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Preface

Since 1964, the Designer's Casebook section of Electronics magazine has been
consistently one of the best read sections of the magazine. The reasons for this are
not hard to find. First, engineers are always looking for ways to relieve the drudgery
that is part of design. If they can save time and effort by incorporating or adapting
ideas from others, they will do so with alacrity. Second, the standards of
Electronics have always been high. Published Casebook ideas are selected for
innovation, usefulness, and accuracy.

This volume is a compilation of 346 useful circuits that have appeared in
Designer’s Casebook over the last four years. They were designed by engineering
readers of Electronics from all over the world and represent approaches to
achieving oft-required electronic functions in a variety of ways. There are 51 such
functions arranged alphabetically, and the circuits have been conveniently grouped
within them for fast access.

This is not intended as a hobbyist'book. While some are relatively simple, most of
the circuits in this volume have been designed by engineers for the achievement of
engineering objectives. They are presented on the same principle that has made
Designer’'s Casebook so popular for so many years: namely, that re-inventing the
wheel is wasteful of engineering time.

To the hundreds of inventive engineers who have contributed their innovative
ideas to Designer's Casebook, and to the thousands of loyal Electronics readers
who have responded enthusiastically to them, this book is gratefully dedicated.



1. Amplifiers

Single preamplifier/isolator
drives If and vif receivers

by R.W. Burhans
Ohio University, Athens, Ohio

Some rf front-end circuitry proposed for Omega receiv-
ers [Electronics, Sept. 5, 1974, p. 98] has now been used
in several flight tests of simplified vIf navigation for
general aviation. The results showed that the first-stage
MOSFET occasionally burned out in the presence of very
close lightning discharges, and that a common antenna,
such as the automatic direction finder sense whip,
should be used for both the Omega navigation receiver
and the ADF receiver.

Corrections for both problems are made in the circuit
of Fig. 1. The MOSFET has been replaced by a low-cost
junction FET that provides a gain of 2 or 3 and adequate
low-noise performance over the frequency range from 5
to 1,500 kHz. An expensive wideband line-isolating
transformer used in the original preamplifier has been

eliminated by using a simple resistor divider string (R1,
R2) to carry power to the preamplifier and signal output
to the Omega receiver over a single cable. A small re-
sistor in the collector lead of the 2N5139 output emitter-
follower provides a unity-gain buffer output for driving
an ADF or broadcast-band receiver from the preampli-
fier at a low impedance level through a separate cable.
Isolation between the vIf receiver (10-100 kHz and the
ADF/broadcast-band receiver (200-1,500 kHz) is com-
pletely satisfactory.

The 2N3819 JFET is much less likely than a MOSFET
to burn out with static charges, and the back-to-back ze-
ner diodes give gross protection from high-level short-
duration burst interference. The atmospheric 5-1,500-
kHz noise level is usually a limiting factor in high-out-
put-impedance preamplifiers of this sort, so an ultra-
low-noise MOSFET is not required.

Adjustment of source-bias resistor Re centers the op-
erating point for equal positive and negative peak clip-
ping on large signals. The circuit can handle input sig-
nal levels up to 0.1 volt rms before round-off distortion
of the output waveform begins. For unity gain at the If
terminal, the ratio of R4/R3 is approximately B X A,
where B is the current gain of the 2N5139 stage and A is

WHIP OR SHORT-WIRE
‘ ANTENNA

PREAMPLIFIER/ISOLATOR

OMEGA vit RECEIVER

COAX CABLES

ADF OR BC
If RECEIVER

Dual-purpose front end. Preamplifier/isolator circuit, fed by a single antenna, drives a vif navigation receiver and an If broadcast-band or
automatic-direction-finder receiver. The two receivers are connected to the preamp by separate coaxial cables that can be as long as 100
feet. Circuit is designed for small general-aviation aircraft, so size, weight, and cost are minimized and ruggedness is emphasized.

'World Radio Histo



the gain of the 2N3819 stage. A gain of 2 or 3 at the vIf
output is desirable to drive the additional filters and
limiting amplifiers in the Omega receiver.

This isolating preamplifier can also be used in
ground-station monitors with a single wire antenna
driving two receivers, such as a WWVB 60-kHz time ref-

erence plus 100-kHz Loran C, or an Omega plus Loran
C, and so forth. One of the receivers must supply power
to the preamplifier, as shown in the figure. The upper
frequency is limited to 1,500 kHz by the low-cost JFETS;
somewhat higher-frequency performance might be
achieved with JFETs such as the 2N4416. O

Unity-gain stage
is 50-ohm driver

by William A. Palm
Control Data Corp., Minneapoiis, Minn.

A recurring problem for the circuit designer is the con-
nection of his op amp, his oscillator, or his test instru-
ment to the low-impedance outside world. The simple
buffer-driver shown here provides unity-gain class A
operation, high input impedance, and 50-ohm output
impedance over a wide frequency range. It also pro-
vides blast-out (short-circuit) protection and can be
built with a single IC.

Because the base-to-emitter voltages of transistors Q;
and Q. cancel each other, the dc voltage between input
and output is near zero. With 2N2222 and 2N2907 tran-
sistors, actual offset voltage will run from 0 to 50 milli-
volts. This offset can be balanced out by adjustment of
resistor Rs.

With *15-v supplies and the resistor values shown,
this driver will deliver 10 v peak to peak, undistorted,
into a 50-ohm load. Without the external load, the out-
put will double to 20 v p-p. For total circuit protection
against a shorted output and dc inputs, resistors R3 and
R, should be rated at 4 watts. The circuit draws about
17 milliamperes in the quiescent state.

Actual supply voltages are not critical. Resistors Ry
and R; can be changed for the appropriate drive to ac-
commodate any supply voltages from +5 v t0 £20 V. For
+5-v supplies, R; and R 2should be 680 ohms.

The input impedance of the circuit is a function of the
gains of the transistors used. For transistors with hrg
between S0 and 100, the input impedance is in the
range from 50 to 100 kilohms at | kHz and decreases to
25 to 50 kilohms at 1 MHz. This impedance is normally
high enough to offer imperceptible loading on op amps.
Even a 2-kilohm potentiometer, used as an amplitude
adjuster, sees only a 4% loading from low frequencies to
1 MHz.

For the circuit shown, the driver has a bandwidth of
about 10 MHz when the source has an impedance of |
kilohm. With a source impedance of 50 ohms, the fre-
quency response is greater than 10 MHz.

A convenient means of packaging this circuit is the
MPQ6502 complementary quad shown in the inset. The
MPQ6502 has two 2N2222 (npn) and two 2N2907 (pnp)
transistors in the handy 14-pin dual-in-line package. [

2

R4

a
2N2222

INPUT
—

2N2807

o 1w 9 8

14 13 12
[

MPQES02

o)
1 2 3

B

i

4

o
-2
~4

Driver delivers. Unity-gain driver has zero offset, delivers 20 V p-p
into an open circuit, or 10 V p-p into a 50-ohm load. Useful as output
for op amps and test instruments, it has high input impedance, good
frequency response, and low current drain. Supply voltages are not
critical. The four transistors are packaged in an MPQ6502 IC.



Eliminating offset error
in sense amplifiers

by Dan Chin
Cambridge Memories, Newton, Mass.

A sense amplifier for a memory must detect a pulse
signal during a gated time interval. But a significant er-
ror occurs at the amplifier’s output when its input offset
voltage is large in comparison with the voltage ampli-
tude of the pulse signal.

If the offset voltage is removed by ac coupling, how-
ever, the pulse’s baseline could shift when the readout
data pattern changes. But if, in addition to being ac-

Sensing pulses,
error. The dc signal level is

barring oftset errors. Data is ac-coupled from the operational

coupled, the pulse is held to ground except during the
time interval of interest, a reference voltage can be de-
veloped and the pulse compared to it.

The dc-restored sense amplifier in the figure makes
use of this technique. The input operational amplifier
performs as a basic linear amplifier, providing a signal
gain of 100. The amplifier’s output is ac-coupled to the
sense amplifier for detection.

Dc restoration is accomplished by the open-collector
inverters connected to the inputs of the sense amplifier.
Two of the inverters, I; and I», assure that any offset
voltage is applied equally to both inputs of the detector,
permitting offset error to be eliminated by the detector’s
common-mode rejection. The diode in series with the
detector’s negative input sets the threshold level half-
way between the pulse baseline and the minimum ex-
pected peak voltage. O

amplifier to the sense amplifier to get rid of offset-voitage

then restored by open-collector inverter gates. Any additional offset error is eliminated by the sense ampilfier's
common-mode rejection because inverters I, and Iz, at each of the sense

amplifier’s inputs, introduce equal offsets.

= +5V
300 pF
100 k2
1kQ 4700
+ 10kQ 10k
100 © 0.01 uF
739 11
INPUT OP AMP 1 N
100 ©2 = 75108
_ SENSE oUTPUT
A AMPLIFIER
I W
—AAA——
100 k2

39k

Iz

STROBE

———AN—+5V
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Dc restorer for video use
offers ultra-stability

by Roland J. Turner
AEL Communications Corp., Lansdale, Pa.

A sample-and-hold technique, along with strong dege-
nerative feedback, permits an active dc restorer to oper-
ate with very high stability over a wide temperature
range. Restoration stability can be maintained to within
30 microvolts, even'in the presence of a dc offset voltage
as large as 100 millivolts.

The circuit is useful in radar applications, where it is
often essential to peak-detect or integrate video signals
relative to a stable dc reference. This is especially true if
the video sensor contains diodes that have a tempera-
ture-dependent offset voltage.

The dc restoration must be performed without any
temperature-induced offset voltage, since dc coupling
must be preserved in the video processing (peak detec-
tion or integration) following dc restoration. Accurate
signal detection, then, heavily depends on providing a
stabilized dc restoration level. The video output signals
must be independent of any thermal variations that
may occur in the video detector and dc restorer.

Conventionally, a dc restorer operates at relatively
high signal levels and requires considerable video gain
prior to dc restoration. Moreover, a dc restorer gener-
ally employs a temperature-compensated zener diode,

and two matched diodes to keep the dc restored level
relatively constant over a wide temperature range. But
even with the best matched diodes and the most stable
temperature-compensated zener, the dc restored level
cannot be made more stable than +10 mv over a 100°C
temperature range. With the dc restorer shown here,
however, stabilities of 30 pv can be established at ex-
tremely low video levels.

A complete video amplifier employing this improved
dc restoration technique is drawn in (a). In this circuit’s
sample-and-hold scheme, the dc output of a dc-coupled
amplifier is sampled over a 50-microsecond gating in-
terval. It should be noted that dc coupling must be
maintained from the input (sensor) through to the out-
put integrator or peak detector. As a result, dc signal
changes longer than the sensor’s thermal time constant,
which is typically less than 10 milliseconds, can be rec-
ognized as a valid signal/target by the peak detector or
integrator.

