common for receiver man¬ 
ufacturers to rate their products in 
terms of total (both channels) dynam¬ 
ic power output at 4-ohm output im¬ 
pedance. This practice accounts for 
the ratings of “90 watts”, “120 watts”, 
or “140 watts” which one sees in many 
receiver specifications. Our continuous 
power output measurements, made at 
8 ohms, result in much less impressive 
figures, due to the measurement tech¬ 
nique employed. Most receivers cannot 
deliver more than 80 to 90 watts total 
on a continuous basis, which should be 
ample for any home installation. 

Electrical performance is not the 
only consideration in choosing a receiv¬ 
er. Obviously, price and size are factors 
to be considered as well. Even within 
a given price bracket, there are numer¬ 
ous details of styling and control fea¬ 
tures which make one receiver more 
appealing than another to a particular 
individual. 

Specific circuit features, such as the 
use of integrated circuits (IC's) in i.f. 
amplifiers, usually have little to do with 
the final performance of the receiver. 
The end product is what matters and 
that is the cumulative result of many 
factors, rarely attributable to any single 
feature. One of the more meaningful 
recent innovations in FM tuners is the 
use of field-effect transistors (FET's) in 
the front-ends. 

Reference Power Supplies 
(Continued from page 41) 

10 minutes. Do not change the output 
voltage setting of the reference supply, 
and make sure the temperature of the 
Vi supply hasn't varied much. 

Note which direction the change in 
reference-supply voltage takes, if it 
changes, to determine which way you 
should adjust R4. If the output vol¬ 
tage increased in value, indicated by 
an upscale reading on Ml, then you 
have a positive temperature coefficient 
which may be corrected by decreasing 
the bias current. This is done by turn¬ 
ing R4 counterclockwise. 

The procedure is repeated until you 
obtain the desired The adjustment 
isn't critical unless you want the ulti¬ 
mate in temperature stability. In fact, 
you would probably get an KT of less 
than 0.003%/°C by just setting R4 to 
center position or replacing R2, R3, and 
R4 by a single 1000-ohm wirewound 
resistor. 

Precise voltage calibration requires 
an external voltmeter of adequate ac¬ 
curacy. If one is not available, you can 
obtain fairly good results by using three 
1.345-volt mercury cells in series for 
V2. Set the reference-supply dial to 
4.035 volts and adjust the calibration 
potentiometer for a zero reading on Ml. 

A typical application of this type of 
supply is to permit monitoring a small 
fluctuation in voltage. The arrange¬ 
ment used is the same as shown in Fig. 
9A. Initially, the reference-supply out¬ 
put is adjusted to give a zero reading 
on Ml. Now any variation in the Ml 
reading indicates a change in voltage, 
V±. The value of the change will be 
indicated on Ml directly. With my 
v.o.m. used for Ml, I can see a change 
of less than 2 mV out of 10 volts; that's 
a 0.02% change! 

With the voltage output calibrated, 
the arrangement may be used as a dif¬ 
ferential voltmeter to measure any un¬ 
known source under practically no-load 
conditions. Again the configuration of 
Fig. 9A is used. The output of the 
reference supply is adjusted until Ml 
reads zero. The value of the unknown 
voltage is read from the dial of the 
reference supply. 

Calibrating voltmeters, recorders, or 
d.c. oscilloscopes is a snap when the 
output voltage of the reference supply 
is accurately known. You can add the 
simple chopper circuit shown in Fig. 
9B to your supply. It permits calibrat¬ 
ing a.c. voltmeters or scopes with a 
peak-to-peak square-wave voltage 
whose value is equal to the output of 
the reference supply. If you include 
this feature in your packaged unit, pro¬ 
vide a switch to remove the chopper 
when you use the supply as a d.c. ref¬ 
erence. ± 
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Our most honored receiver 

The highly-rated Sherwood S-8800 now features 

Field Effect Transistors (FET’s) in the RF and 

Mixer stages to prevent multiple responses 

when used with strong FM signals. Among 

the Model S-8G00’s many useful features are two 

front-panel switches for independent or 

simultaneous operation of main and remote 

stereo speaker systems. Visit your Sherwood 

dealer now for a demonstration of those 

features which make Sherwood's new 

Model S-8800-FET receiver so outstanding. 

With Sherwood, you also get the industry’s 

longest warranty—3 years, including transistors. 

In New York City at Airex Radio, Arrow Elect.. Audio Ex¬ 
change, Grand Central Radio, Sam Goody, Harvey Radio, 
Lafayette Radio. Leonard Radio, Liberty Music, Lyric Hi Fi, 
Macy’s, Packard Elect., Rabson's, G. Schirmcr, Sonocraft 
and Terminal Hudson. 

Sherwood Electronic laboratories, Inc., 

4300 North Colifornia Avenue, 
Chicago, Illinois 60618. Write Dept. i2EIV 
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