The full schematic of the dc-restorer section of the
video amplifier is given in (b). During the dc-restoration
interval, the FET shunt gate, Q,, is open, while the FET
series gate, Qq, is closed. During the gating interval,
sampling capacitor C;, which is a highly temperature-
stable polycarbonate-film capacitor, charges to the aver-
age noise level present at the output of amplifier A.

When the sampling gate is closed, the circuit’s sam-
pling process activates a degenerative-feedback loop
that forces the average signal value at As’s output to ap-
proach the signal-noise level. In effect, the dc level at
the noninverting terminal of input amplifier A; is
forced to match the dc level at A;’s inverting terminal to

162 kS2

INPUT ST Q2

56.2 2

Ay, A,, Ag: HARRIS HA2620
As, Ag: NATIONAL NH0002
A4 NATIONAL LM110
*POLYCARBONATE FILM

a;
2N4860

215Q

A
1N4I4B4

SHUNT GATE

SERIES GATE

(a)

Emphasizing stabllity. Dc restoration loop of video amplifier (a) allows the amplifier to match dc input levels to within 30 microvolts, in spite
of widely varying temperatures. The sample-and-hold circuitry of the dc restorer loop is shown in (b). During the gating interval, which is 50
microseconds long, FET shunt gate Q, is off, FET series gate Q. is on, and capacitor C, (a temperature-stabie unit) charges.
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within 30 pv. During the signal processing interval,
when shunt FET gate Q is on and series FET gate Qz is
off, the voltage across capacitor C; establishes an ultra-
stable dc-restored level at the positive input to amplifier
A, as a reference for detecting whatever video signals
may be present at the negative input of A;.

To realize a high degree of dc-restoration stability
within the gating aperture, it is essential to select op
amps for amplifiers A; and A that have fast slew rates.
This is why Harris’ type HA2620 op amp, which has a
gain-bandwidth product of greater than 30 megahertz,
is used for both A; and Az. Amplifier A, is a high-sta-
bility buffer that serves as a high-input-impedance load
for the sampling capacitor, C,.

This active dc restorer can reduce a 100-mV dc offset
at the sensor to an equivalent dc offset of less than
30 uv. And because of the low leakage of the sampling

gate, the stored charge on capacitor C; is not disturbed
during the hold interval, even if a 10-V signal is present
at the gate input.

The forward gains (80 decibels) of amplifiers A, A,
and A3 contribute to the degenerative-feedback loop
during the dc restoration interval, forcing Ay’s positive
input to follow the dc offset present at A;’s negative
(sensor) input. The circuit’s integrating stage containing
amplifiers As and As must be placed outside the dc-res-
toration loop, since the fast slew rate of the forward-
control loop must be preserved during the dc restora-
tion interval.

For the circuit to operate properly, the input-signal
condition must be known during the dc-restoration in-
terval. In radar systems, this time occurs between pulse
transmission and signal reception; for television signals,
this time occurs during the sync tip transmission. O

CATV transistors function as
low-distortion vhf preamplifiers

by Paolo Antoniazzi
Societa Generale Semiconduttori, Milan, italy

A standard cable-Tv transistor makes an excellent vhf
preamplifier, minimizing signal distortion over a wide
dynamic range. Generally, FETs or MOSFETs are used
rather than bipolar transistors because of the cross-
modulation distortion created by the nonlinear behav-

ior of the bipolar’s base-emitter junction. CATV transis-
tors, however, operate at currents of 20 to 80 milliam-
peres, so that their intrinsic emitter resistance is kept
small and the effects of input-junction nonlinearities are
eliminated.

The single-stage antenna preamplifier shown is in-
tended for mobile fm communications applications and
is particularly suitable for use with double-balanced
Schottky-diode mixers. It obtains 13 decibels of gain at
175 megahertz from a medium-power CATV transistor.

The circuit can handle 0.5-volt inputs with less than
1% cross-modulation, as indicated by the performance
plot. Noise figure depends on how large the operating
current is. But even for a transistor collector current of
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50 maA, the noise figure is typically 5 dB or less.
The transistor used here is designed principally for

1.5 gigahertz, its operating current can range from 20 to
150 mA, and its feedback capacitance is typically 1.7

line-amplifier applications. Its crossover frequency is picofarads at a bias voltage of 15 v. O
50 T
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3 TURNS ; o il | |
~ . < \
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{75 ) l L 3%0pF = 2
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. S Linear performer. Bipolar CATV transistor is heart of vhf antenna
- preamplifier that can process 0.5-volt inputs with under 1% cross-
modulation. The nonlinearities that are normally associated with a
— (lsas\an) bipolar transistor’s base-emitter junction and that cause signal dis-
tortion are practically eliminated in the CATV transistor because of
its high operating current. Circuit gain is 13 dB at 175 MHz.

High-speed voltage-follower
has only 1-nanosecond delay

by O.A. Horna
COMSAT Laboralories, Clarksburg, Md.

When a voltage-follower is needed for isolation and/or
impedance transformation in fast analog circuits, a
simple emitter-follower can be made to give better per-
formance than an integrated operational amplifier. A
dual complementary emitter-follower overcomes the
disadvantages of the conventional emitter-follower—its
input-to-output offset voltage and its relatively low volt-
age gain. Propagation delay for this complementary cir-
cuit is less than 1 nanosecond.

The first emitter-follower, pnp transistor Q,, drives a
second emitter-follower, npn transistor Qz, so that the
offset (emitter-base) voltages of these transistors are op-
posite in polarity. The dc voltage difference between in-
put and output terminals is therefore very small and
can be adjusted to almost zero with potentiometer P;.
Transistors Q, and Q. should make good thermal con-
tact with each other to compensate for the temperature
dependence of their emitter-base voltages.

Output transistor Q; is loaded by a variable current
source, npn transistor Qs, the base of which is connected
to the collector of transistor Q;. For a given bias current

Fast emitter-follower. Back-to-back emitter-followers, transistors Q,
and Q,, are complements, causing their opposite-polarity offset volt-
ages practically to cancel. (Potentiometer P, permits fine offset zero
adjustment.) Transistor Q; is a variable-foad current source, while
transistor Q, is wired as a diode for Q;'s temperature compensating.
Scope display shows superimposed input and output signals.
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(25 milliamperes here), transistor Qz can then deliver
nearly twice as much current to the load as would be
possible with a constant-current source. The last transis-
tor, Qq, is connected as a diode to temperature-compen-
sate transistor Qz’s emitter-base voltage.

When the input voltage goes positive, the emitters of
transistors Q; and Q: also become positive. The current
through transistor Q; decreases, dropping the voltage
across resistor R, as well as the current through transis-
tor Q3. The opposite action occurs for a negative input.

The voltage gain of transistors Q; and Q3 can be
made greater than unity (between 1.1 and 1.2) by ad-
justing the resistance ratio of resistor Rz to resistor Rs.
This compensates for the voltage gain of transistors Q;
and Qz, which is less than unity (between 0.9 and 0.95).
With an unloaded output, the circuit’s total stable volt-
age gain ranges from 0.985 to 0.995, and the output
resistance is less than 1 ohm. (The output is protected
against short circuits by resistor Rs.)

The scope trace shows the circuit’s input and output
voltages superimposed on each other. With a load re-
sistor of 50 ohms and an output voltage of 2.5 volts,

the circuit’s propagation delay is less than | nano-
second, and the rise and fall times are smaller than 2 ns
without overshoot. The maximum voltage swing is ¥4 v,
the bandwidth is approximately 200 megahertz, and the
slew rate is over 2 kilovolts per microsecond.

When the load resistance is less than 200 ohms, the
circuit’s transient response and the bandwidth can be
substantially improved by adding a speed-up capacitor,
C,. However, under a no-load condition, when the load
resistance is 500 ohms or more, this capacitor can cause
the circuit to oscillate.

All four discrete transistors can be replaced by a
single quad package, Motorola’s MHQ6001, which con-
tains two pairs of pnp and npn transistors. Since these
transistors have a gain-bandwidth product of only
400 MHz, as opposed to 1 gigahertz for the discretes, the
circuit’s propagation delay and rise and fall times will
be three to four times longer.

For the bias currents given in the figure, the dc source
resistance. R;, must be less than 2 kilohms. The circuit’s
input resistance is greater than 50 kilohms for load
resistances of 50 ohms or more. O

Getting power and gain
out of the 741-type op amp

by Pedro P. Garza, Jr.
General Electric Co., Apollo and Ground Systems, Houston, Texas

The popular 741-type operational amplifier can be used
as the basis for a high-voltage power amplifier that is
capable of delivering 22 watts of peak power at an out-
put voltage swing of 60 volts. Voltage gain for the am-
plifier is 10, and its frequency response is flat from dcto
30 kilohertz.

Most integrated-circuit op amps are not designed to
accept more than 36 V across their power pins. Here,
therefore, transistors Q; and Q: protect the 741-type op
amp by maintaining a 30-v differential across the de-
vice’s power pins. The base of transistor Q; is biased at
15 v by the voltage divider network formed by the
3-kilohm resistors, while Q;’s emitter is at 15 V minus its
base-emitter voltage drop. The biasing arrangement for
transistor Qg is similar.

Since a 39-ohm resistance (resistor Ry) is connected to
the op amp’s push-pull output, substantial currents will
be drawn by the device. Currents iy and iz, which ap-
pear at the collectors of Q; and Q, are used to generate
the base drive voltage for the power-output stage, made
up of transistors Q3 and Qq4. The power-output stage has
a wider frequency response than the 741-type op amp.
The negative feedback path through capacitor C, pro-
vides a frequency roll-off characteristic similar to that of
the op amp, thus assuring unconditional stability.

The resistance ratio of resistor Rs to resistor R, deter-
mines the amplifier’s voltage gain. If the op amp’s in-
put-offset voltage is nulled out and resistors having tol-
erances of +0.25% are used for R and R, the power
amplifier’s linearity error will be within 0.4% over the
output voltage range of +29.8 vto-29.8 v.

+30V

Q4
2N5878

-0V

Power amplifier. Widely used 741-type op amp is heart of 22-watt
power amplifier that supplies 60-volt output swing. Transistors Q,
and Q, keep peak-to-peak voltage across op amp's power pins at 30
V so that device's 38-V rating is not exceeded. Using low-value loac
resistor (R,) at op-amp output produces currents (iy and i) large
enough to drive output power stage of transistors Qj and Qs

Output voltage swings of more than 60 V are possible
if transistors with higher collector-base breakdown-volt
age ratings are used along with higher power supph
voltages.



High-gain triple Darlington
has low saturation voltage

by Eric Burwen
G&S Systems Inc., Burlington, Mass.

A triple Darlington amplifier can be useful in situations
that require a minimum of base drive, such as high-effi-
ciency switching regulators or buffer amplifiers with
high ‘input impedance. Combining very high current
gain and a saturation voltage equal to that of the two-
transistor Darlington, this circuit was originally con-
ceived for use in high radiation environments, where the
B parameter of a transistor can readily degrade to 5or
even less.

In the conventional Darlington amplifier (Fig. 1), the
total saturation voltage is the sum of the base-to-emitter
voltage of Q; and the saturation voltage of Q. alone.
Although no transistor or circuit attains the ideal 0-volt
saturation voltage, that of the Darlington amplifier is
suitably low. But if three transistors of like polarity were
cascaded (Fig. 2), the Vsa of the resulting amplifier
would be nearly double that of the conventional two-
transistor circuit.

On the other hand, a triple Darlington made of com-
plementary transistors (Fig. 3) has the same saturation
voltage as that of the double Darlington. This is true
whenever the saturation voltage of Qs taken alone is

less than or equal to the combination of:
Vbel + Vsatz - Vbez

Because the current gain of the triple Darlington is
large, the currents in Q; and Q: are large, so that these
three voltages do in fact add up to a level larger than
V.as alone. (When Qs is in the circuit, of course, its sa-
turation voltage is exactly equal to the combination, by
Kirchhoff’s law.)

In an experimental version of the triple Darlington
(Fig. 4), a current of 8 microamperes controls a load of
2 amperes—a gain of 250,000. The saturation voltage at
2 Ais 1.2 volts, the sum of Vpe: = 0.9 Vand Vsare = 03v.
Transition times are ton = 200 nanoseconds and totr =
500 ns; storage time is 1 microsecond. O

S8

Vbe,

e VS":

03

Vsato = vb!\ + Vsllz

3. Tripie Darlington. Making the circuit out of two pnp and one npn
transistors gives high gain without boosting saturation voltage.

Q

_"{ Voe,

-—— Vg,

Vulo = Ve, + Vsaty

1. Conventlonal. Two-transistor Darlington amplitier has high cur-
rent gain, compensating for degraded 8, and low saturation voltage.

Q,

l
Q
‘.l Voe, _ 2

Vbe2 Q—-—Vsa(a-‘ ———P

Q;
VSMD = Vbe| + Vbez + Vsal;;

2. Unsatistactory. Simply cascading three similar transistors gives a
saturation voltage that is much too high.

8

Q, = 2N4903
0, = 2N1893
Q5 = 2N3905
lin =8uA
le, =560 uA
le, =36 mA
I, =2A

215V
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Q

4, Switching-time test circult. Gain is 250,000 in this circuit. The
10-ohm resistor (color) is required to limit the current in Qs; other-
wise, when that transistor saturates, its large current will pass
through the base of Q; and reduce the 8.



Transducer preamplifier
conserves quiescent power

by Robert F. Downs
Ocean & Atmospheric Science Inc., Santa Ana, Calif

A low-voltage micropower preamplifier holds power
dissipation to approximately 13 microwatts because of
the low bias current of its two-transistor impedance con-
verter output stage. The preamplifier, which is intended
for use with a capacitive transducer, operates at a quies-
cent current of 10 microamperes with a supply voltage
of only 1.35 volts.

The gate of field-effect transistor Q, is essentially
biased at 0 v through resistor R;. Negative feedback,
provided by resistor Rz, maintains Q,’s gate-to-source
voltage at approximately -0.4 Vv, forcing its drain cur-
rent 1o less than 4uA. Resistor Ry, therefore, contributes
significantly to Q,’s bias stability.

Preamplifier input impedance depends on both R,
and the voltage gain of the field-effect transistor stage.
Actual FET intrinsic input impedance can be ignored
since it is orders of magnitude larger than Ri.

If & denotes input signal voltage, the voltage across
R, can be expressed as e(l+Ky), where K, is the
stage’s voltage gain. Since current through R, is in-

creased by a factor of 1 + K,, the apparent input im-
pedance is Ry/(1 +K,).

On a small-signal basis, then, the preamplifier’s input
stage is equivalent to a common-source configuration,
while the bias arrangement is that of a source-follower.
For the over-all circuit, the dc input impedance is
around 1.5 megohms, while the ac input impedance is
about 300 kilohms.

The FET selected for this circuit should have a low
pinch-off voltage (Vp) and a low drain current (Ipps)
when the gate-source junction is shorted. For the device
used, Vp is about 0.1 V and Ipss approximately 100 uA.
Because a FET’s transconductance (gm) depends on
drain current, Q,’s gn, is only around 50 micromhos.

Since the FET’s output conductance is negligible, its
output impedance, like that of a common-source stage,
essentially equals Ro. Because this is a high resistance
value, two bipolar transistors, Q2 and Qg, are used as an
impedance converter.

This converter stage operates like a pnp emitter-fol-
lower, providing very high values of current gain and
input impedance. Moreover, it realizes greater bias volt-
age compatibility between the FET and bipolar stages
than a conventional Darlington pair could. Converter
bias current is about 6 pA, input impedance exceeds 2
megohms, and output impedance is about 4 kilohms.

For the preamplifier, equivalent input broadband
noise is relatively low, about 33 pv from 140 hertz to 20
kilohertz. And voltage gain is nominally 5 (14 decibels). C

Power pincher. Preamplifier for capacitive transducer-input dissipates only 13 microwatts and operates from 1.35-volt supply. Bias current
of impedance converter, composed of bipolar transistors Q; and Qj, is only 6 microamperes, keeping total circuit current drain to only 10 pA.
FET input stage has source-foliower bias arrangement but provides voltage gain of common-source configuration.
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Two ICs make low-cost
video-distribution amp

by M. J. Salvati
Sony Corp. of America, Long Island City, N.Y.

For less than $25 in parts, a video distribution amplifier
can be constructed with all the features of commercial
models selling for over $300. The circuit shown in Fig. |
takes the 1-volt peak-to-peak output of a standard video
signal generator or TV camera and provides four or
more independent outputs that each deliver 1-v pk-pk
video into 75-ohm loads. Two input connectors are
mounted in parallel because the 50-kilohm impedance
is high enough to permit “loop-through” connection, in
which a second distribution amplifier is paralleled with
the first by means of the second connector. If not used
for loop-through, the second connector should be termi-
nated with 75 ohms. The frequency response of the unit
is flat from dc to 4 megahertz.

The video distribution amplifier circuit in Fig. 1 uses
a National LM318 high-speed operational amplifier
and a National LHOO02CN current driver in a feedback
loop. The resulting output impedance is so low that the
output approximates a zero-impedance voltage source,
s0 loads connected to the output resistors have no effect
on each other. The 75-ohm output resistors provide the
proper drive-source impedance for coaxial cable, short-
circuit protection for the LHO002CN, and increased iso-
lation between loads.

The only adjustment required is the frequency-re-
sponse compensation capacitor. This trimmer is set to

+#H2V

1N4001
@ 1800 %W

C =| A 'AA 2 {

: ol oour LSt

¢ "1 470 }

K 3 Twev ¥ 62w

12V e
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180 2 %W
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2. Power supply. Compact supply uses zener-diode regulation to
provide *+6.2 volts required for video distribution amplifier. This
power supply and the amplifier shown in Fig. 1 are capable of driving
more outputs than the four shown.

provide the same output amplitude with a 1-MHz sine-
wave input as is obtained with a 10-kilohertz sine wave
input.

r’)l'he 6.8-microfarad bypass capacitors should be tan-
talum electrolytics and should be installed close to the
LHO002CN pins. The 0.05-uF bypass capacitors should
be disk ceramics installed as close to the LM318 pins as
possible. The 75-ohm and 2-kilohm precision resistors
must be noninductive types, such as metal film or car-
bon film.

The outstanding feature of this design is the low cost
of the ICs implementing it. Although the slewing ability

QUTPUTS

INPUT

470 2
ARG

51kQ2

A

2k 1%

|
-|[

FREQUENCY
COMPENSATION

1. Video distribution amplifier. Signal from TV camera or video signal generator is amplified to provide 1 v peak-to-peak at each of four
outputs matched to 75-ohm loads. Second input connector can be used for ““loop-through’ connection of a second distribution amplitier or
for a terminating resistor. Frequency-compensation adjustment batances stray capacitances, providing flat response from dc to 4 MHz.
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of the LM318 is insufficient to handle reliably a 2-V pk-
pk output swing at 4 MHz, the amplitude of the highest-
frequency component (color burst) in a standard com-
posite video signal is only a small percentage of the
overall amplitude, so the LM318 can easily handle a
standard video signal.

The power supply recommended for use with this
amplifier is shown in Fig. 2. Fig,. 3 shows the complete
video distribution amplifier and power supply unit
packaged in a metal box.

3. All packed up and ready to go. Amp|ifier-and-power-supply unit
for 4-way distribution of video signals is packaged in metal box. Parts
cost for complete assembly is less than $25.

'World Radio Histo



2. Analog-digital converters

Adding automatic zeroing
to analog-to-digital converter

by Tom Birchell
Advanced Electronic Controls, Fremont, Calif.

Automatic zeroing can easily be added to a counting-
type analog-to-digital converter by using up/down dec-
ade counters and a digital-to-analog converter to gener-
ate an error-correction signal. The automatic zero func-
tion can be especially useful in a-d applications
involving strain gages or other sensors where mechani-
cal considerations can cause minute-to-minute changes
in the effective zero point.

Normally, a zero-setting potentiometer must be ad-
justed constantly, but with the closed logic servo loop
shown, it is only necessary to depress a pushbutton
switch to produce the activating logic signal. Essentially,
the circuit employs the pulse train occurring at the serial
output of the counting-type a-d converter to generate

an error voltage. This error voltage is then fed back to
the offset-adjustment input of the a-d converter to cor-
rect this device’s zero setting.

Switch S; (which is optional) loads the four-bit syn-
chronous decade counters with a starting number for
calibration purposes. Here, the half-scale point of the
d-a converter’s output is chosen as the calibration num-
ber to obtain a symmetrical correction range. If the ex-
pected offset variations will occur predominately in one
direction, the calibration number should be selected to
optimize the correction range.

Once the decade counters are preloaded, switch S,
initiates the correction cycle. When switch S; is de-
pressed, the pulses from the serial output of the a-d con-
verter drive the decade counters either up or down, de-
pending on the error polarity, which is determined by
the sign bit. The output voltage of the d-a converter
changes accordingly, adjusting the offset input of the
a-d converter until no more pulses are produced at this
device’s serial output. The circuit is now adjusted to the
true digital zero point.

For this circuit, the nominal adjustment range is +7%
of the full range of the a-d converter. a

Eliminating offset error. Closed servo loop containing decade counters and digital-to-analog converter automatically zeroes the offset volt-
age of analog-to-digital converter. Pulse train from the a-d converter's serial output is used to generate the error voltage. Depending on the
sign bit, the counters are driven up or down, adjusting the d-a converter's output and, therefore, the offset input of the a-d converter.
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Logic system checks out
analog-to-digital converter

by Charles J. Huber
Waestinghouse Electric Corp., Systems Development Div., Baltimore, Md.

Testing the conversion accuracy of an analog-to-digital
converter need not be a laborious and time-consuming
task. The test configuration shown can reduce the job to
a go/no-go operation without undue expense (approxi-
mately $36 for integrated circuits plus the cost of a digi-
tal-to-analog converter).

This test system produces a 12-bit digital ramp that is
converted (by the d-a converter) to a 4,096-step analog
ramp. The analog ramp is applied to the a-d converter
under test, and the resulting output from the 10-bit a-d
converter is compared to the 10 most significant bits of
the 12-bit digital ramp.

An input clock is applied simultaneously to a one-
shot delay network and to a ripple-through counter con-
sisting of three four-bit binary counters. The delayed
clock becomes the input for six four-bit buffer latches.
These accept and delay all 12 of the bit outputs from
the counter to remove glitches from the digital ramp.
The delayed clock now acts as the basic time reference.

The 10 most significant bits from the latches drive
both a d-a converter and a comparator formed by three
quad exclusive-OR gates. These gates compare the bits
of the digital ramp to the output bits of the a-d con-
verter, on an individual basis. The analog output of the
d-a converter corresponds to the input digital code
within 1% the least significant bit.

The delayed clock pulse also passes through another
one-shot delay network before reaching a sample cir-
cuit, which strobes a second set of buffer latches. For
zero error at the buffer outputs, the minimum strobe de-
lay equals the a-d conversion time. An interpolating
voltage applied to the d-a permits continuous voltage
control of the a-d output over the '4-bit range.

The test system can accurately determine conversion
times of 2 microseconds for successive-approximation
and variable-reference a-d converters. Additionally, the
nature and position of other conversion errors can be
determined by relating displayed error pulses to the
digital ramp. For example, small areas of the ramp can
be investigated by making constants of the 10 most sig-
nificant bits of the digital input and using the eleventh
and twelfth bits as variable controls.

More system flexibility can be obtained by using an
up/down counter to eliminate the d-a converter’s slew
time when the count changes from 111 1 to
000 . . . 0. Replacing the counter with a pseudo-ran-
dom generator allows testing for all input changes. [0

Veritying converter accuracy. A-d converter test system generates 12-bit digital ramp with ripple-through binary counter. Buffer latches
smooth out any ramp glitches. D-a converter then develops analog input for a-d converter using only 10 most significant ramp bits. Exclusive-
OR gates compare a-d output with ramp. Errors pass to another butfer for comparison with appropriately delayed clock.
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Height-to-width converter
digitizes analog samples

by Roland J. Turner
RCA Corp., Missile and Surface Radar division, Moorestown, N.J.

By controlling the charge on a storage capacitor, a tem-
perature-stabilized height-to-width converter can pro-
duce a gray code output from an analog input sample.
The converter uses a differential diode-transistor ar-
rangement to operate over a temperature range of
~55°C to +65°C, and its conversion error is less than
0.15 microsecond for a full-scale output pulse width of
3.25 ps.

During the first half of the input sample, a clear pulse
removes all charge from storage capacitor C;. During
the second half, a charge proportional to the sampled
analog signal is placed on this same capacitor through
transistors Q; and Q..

Current source Q; keeps diode D, forward-biased
and transistor Qg4 fully on during the sample time. On
the trailing edge of the analog sample, D, becomes re-

verse-biased by a voltage level equal to the amplitude
of the analog sample before its termination. Transistor
Q4 is then cut off, and for a period of time that is pro-
portional to the stored analog sample amplitude, a cur-
rent source formed by Qj and the slope-control poten-
tiomteter linearly discharges capacitor C,.

During the time that Qy is off, the converter generates
a pulse that has a width proportional to the amplitude
of the analog sample. When the stored charge goes to
zero, diode D, and transistor Q4 are again turned on by
the current source. After Q; conducts, a new sample
may be processed. Transistors Qe, Q+, and Qg act as
pulse shapers to yield the desired output.

Diodes D, and D, and transistors Q4 and Qs are con-
nected in a differential configuration to keep Q4’s con-
duction interval independent of temperature variations.
The voltage drops of D; and D; and the base-emitter
voltage drops of Q4 and Qs track each other as tempera-
ture varies.

The converter in the diagram is designed to operate
with a peak-to-peak video input level of 6.5 volts. Max-
imum output pulse width is determined by the slope ad-
justment, which is set to provide a pulse width of 3.25 ps
for a an input video level of 6.5 v. The waveforms
shown represent the maximum level of the gray code. (J

Compensating for temperature. Differential hook-up of transistors Q, and Qs and diodes D, and D, maintains temperature stability ot height-
to-width converter. Amplitude of analog input sample is converted to gray code output. Second half of input sample charges capacitor C,,
then linear current ramp through transistor Q; discharges C,. During discharge time, D, and Q, are off, and output pulse is produced.
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Current source and 555 timer
make linear v-to-f converter

by Andrew McClellan
Case Western Reserve University, Cleveland, Ohio

In many situations it is desirable to linearly control the
output frequency of a 555 timer circuit by adjusting a
potentiometer or an input voltage. In the conventional
astable configuration of the 555, the timing capacitor
discharges and charges through one or two timing re-
sistors. Thus the frequency is inversely related to
changes in the timing components, and is also inversely
related to changes in the control voltage.

However, inexpensive and accurate linear voltage-to-
frequency conversion can be obtained from the 555 as-
tab?e multivibrator circuit in Fig. 1. A voltage-depen-
dent current I linearly charges the timing capacitor C so
that output frequency increases linearly with the input
control voltage Vi, During the charging phase of the
cycle the capacitor voltage is given by:

Ve = Vec/3 + It/C

Charging continues until V¢ reaches 2V¢c/3, making
charging time t. equal to V¢cC/31.
At this point the capacitor rapidly discharges back to

Vce/3 through the ON resistance Rcg of the discharge
transistor in the timer (pin 7). The discharge time, tq, is
approximately equal to 0.69RcgC.

The circuit is designed to make t. much greater than
tg, so the period T of the multivibrator is very nearly
equal to t. and the frequency f becomes:

f = 3I/VecC

The 741 operational amplifier and transistor Q3 form
a voltage-dependent current source such that:

Iy = (Ve/Rg)[Bs/(B3+1)] = Vin/ Re (approx.)

where 3 is the forward current transfer ratio of Q3. The
op amp greatly reduces any drift due to change of Vgg
in Q3.

To allow the input voltage Vi, to be referenced to
ground, the capacitor is actually charged by current I
from the current mirror formed by Q,, Qz, and Qq that
makes I equal to I;. The transistor Q, functions in a
modified cascode configuration to increase the output
impedance of the current source and increase the track-
ing of I; and I. Substituting Vio/Rg for I in the fre-
quency equation gives:

f = 3Vin/ ReCVcc

For a maximum input control voltage of 10 volts and
the parameters used, the charging current can be easily
varied over a range from 10 microamperes to | milliam-
pere, and the output frequency in hertz is given by:

o 4

Q| 02

2o\ 2N2907

Vin
(0-10V)

= 0.02 uF

(POLYSTYRENE)

1. Linear voitage tuning. Inexpensive linear voltage-to-frequency converter uses an op-amp-driven transistor current source and a current
mirror to charge the timing capacitor in a 555 astable muitivabrator circuit from control voltage V,,.
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2. Straight and accurate. Graphs show the experimental frequency-
versus-voltage relationship, and the percentage departure from line-
arity, obtained with the circuitin Fig. 1.

f= 103Vin

The experimentally obtained frequency and accuracy
are shown in Fig. 2. At high frequencies (10 kilo-
hertz) the non-zero discharge time (tq) becomes signifi-
cant and tends to make the frequency less than the pre-
dicted value. At low frequencies (100 hertz) the de-
creased transistor betas and the bias currents of the
comparators (pins 2 and 6) decrease the voltage-to-cur-
rent conversion factor and tend to also make the fre-
quency less than the predicted value. This latter error
may be compensated for to some degree by adjusting
the offset of the 741 so that Vg = V;, + 1.5 mv. This
has the effect of increasing the conversion factor at low
input voltages without seriously affecting the accuracy
at larger input voltages. Here this technique reduces the
error in the 100-Hz region to less than *0.4%.

For higher-frequency operation (1-100 kHz), it’s bet-
ter to reduce capacitor C to 0.002 microfarad, rather
than decrease Rg; otherwise the ratio of t4 to t. would
become too large, and errors would result at the high
end of the frequency range. O

Analog-to-digital converter
produces logarithmic output

by Ronald Ferrne

Communications & Controls Co., Pittsburgh, Pa

When the logarithm of a signal voltage must be con-
verted to a digital number, a log converter is normally
used in conjunction with an analog-to-digital converter.
But the circuitry involved becomes much simpler if the
a-d converter is made to perform the log conversion it-
self. The resulting digital log converter has a two-dec-
ade dynamic range that can be set over a wide range of
voltage levels.

In the circuit, a START pulse sets flip-flop FF, and re-
sets the counter to zero. This action closes switch S; and
opens switch Sy, (Field-effect transistors are used for
these switches.) The unknown input voltage is now ap-
plied to the integrator, charging capacitor C through R;.

The reference voltage for the comparator is initially
set at zero. As the output voltage from the integrator
passes through zero, gate G, is enabled so that pulses
from the oscillator enter the counter at frequency f.

When the counter is filled (N pulses accumulated),
the next pulse causes the counter to return to zero and
to generate a carry-out pulse that resets flip-flop FF,.
This opens switch S;, disconnecting the input voltage
from the integrator, and closes switch Sz, causing ca-
pacitor C to discharge through resistor Rp. Also, the
comparator reference voltage becomes Eg.

The integrator’s output voltage decays until it reaches

16

the comparator reference of Eg. This decay period is:

tx = RoC ln(Eo(pk,/Eg) = RyC ln(E-.N/R.CfoER)
At time ty, the comparator output goes to zero, inhib-
iting gate G, and terminating the count. During the de-
cay period, pulses still enter the counter at frequency f,,
and accumulate for a count of:

Nx = fotx = fuR2C In(EiN/R1Cf,ER)
Since time t; began with the counter set to zero, this
equation represents the total count stored at the end of
the decay period. The expression can be rewritten as:

Nx = Ko In(Ei/Kl) -

where:
Ko = fbR:C
Kl = R1Cf°ER/N
a = Ko In(K,)

The second equation for N shows that the number
stored in the counter at the end of the cycle is propor-
tional to the logarithm of the input voltage minus a con-
stant term, a. The plot of output count versus input
voltage shows two typical performance curves for differ-
ent values of Ko and a.

The log converter nominally has a two-decade dy-
namic range, which can be extended to about three dec-
ades easily and to about 3.5 decades with some diffi-
culty. This dynamic range can be set at almost any
voltage level, depending on the components selected.
The low-voltage limit is primarily determined by the
drift and offset voltage of the integrator op amp. And
resistor voltage ratings limit the high-voltage level.

Typically, a two-decade log converter built this way,
and having an a value of zero, will accept inputs of 1 to
100 volts, producing an output pulse count of 0 to 460.
For such a converter, N = 1,000, f, = 50 kilohertz,
R; = 100 kilohms, and C = 2 microfarads. O



Comparators and resistors
form clockless a-d converter

by Adrian H. Kitai
Hamilton, Ont., Canada

A successive-approximation analog-to-digital converter
can be built out of comparators and resistors only.
Conversion speed is determined by the settling time of
the comparators, and no cleck is needed.

The concept is illustrated in Fig. 1, which shows the n**
stage of a converter. The analog input voltage is
compared with a voltage, the value of which is deter-
mined by the outputs of all previous stages, as well as by
V.. A resistor is connected to weight each of the
previous comparator outputs, and an additional resistor
is connected to V., which must be midway between the
HI and LO levels of the comparator’s output voltage. The
n* comparator needs n resistors, except for the first stage
which needs none.

Since, however, the open-collector outputs of the
comparators do not deliver voltages of sufficient preci-
sion, they are in practice followed by inverters that
clamp the voltages. To compensate for this inversion of
the comparator output, the input connections to the
comparators are the reverse of those shown in Fig. 1;i.e.,
the analog input signal is connected to the inverting
inputs instead of to the noninverting inputs.

Figure 2 shows a practical 4-bit circuit that uses only
two inexpensive integrated circuits. This circuit is useful
for applications such as driving a display of 16 light-
emitting diodes. Comparator C, has its positive input
tied to V.. When an analog input lying between ground
and 2V, (near +4 volts) is applied to the negative

input, the output of inverter I, is the first bit. This output
is used to establish the switching level for C,, which is
either 2 V. or % V. depending on whether 1,’s output
is LO or HI. In the same way, the remaining comparators
provide bits 3 and 4.

To understand the circuit’s operation, assume, for
simplicity, that the LO and HI output levels of the
transistor-transistor-logic inverters are 0 v and +4 v
respectively. Then each of the 16 quantized intervals is
0.25 v wide. Also V. is set at +2 v. If, for example, 3.4
v (a value within interval 13) is applied to the analog

e . R/2°
Vaer = %V + Vo] —MWA—

R/20
BIT (-1} ——AANV—¢

w R2}

‘é BIT (n-2) ——AAA—9

%]

£

S ﬁ R/22

= BIT (n-3) ——AM—¢

[

& ! ! f

Z ! ! !

= H ' !
R/2" -!

BIT 1 (MSB} ———AAMA—4 COMPARATOR

ath BIT

ANALOG INPUT
. Vio TO Vi)

1. N*» stage. In n" stage of successive-approximation a-d converter,
an analog input voltage that lies between V cand V,, is compared
with a voltage determined by an average of the reference voltage and
weighted values of the more significant bits. Reference voltage V.., is
fixed at the midpoint of the analog input range

Veer O
= 10kQ
20 k2
1/4 LM339
| : 20 k2 B
Q
1/6 7404
ANALOG
INPUT O
(0TO4V)
BIT1
BIT1 BIT2 BIT3 BIT4
{MSB) (LSB)
Cy — C4: ONE LM339 QUAD COMPARATOR Iy — 14: ONE 7404 HEX INVERTER RESISTORS ARE %-WATT, 2%

2. No clock. Comparator C, compares the analog input voltage with V,.,. This defines bit 1 and is averaged with V,., to set the switching level
for C,. Bit 2 is averaged with both V,,, and a weighted value of bit 1, to set the switching level for C,. Bit 4 is obtained similarly. Each output can
drive one TTL load. LM339 comparators can sense input voltages down to ground potential, so only a + 5-volt supply is needed.
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input, bit 1 goes HI (+4 V), and the input to the
noninverting terminal of C, is therefore the average of 4
v and 2 v, or 3 V. This sets bit 2 Hi. When the weighted
levels at bit 1, bit 2, and V. are now combined, the
positive C, input voltage is 3.5 v. Bit 3 is therefore set LO
and is summed along with V. and bits 1 and 2 to set the
plus input of C, at 3.25 v; thus bit 4 is set HI. The output

Comparator IC forms
10-bit a-d converter

by James M. Williams
Massachusetts Institute of Technology, Cambridge, Mass.

This analog-to-digital converter uses an integrated-cir-
cuit comparator to provide an accurate 10-bit represen-
tation of an analog signal in 1 millisecond or in 100 mi-
croseconds, depending on the clock rate. The circuit,
which costs only $13 to build, is accurate over the tem-
perature range from 15°C to 35°C.

In addition to low cost, advantages include low parts
count, low power drain, immunity from power-supply
fluctuations, and capability to transmit data over two
wires. Disadvantages include the necessity for a stable
clock (although one clock can serve many converters),
and dependence upon a capacitor for stability. The cir-
cuit may be sensitive to noise, but a small RC filter can
be used for noise suppression.

Operation over extended temperature ranges is not
recommended. If such use is necessary, however, ca-
pacitor C (Fig. 1) should consist of a 0.03 silver-mica ca-
pacitor in parallel with a 0.01 polystyrene capacitor.

The digital output from this converter is the number

of the circuit is therefore 1101, or decimal 13.

The quad LM3339 comparator operates from a single
+5-v supply and has a settling time of 1.3 microseconds
per bit. The totem-pole outputs of the TTL inverters
supply the resistor networks with well-clamped voitage
levels. In addition, the complement of every bit is
available from the LM339 open-collector outputs. (O

of clock pulses counted during the time required for the
capacitor to charge up to the level of the analog voltage.
As the circuit diagram in Fig. | shows, the analog input
can be any voltage from 0 to 10 v. This voltage and the
voltage across the capacitor are compared in the IC. As
long as the analog voltage is greater than capacitor volt-
age V¢, the comparator allows a counter to count clock
pulses. But when V¢ reaches the level of the analog
voltage, the counting is stopped. The total number of
pulses counted is a measure of the analog input. The
charging rate of the capacitor is set so the pulse count is
proportional to the voltage; e.g., 1,000 puises corre-
sponds to 10 v.

The detailed operation of the a-d converter in Fig. 1
is straightforward. Transistor Q,, diodes D, and D,, and
the resistors constitute a constant-current source for
charging capacitor C. The 2.4-v zener D; stabilizes the
source against power-supply variations, and the voltage
drop across D, matches the emitter-to-base voltage in
Q,, despite any temperature changes.

The type 311 IC compares the input voltage to the ca-
pacitor voltage V¢ and controls transistor Qa. The input
voltage is applied to the inverting (-) input of the com-
parator, and V¢ is applied to the noninverting (+) ter-
minal. At quiescence, V¢ is about 12 v, so the 311 out-
put is high. This high signal keeps Q3 on, so that the
data line into the counter is grounded and no clock
pulses are counted.

ANALOG INPUT __ nnn
+15V 0-10v 1‘MHz CLOCK INPUT
D,
ADS30 ‘& 20kQ
FULL-SCALE
24 V) ADJUST
0 ¢ TO COMPUTER,
IN914 | VOLTMETER,
Q, OR OTHER
2N2907 T EQUIPMENT
COUNTER
03
2 ) N2222
15k c e\ e RESET
- 2-‘““‘ e | IN914 2.2kQ2 —
ILVER 2.2k
MICA Q,
N2222
CONVERT-
—L— COMMAND
INPUT

1. A-d converter. Integrated-circuit comparator permits counting of clock pulses only while capacitor is charging up to level of analog voit-
age. With 1-MHz clock shown, conversion of 10-volt analog voltage to 10 bits (1,000 counts) takes 1 millisecond. f clock rate is 10 MHz, and
C is 0.004 uF, conversion is accomplished in 100 microseconds.
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When a convert-command pulse is applied, transistor
Q: turns on and discharges C, so that the 311 output
goes to zero. Diode D3 and the 2.2-kilohm resistor keep
Qs on, however, so that no pulses can be counted during
the convert command. On the falling edge of the com-
mand pulse, Q; begins to charge C linearly, and D3
ceases to hold Q3 on.

Now, because the output of the comparator is low,
the clock pulses can turn Qz on and off, so that clock-
frequency pulses are delivered to the counter. The com-
bination of the 10-kilohm resistor and the 4.7-kilohm
resistor makes the level of these pulses compatible with
transistor-transistor logic (TTL) in the counter circuit.

When V¢ charges up to the level of the input voltage,
the 311 output goes high again, which turns on Qs and
grounds the data line so that no more pulses are
counted. Fig. 2 shows the timing diagram for the con-
verter operation.

To calibrate the counter, a 10-v signal is applied at
the input, and the 20-kilohm potentiometer is adjusted
so that 1,000 pulses appear at the counter for each con-
version command. Then a 0.01-v signal is applied, and
the 10-kilohm pot is adjusted so that 1 pulse is counted
for each conversion. The unorthodox voltage-offset ad-
justment for the comparator corrects for incomplete dis-
charge of C; the minimum voltage across C is Vog(sat)
Of(lz.

The circuit in Fig. 1 can convert 10 bits (i.e., count

CONVERT- ¢ =
COMMAND
PULSE 0

2vr

ANALOG
Ve voLTAGE ]

12ve

COMPARATOR
OUTPUT

p

1-MHz
PULSES TO
COUNTER

w1

2. Timing diagram. For an analog voltage of 6.5 V as in this ex-
ample, 650 pulses are counted while capacitor charges up to turn
off comparator output. Convert commands can be given at any rate
up to 1 kHz for circuit as shown in Fig. 1.

1,000 pulses) in 1 ms. For conversion in 100 ps, the clock
frequency must be 10 megahertz, and C must be 0.004
microfarad. Conversion commands can then be given at
rates up to 10 kilohertz. O

Coding a-d converters
for sign and magnitude

by William D. Miller
Hybrid Systems Corp., Burlington, Mass.

Successive-approximation analog-to-digital converters
that provide a sign/magnitude type of output coding
are not only hard to come by, they also tend to be
costly. In a sign/magnitude-coded output, the output
bit values are identical for either positive or negative in-
puts of the same magnitude, and an extra bit (a sign bit)
is used to distinguish between the two input polarities.
A fairly simple circuit can be used to develop
sign/magnitude output coding for either a unipolar
converter or a bipolar converter having an offset-
binary-coded output.

For the unipolar converter, an analog circuit (a) con-
sisting of a sign-bit amplifier (or an equivalent absolute-
value network) and an analog comparator is placed at
the input end of the converter. The circuit maintains the
unipolar input to the converter to preserve the magni-
tude information, while the sign information is gener-
ated on a separate line.

Besides accommodating any unipolar code, this ap-
proach provides the zero-plus and zero-minus codes
that occur within *¥% least significant bit of the true zero
input. Parts cost for the circuit, however, is rather high—

in the range of $30.

A more economical digital approach (b) can be used
if the a-d converter is one of the readily available bipo-
lar types having an offset-binary-coded output. Exclu-
sive-OR gates and full adders are the logic elements
needed to convert from the offset binary code to the
sign/magnitude code. With this technique, parts cost is
only $5 or so for a 12-bit converter.

The figure shows a representative four-bit system.
The table compares the offset binary and sign/
magnitude codes for the 16 corresponding digital out-
put words. For words 1 through 8, each bit in each code
is identical. For words 9 through 16, one code is the
two’s complement of the other code. For clarity, the
most significant bit of each code is assumed to be the
same for the same word.

For words 9 through 16, the exclusive-OR gates trans-
late the offset-binary-coded output bits from the con-
verter to a one’s complement code. These gates also de-
velop the carry-in bit for the four-bit adder. Three of
the adder’s output sums provide the sign/magnitude
data in the desired two’s complement code. The adder’s
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fourth output sum acts as an overflow bit to indicate
when the input count exceeds the adder’s capacity.
Circuit (b) produces a single nonpolarized output
word of 1000 when the analog input is within +'; least
significant bit. Therefore, this circuit is suitable for ap-
plications requiring mirror symmetry between corre-
sponding nonzero positive and negative words but not
ultrafine resolution about zero. =
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4 1 1 0 0 1 1 0 0
5 1 0 il 1 1 0 1 1
6 1 1} 1 0 1 0 1 0
7 1 0 0 1 1 0 0 1]
8 1 0 0 0 1 0 0 i}
9 0 1 1 1 0 1] 0 1
10 0 1 1 0 0 0 1 0
n 0 1 0 1 1} 0 1 1
12 0 1 0 0 0 1 1} 0
13 0 0 1 1 0 1 0 1
14 0 0 1 0 0 1 1 1}
15 0 0 0 ] 0 1 1 1
16 0 0 0 0 <+ OVERFLOWATZ, -+
N\, — —_ Y—
SIGN MAGNITUDE SIGN MAGNITUDE

Simple conversion. Analog circuit of (a) enables a unipolar a-d
converter to accept bipolar inputs and produce a sign/magnitude-
coded output. A sign-bit amplifier or an equivalent absolute-value
network performs the polarity selection. The digital circuit of (b)
translates the offset-binary-coded output of a bipolar a-d converter
to a sign/magnitude-coded output. A four-bit system is shown here.



Many analog circuits utilize digitally controlled solid-
state switches or multiplexers to adjust filter roll-off,

Four'blt a'd Conveﬂer amplifier gain, and the like; and in many such cases the
adjustable parameter is itself a function of some analog
needs no CIOCK voltage. As it happens, the 3-bit or 4-bit analog-to-dig-

ital converter required in such applications can be built
from only three parts—a 5-volt supply and two quad
comparators.

Other a-d converter designs generally include a coun-

by Craig J. Hartley
Baylor College of Medicine, Houston, Texas
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Four-blit a-d converter. This conversion circuit uses negative feedback to match the digital output word to the analog input voltage one bit a!
a time. It distinguishes 16 voltage levels between 0 and 3.5 V. This converter does not require a clock, a d-a converter, or digital signals for

operation, which makes it convenient for driving a digitally controlled switch in a system where all other elements are analog.
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ter, a clock, a d-a converter, a comparator, and other as-
sociated digital circuitry. In the design described here,
however, the elements of one quad are used as com-
parators, while the elements in the other quad serve as

buffers. The four outputs can drive TTL loads directly.

In operation the state of each output bit is deter-
mined in sequence, starting with the most significant
bit. The reference voltage for each bit is determined by
a resistor network at the inverting input of each com-
parator. The resistors are connected in a 1, ',
Ve . . . sequence to %2 Vi and the outputs of each of
the more significant bits. The reference voltage for bit A
(MsSB) is always !4 V.. For bit B the reference voltage is
Va Ve if bit A (MSB) is low, or % Ve if bit A is high.
The reference for bit C is ', %, %, or 7 V e, depending
on the states of bits A and B. The reference for bit D,
the least significant bit, is 1/16, 3/16, . . . 15/16 Ve
To eliminate unwanted output switching on input noise,
hysteresis of about 0.02 volt is provided at each refer-
ence input by the 20-, 10-, 4.7-, and 2.2-megohm feed-
back resistors.

The full-scale input voltage is Ve, Which in this cir-
cuit is approximately 3.5 v. (The 50-kilohm potentiome-
ter scales down higher input voltages.) The two diodes
set Vyer at about 1.5 v below the 5-v supply to satisfy the
maximum ‘input conditions of the National LM339
comparators and also to make the output voltage com-
patible with TTL. The output voltage is approximately
0.14°v (low) or 3.5 v (high). Because the comparator-
buffer pairs are complementary (one is off while the
other is on), the current through the diodes is nearly
constant, making V.. independent of the output states.
Total supply current is about 8 milliamperes.

The digital outputs track the analog input with a
worst-case aCﬂuisition time equal to the sum of the
propagation delays of each comparator. This sum
ranges from | microsecond up to 5 us for the 339 com-
parator, depending on the rate of change of the input. A
faster comparator would shorten the acquisition time
significantly. Accuracy is controlled by the matching of
the resistors indicated by an asterisk in the figure.

Compatibility with other logic forms can be achieved’
by adjusting the supply voltage, Vrer, and the load re-
sistors on each comparator. O
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3. Analog signal processing

Two instrument ICs
sum six inputs

by A. Paul Brokaw
Analog Devices Semiconductor, Wilmington, Mass.

Connecting two IC instrumentation amplifiers (in-amps)
as shown produces an amplifier that will sum six input
signals. The six inputs may be independent signals that

can be added or subtracted to produce a single output.
Alternatively, some of the inputs may be paired in the
usual fashion, as shown, to yield two floating differ-
ential inputs, leaving the remaining two inputs avail-
able for independent use. This latter arrangement sums
two input signals that lack a common reference or
ground, and the two remaining inputs allow the addi-
tion of single-ended signals that are referred to the out-
put signal ground.

One example of the use of this technique is to find the
difference between the output signals from two inde-
pendent bridge circuits, then multiply this difference by
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Six-pack. Two instrumentation-amplifier (in-amp) ICs can sum six input signals. The six inputs may be either independent signals or pairs o
inputs that lack a common reference or ground and form a differential input as shown. The remaining inputs allow the addition of single-
ended signals that are referred to the output-signal common. This technique surpasses conventional operational-amplifier summing that uses
virtual-ground current-summing; the op-amp adders work only with single-ended inputs and therefore cannot sum independent signals.
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a gain of 100, subtract a fixed offset voltage, and pro-
vide an adjustable zero offset. The output of the sum-
ming amplifier can then be used to drive a strip-chart
recorder.

This technique surpasses conventional op-amp sum-
ming amplifiers that use virtual-ground current-sum-
ming techniques. Op-amp summing amplifiers present a
relatively low input impedance to input signals, and
moreover, they work only with single-ended inputs and
therefore will not sum independent signals.

The output reference terminals of these in-amps can
be used as true signal inputs. The output of amplifier A;
will thus follow signals applied to this high-impedance
point. This output represents the sum of the amplified
differential input signal and the reference input signal.
Since the ratio of resistor Rg; to Rg; is 100 to 1, the dif-
ferential input to A, is amplified by a gain of approxi-
mately 100.

The output sense terminal of amplifier Az is used as a
separate high-impedance input in an inverting configu-
ration. This terminal closes amplifier Ay’s feedback
loop. Resistors R; and Rz convert amplifier Az into a
unity-gain inverter for the output signal from A;. These
resistors also double the gain of A; for signals from its

differential and reference input. The ratio of A.’s resis-
tors Rg2 and Rz is 50 to 1, both to compensate for this
gain and to balance the contribution from the two dif-
ferential inputs to the output signal.

The resulting output consists of A;’s differential input
amplified by a gain of 100, from which A,’s differential
input amplified by 100 is subtracted, A2’s reference in-
put is doubled and added, and A;’s reference input is
subtracted.

The gains of the two differential input channels may
be modified by changing the value of resistors Rg; and
Rg2 to vary the Rs/Rg ratios. The gains of the two ref-
erence terminals may also be modified by changing the
ratio of the sense feedback resistors (R; and Rz). How-
ever, this change may reduce the input signal range.
The two gains cannot be changed independently.

If a seventh input is desired, the sense feedback loop
of amplifier A; should be opened and a pair of resistors
added. These resistors will provide an extra input, like
R; and R, with a noninverting (actually twice-inverted)
gain to the output. Unlike the other six inputs, however,
this seventh one will have a relatively low input imped-
ance and will present a variable load that depends upon
the upper reference input voltage. O

Analog square-root circuit
handles wide input range

by W.V. Dromgoole
Christchurch, New Zealand

A square-root circuit is frequently needed for lin-
earizing the output from transducers that have a square-
law response. It also finds many applications in analog
computations. The design described here produces a
square root with accuracy within 1% for input voltages
in the range from 0 to + 100 volts.

As shown in Fig. 1, the circuit has three operational-
amplifier stages: a squarer using op amp A;, a compara-
tor using op amp Ag, and a voltage follower using op
amp Agj. It operates by comparing the scaled input volt-
age to the square of the voltage that is fed back from
the output of the circuit. When the two are equal, the
output voltage must be the root of the input.

The positive input voltage at point X is applied to the
noninverting terminal of the comparator through re-
sistor Rg. The comparator’s output goes positive and
charges the capacitor C, the capacitor voltage is buf-
fered by the voltage follower and applied to the invert-
ing input of the squarer by means of the scaling resistor

3.

Because of the approximate square-law character-
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istics of diode D, (modified in curvature by Rg) in the
feedback loop of the squarer, the output from A; is the
square of the voltage at its inverting input; it is negative
because of the inversion. This negative output drives
the noninverting input of the comparator through Rs.
When the magnitude of this voltage equals that from
point X, the comparator output goes negative, and C
discharges through R,3 and R2. (The function of diode
D2 is to prevent the comparator from putting negative
charge on C.)

Thus the comparator automatically modifies the volt-
age on C to maintain the output of the follower and the
input to the squarer at +Vn!/2 (Fig. 2). It is con-
nected as a noninverting high-gain amplifier that re-
sponds to voltage changes very rapidly without produc-
ing any sawtooth components at the output. Swept
voltage tests made with an oscilloscope show that the
response time of the comparator is less than 10 millisec-
onds and is free of jitter.

The circuit may be set up for any Vinmax) from 10 to
100 volts by adjusting resistor R, so that the maximum
voltage at point X is 10 v. Since R is 10 kilohms, the
value of R, in kilohms is (Vinimax - 10). The value of
Rj in the squarer circuit is made 10 Vineax!/2 kilohms.

Typical values are:

Vinmax R, R;
(volts) (kQ) (k)
10 0 31.6

50 40 71

100 90 100
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1. Getting to the root. Output from three-op-amp circuit is square root of input. Comiparator A, balances input with square of output to pro-
duce the root. Accuracy within 1% is achieved through good square-law characteristic of diode D, in feedback loop of squarer A, plus ad-
justment of scaling and tracking controls P, and Rg. Voltage follower A; buffers voltage across capacitor.

2. Two views of operation. In (3) the upper trace is a square-law-
input, and the lower trace is the linear output from the circuit of Fig.
1. In (b) the upper trace is a linear input, and the lower trace is the
square-root output. Crossovers in photos occur at input of 1 volt.

Potentiometer P, is adjusted to make the voltage at
point Y exactly equal to Vinmax'/2. Finally, resistor Re
is trimmed to provide the best square-root tracking, P,
being readjusted as Re is varied.

To minimize offset error, resistor R;5 should be equal
to the resistance of the combination of Rj in parallel
with R, and P,. Since (Ry + Py) is much smaller than
R; on any range, however, Ry; may be made 6.8 k2 as a
good compromise. Diode D, should be chosen to have a
resistance of about 160 Q for an applied voltage of 0.8
v. The type 741 op amps use a *15-V power supply, de-
coupled with 0.1-microfarad ceramic capacitors at the
voltage-input points. O
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Quasi-matched MOSFETs form
filterless squaring circuit

by W.V. Subbarao
North Dakota State University, Fargo, N.D.

By compensating inexpensive dual-gate MOSFETs so
that they appear matched, a squaring and frequency-
doubling circuit can be made to function reliably over a
broad frequency range without the aid of a filter. Con-
ventional filterless squaring circuits require costly high-
quality matched components.

Biasing MOSFETs Q; and Qq to operate in their deple-
tion region causes MOSFET behavior to resemble that of
the junction field-effect transistor. The drain current
(Ip) of either Q, or Q2 is given by:

Ip = Ipss(l - Ves/Ve)?
where Ipss is the drain current with both gates shorted
to the source terminal, Vgs is the voltage between
shorted gates and the source terminal, and Vp is the
pinchoff voltage (the Vgs value when Ip = 0).

Since Q; and Q: are not matched, they may, however
have about the same Vp value (approximately -1.5
volts) but exhibit different Ipss values. If Q2’s Ipss cur-
rent is lower than that of Q,, say 3 milliamperes as com-
pared to 4 mA, the control gate (Gz) of Qz can be driven
positive, making Q. more conductive so that its Ipss
current is compensated to equal that of Qi. In this way,
Q; and Q2 can be made to look matched with the same
Ipss and Vp values. The transfer curves show how Q2’s
characteristic tracks Q1’s characteristic.

Transistor Q3 functions as a unity-gain stage, trans-
ferring input voltage V; to produce voltages Vi and Vy,
which are equal in magnitude to V; but 180° out of
phase with each other:

V1 - —Vz = Vi
Effectively, the input to the main gate (G1) of transistor
Q: is Vi, and the input to the main gate of transistor Q:
is -Vi. Input voltage V; can then be considered as the
Vgs voltage for both Q; and Q..

The MOSFET transfer characteristic can now be used
to solve for the drain current that flows in resistor Rp:

Ipyz = Ipy + Iz = 2Ipss + 2Ipss(Vi/Ve)?

The output signal voltage contribution can be separated
from the output dc offset voltage of 2Rplpss:

Vo = 2Rplpss(Vi/Ve)?

Letting K = 2Rplpss/Ve? allows the output voltage to
be written as:

Vo = Kvi29
which is a squaring function.

The value of resistor Rp is held to 1 kilohm to prevent
the dc offset current of 2Ipss from saturating the MOSs-
FETs when the circuit is operating. Also, peak output
voltage swing is restricted to about 1 volt to keep from
driving the MOSFETs away from their optimum mid-
point bias condition.

For a sinusoidal input, V, is also a sinusoid at double
the input frequency and with a voltage gain of approxi-
mately 3.5. Resistors Ry and R; are adjustable so that
the Q;-Qz match can be preserved for changing input
signal conditions. This permits the circuit to operate
from 200 hertz to 1 megahertz without any distortion. O

Compensated MOSFETs double frequency. Filterless squaring circuit works from 200 hertz to 1 megahertz. MOSFETs Q, and Q, are oper-
ated in their depletion mode, causing them to square voltages applied to their main gates (Gy). Adjusting control gate (G:) voltage forces
MOSFETs to simulate a matched pair. Unity-gain transistor Qs drives Q, and Q with equal voltages of opposite polarity (Vi = -Vz2 = Vy).
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I
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Timer IC paces
analog divider

by Kamil Kraus
Plzen, Czechoslovakia

The quotient of two analog voltages, V,/V,, is required
in many control and computation applications. This ratio
can be produced by a circuit that consists of a voltage-to-
frequency converter and an amplitude modulator, as
shown in the accompanying diagram.

In the V-to-f converter, input voltage V, drives a field-
effect transistor through an operational amplifier. The
FET operates as voltage-controlled resistor to determine
the frequency of a 555-timer astable multivibrator. The
resistance of the FET is given by:

R = V,7[(1 +R/R)LV, — LV,]

where V, is the FET threshold and I, is the drain current
when V, is zero.

In this mode of operation, the capacitor C charges and
discharges between '3 and % of V¢c. Thus the output
voltage of the timer varies from 5 to 10 volits if the
supply is 15 v. The charge and discharge times and
therefore the frequency are independent of the supply
voltage.

Input voltage V, is applied to the inverting input of op
amp A,, which acts as the amplitude modulator. When
the output from the timer (pin 3 of the 555) goes high,
transistor Q turns on and grounds the noninverting input
of A,, so that the output from A, is —V,. When the

timer output is low, transistor Q is off and the output
from A, is +V,.

The output from A, is therefore —V, during the
charging time of the timer:

t. = 0.693(R+Rg)C
and is +V, during the discharge time of the timer:
tg = 0693R5C

The average value of the output voltage from A; over the
period of the timer is given by:

Vou = Vilta = t)/{te+ 1)
Substitution of the expressions for the charge and
discharge times, and use of the relation for R, yield:

Vou = = V,V,/(1+R/Ry)V,

if Rg is made equal to V,/2l,. For the 2N4222 FET, V, is
15 volts and 1, is 15 mA, so Rp is 500 Q.The value of C is
0.01 microfarad, as recommended by the 555 manufac-
turer. If the value of R, is 14R; as shown, the average
output voltage, in volts, is:

Vou = =V, /V,

Thus the mean value of the output voltage from A, is
numerically equal to the ratio of input voltages V, and
V,. These voltages can have any values in the range from
0 to + 10 v; the average of the output can be realized
with an RC across the output circuit, or read on a
damped voltmeter, or whatever the application
requires.

+H5V

2N4222

7 geg )
TIMER

500 2  Rg

Vi

100 k2 100 k2

1 b o
_ Vy
VOUT = V— VOLTS
)

k2

Aq, A : DUAL 741

AMPLITUDE MODULATOR

<+——————V-TO-f CONVERTER ——

Analog divider. The mean value of output voltage is proportional to
the ratio of V, to V,. The 555 timer operates as a voitage-to-
frequency converter, activating transistor Q, which controls the
noninverting input of A,. The output voltage of A, can be averaged by
any method convenient for the applications required.
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4. Audio circuits

XIMUM LENGTH LINEAR FEEDBACK SHIFT REGISTERS

Shiﬂ register with f lback THAT REQUIRE ONLY TWO FEEDBACK TAPS

generates white noise
by Marc Damashek 7 1,7 127 0.51 ms
Clarke School for the Deaf, Northampton, Mass or3,7
[ o 9 4,9 511 20ms
10 3,10 1,023 4.1 ms
A shift register with linear feedback generates a pseudo- 1 2,11 2,047 8.2ms
random sequence of pulses that can be used without 15 1,15 32,767 131 ms
digital-to-analog conversion or audio processing as ex- or 4,15
tremely high-quality audio white noise. The output ™18
from the register, fed directly to an audio amplifier, pro- & =, Tlgs e
duces a power spectrum that is flat to within *1 decibel "y :;
over the entire audio range. 18 5 3 48 262 143 10
The operating principles of a linear-feedback shift 20 3 20 1,048,575 42s
register (LFSR) are illustrated in Fig. 1. The input to the 21 2,21 2,097,151 845
first stage of an n-bit register is determined at each 22 1,22 4,194,303 175
clock pulse by the exclusive-OR (parity) function of 23 5,23 8,388,607 34s
some output taps of the register. Choosing these taps is or 9,23
the crucial step in constructing a LFSR that performs as L S, 55,45 22m
required. frdng
For an n-bit shift register, taps can be chosen so that - m; ;g SRUSsEe 1
the register cycles through 27 - 1 different states before or 13, 28
repeating any previous state. All possible n-bit words 29 2,29 536,870,911 36 m
are generated except the word containing only Os [Elec- 31 3. 31 2.147.483.647 24h
tronics, Nov. 27, 1975, p. 104]. In addition, with the use or 6,31
of only two taps, some shift-register lengths can produce or 7,31
these maximal-length sequences. A partial list of such or 13,31
registers is given in the table, which is excerpted from 33 13,33 8,589,934,591 95h
“Shift Register Sequences,” by S. Golomb (Holden-Day 39 2,35 34,359,738,367 1.6d
Inc., San Francisco, 1967). As the table shows, even ol Tiges 68'7’9'476'73‘5, o
shift registers that are only moderately long can pro- » 48 32 eoRls a
duce astronomically long sequences. 0(:'1 4 30
An appropriate clock and a sufficiently long register a1 3 41 22 %102 1024
generate a flat power spectrum of audio white noise, us- or 20, 41
ing the digital bit stream itself as the noise source. Fig-
CLOTK PULSES CLOCK  .ByT SHIFT REGISTER SERIAL OR
PARALLEL

\ OUTPUT

INPUT OUTPUTS
= e S m———
I
|
P v g
|

e i J A% i3 1. Pseudorandom puises . . . In this

P?:'ETEY “«-———————- J I T linear-feedback shift register, some of the
A output ports are connected back to the input

P INUT =A®Ba&...0Z through an exclusive-OR circuit. Depending

upon which output taps are fed back, a non-

@ DENOTES MODULO-2 ADDITION (EXCLUSIVE-QR) repeating sequence of any length up to
- 2n - 1 binary words can be generated.
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3.. . . like this. The output power spectrum of the circuit in Fig. 2, measured directly at the output of stage 31, slopes upward because filter
bandwidth is proportional to frequency. The slope of 3 dB/octave indicates white noise. Reference level (0 dB)-was chosen arbitrarily.

ure 2 shows a 31-stage LFSR, with taps at stages 13 and
31 and a shift clock running at 250 kilohertz.

Any shift register that provides access to the required
feedback bits will serve. For instance, two CD4006s
might have been used instead of the 74Cl64s. With
only three ICs, these shift registers can give access to bits
13 and 31. For a white-noise generator in audio appli-
cations, the component values are noncritical. The reset
button ensures that at least a single 1 is initially in the
shift register, but the manual button can be replaced by
a more elaborate initialization circuit if desirable.

The audio-power spectrum from the circuit in Fig. 2,
measured directly at the output of stage 31, is shown in
Fig. 3. A series of %-octave filters measures the spec-
trum. The curve is inclined upward at a rate of 3 deci-
bels per octave, matching the increasing bandwidth of
the filters. The deviation from a straight line inclined 3
dB/octave is less than 1 dB over the frequency interval
from 25 Hz to 20 kHz. The largest deviation occurs at
the power-line frequency of 60 Hz. The table shows that
the string produced by this register is longer than 2 bil-
lion bits and, at a 250-kHz clock rate, will take more
than two hours to repeat.

The LFSR pulse sequences are also used for error-cor-
recting codes, spread-spectrum techniques [ Electronics,
May 29, 1975, p.127], and other random-selection pro-
cesses. In a maximum-length LFSR n bits long, the bit
string produced is statistically identical to 2» - 1 flips of
an ideal coin (one with precisely equal probabilities of
landing heads or tails). Thus, for example, a 17-stage
LFSR can generate the equivalent of 131,071 coin-flips.
Any stage of the register may provide the output, since
every bit is eventually shifted the entire length of the
register.

Such a device could be useful for producing uncorre-
lated stimuli in a psychophysical experiment, because it
could easily determine which of two possible stimuli to
present to a test subject. It can do so with an undiscer-
nible, yet repeatable, pattern so that a second test sub-
ject could be given the same sequence of stimuli. If the
bit string from the 31-stage register in Fig. 2 were used
for test stimuli with an average interval between stimuli
of 5 seconds, it would not repeat for 340 years. )
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One-transistor regulator
minimizes amplifier distortion

by Dale Hileman
Sphygmetrics Inc., Woodland Hills, Calif.

In a complementary-transistor power-amplifier stage,
crossover distortion is usually difficult to control be-
cause the extremely critical bias point of the stage is
hard to maintain. But when a single bipolar transistor is
connected as a voltage regulator, the bias point can be
controlled easily through a potentiometer that allows
the biasing conditions to be set exactly.

If the base bias current is too small, the stage exhibits
severe crossover distortion. On the other hand, too
much bias causes a needlessly high collector current;
the transistors can be damaged, or their lifetimes con-
siderably shortened. If the stage is powered by batteries
(for example, in portable equipment), battery life will
be shortened, too.

A resistive voltage divider is sometimes used to bias
the complementary transistors, but this scheme can be
entirely unsatisfactory unless the bias source is regu-
lated. Additionally, such a divider does not provide
compensation for the effects of temperature on the
base-emitter junctions of the transistors.

To obtain better regulation and temperature compen-
sation from the divider approach, a diode (or two) is of-
ten connected between the bases of the two transistors.
This diode must be selected carefully, since it must pro-
duce the exact voltage drop needed. What’s more, if this
voltage drop changes as the equipment ages, the biasing
will suffer accordingly.

The circuit shown in the diagram overcomes these
problems. It employs a bipolar transistor as a simple
voltage regulator and has a potentiometer that sets the
stage’s bias point precisely. Transistors Q; and Q: serve
as the complementary power amplifier, with transistor
Qs acting as the bias regulator.

The input to the stage is applied through the two cou-
pling capacitors, and the collector-emitter voltage of
transistor Qs is set by the potentiometer. The setup pro-
vides the optimum base bias for transistors Qi and Q2.
If the circuit’s operating temperature varies, transistor
Qs automatically adjusts the bias voltage to compensate
transistors Q; and Qa. |

Q3

LRSS N3707

a,

10k 2N1132

-8V

Crossover-distortion regulator. Complementary transistors Q, and
Q. form a power amplifier stage in which the bias point is controlled
closely through transistor Q; acting as a voltage regulator. The bias-
adjusting potentiometer permits exact setting of the stage's bias
point so that crossover distortion is held to a minimum. The transistor
regulator also automatically compensates for varying temperature.

C-MOS sums up tones
for electronic organ

by Robert Woody
Hercules Inc., Radford, Va.

An electronic organ that produces a wide variety of
voices, either singly or in combination, can be built with
relatively simple circuitry if complementary-MOs logic
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circuits and linear diode gates are used. The organ,
which requires only one gate for each frequency, adds
tones to derive the harmonic content of each voice.
Sound reproduction varies smoothly, too, so that there
are no unpleasing key clicks.

The circuit shown generates the eight frequencies of
note A. Adjacent frequencies of the same note have 2:1
ratios and are separated by an octave. Similar circuit ar-
rangements generate frequencies for notes B through G
and five sharps, for a total of 12 notes. These 12 notes,
each having eight frequencies, comprise the 96 fre-
quencies in the organ. Individual frequencies are spaced



at 6% intervals, from 32.7 to 7,902 hertz.

The eight square-wave outputs of the Hartley oscilla-
tor and the binary divider have precise frequencies, but
are not musical because square waves contain only the
fundamental frequency and odd (not even) harmonics.
Furthermore, if these square-wave frequencies are
turned on and off directly by key switches, the sounds
begin and end too abruptly to be musically pleasing,
and key clicks will be heard.

A diode gating circuit, like the one consisting of diode
D;, resistor Ry, and capacitor C,, is used to convert each
square wave to a sawtooth. This supplies the even har-
monics and helps to turn the tones on and off gradually
without clicks.

The square wave alternates between the supply volt-
age and ground. While the square wave is at ground, D,
is forward-biased by current flowing through R,, and
the gate output is also at ground. When the square wave

goes to the supply voltage level, D, is back-biased sc
that current through R, charges C,, causing the gate
output to have a rising slope. The capacitor discharges
quickly through the diode when the square wave re-
turns to ground, and the cycle repeats.

Resistor Rz and capacitor C; slow the application of
current to resistor Ry, permitting the gate to turn on and
off gradually without clicks. Since C; charges for half
the cycle of square-wave frequency f, time constant
R1C; is half the period of f, or:

C1 = '/&le
Values for capacitor C; are selected to approximate the
switching times of organ pipes. Since the output of each
gate is linearly proportional to its dc biasing voltage, the
tone amplitude needed can be metered out precisely.

To sum tones to create the desired organ voices,
which comprise several harmonically related tones, each
gate output must be filtered to reduce its harmonics

C-MOS makes organ music. Complementary-MOS ICs add tones 10 produce eight frequencies that make up note A. Each of the remaining
six notes, B through G, plus five sharps, requires its own Hartley oscillator and binary divider network to generate all 96 organ frequencies.
Diode gate at each divider output converts that square wave 10 a sawtooth to get the necessary even harmonics.
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HARMONIC CONTENT OF SOME TYPICAL ORGAN VOICES
HARMONIC FREQUENCIES

VOICE

1 2 3 4 5 6 7 8 9 10 11 12
OPEN FLUTE |

OPEN FLUTE, I

OCTAVE HIGHER 1 a

ABOVE FLUTES

SOUNDED TOGETHER a1 M

TRUMPET

|
FRENCH HORN _..l_.l
11

VIOLIN 4

STOPPED FLUTE ~4- I '

CLARINET

down to the simplest voice produced in the organ,
namely the flute. Since the eight frequencies of a note
are multiples or submultiples of each other, they can be
handled by one low-pass filter. This means that only 12
low-pass filters are needed for all 96 frequencies.

The diodes between the gates and the key switches—
diode D,, for instance—allow a given tone to be
sounded by a number of different key switches. All of
the key switches indicated are operated by the key for
note Al. The voltages (Vi, V2, Vi, . . .)on the key buses
determine the amplitude at which the tones are
sounded (V; controls the fundamental frequency tone,
V. the second harmonic, V3 the third,. . .). The key bus
voltages set the harmonic content and, therefore, the
voice of all the keys on the keyboard.

To conserve circuitry, the third harmonic, note A3,
borrows a tone from the gate (not shown) used for note
E3. The resulting 0.2-Hz frequency error cannot be
heard. O

Handy audio amplifier
minimizes power drain

by Fred Riffle
Raytheon Semiconductor Div., Mountain View, Calif.

Primarily intended for use in hearing aids, a low-power-
drain, high-gain monolithic audio amplifier includes a
number of design features that make it suitable for a va-
riety of other applications, like tape-recorder preampli-
fiers and wireless microphones. The device even has a
controlled operating-power range, enabling it to be used
for moderate-level acoustical power gain applications.

As shown by the basic circuit hookup of Fig. 1, ampli-
fier gain can be adjusted with a standard volume con-
trol, while.maximum gain is determined by a single ex-
ternal resistor. Automatic gain control, which typically
covers a 30-decibel gain range, can be added by out-
boarding just one capacitor. And the amplifier’s input is
directly compatible with either a ceramic or an electret
microphone.

The unit, Raytheon’s model RM8341, runs from a
single silver-oxide or mercury battery cell at a nominal
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power drain of 100 milliwatts. It can operate over a sup-
ply-voltage range of 1.1 to 1.7 volts. In single-unit quan-
tities, the amplifier sells for less than $8.

Additionally, the space needed by the amplifier and

MICROPHONE +Vgar
BYPASS
CAPACITOR

\[
1 .

° H

RECEIVER "

2 2.2 uF

ELECTRET OR
CERAMIC
MICROPHONE

J-—— 4
35 uFT
L

1. Complete amplifier. IC audio amplifier can operate from a
single battery over a wide voltage range. Automatic gain control is
implemented by the capacitor at pin 7; maximum gain is determined
by resistor Rg. A standard volume control, Ry, can be used.



its supporting network is kept to a minimum, because
the RM8341 requires low-value capacitors for fre-
quency compensation. Qutput distortion is held to 1%
nominal, and output linearity is also quite good. The
unit provides a single-ended class AB output and can
deliver 150 microwatts to a 1-kilohm load.

Figure 2 shows the circuitry of the IC amplifier. Es-
sentially, there are four stages: three in the signal path,
and a fourth in the internal dc feedback path.

Stage A; (transistors Q; and Q2) and stage A: (tran-
sistors Q3 and Q) are differential gain networks, which
have a composite gain that is proportional to the prod-
uct of currents I, and I2. The first stage, Ay, is designed
to allow the dc level of the input to vary from 0.2 to 0.8
v without affecting output voltage amplitude. Transis-
tors Qs and Qs are level shifters that provide the proper
bias currents for transistors Q3 and Q4 of stage Az.

The two current sources, I; and Iz, vary simulta-
neously with the value of volume control Ry but change
only slightly with variations in supply voltage. In this
way, the gain loss can be held to less than 2 dB when
battery voltage drops from 1.6 to 1.2 v.

The power output stage, As, consists of transistors Q,
Qs, Qo, and Qio. This stage provides the current de-
manded at the output of stage Az by external gain re-
sistor Rg. Stage As, therefore, is a current-to-voltage

converter whose gain is proportional to the value of re-
sistor Rg; this resistor, of course, determines what the
amplifier gain is at full volume.

The last stage, A4, is made up of transistors Qq; and
Q2. Stage Ay establishes a dc level at the base of tran-
sistor Q2 that fixes the dc level at the output of stage A3
at half the battery voltage. This arrangement allows the
amplifier to handle large ac signals without clipping
them. Stage A4 also determines the amplifier’s low-fre-
quency rolloff response.

When the automatic gain control is activated, transis-
tor Qi3 turns off and transistor Q4 turns on, so that the
external capacitor from pin 7 to ground begins to
charge. This turns on transistor Qs and its rising collec-
tor current decreases the magnitude of current sources
I1 and I and, therefore, the over-all gain.

Both gain stages, A; and Az, are employed in the agc
loop to obtain more gain compression without distor-
tion. The level to which the agc limits the output can be
varied by an external resistor from pin 6 to ground. In-
ternal resistors Ry and Rz set the agc level to some nom-
inal value. If agc is not wanted, pin 7 is grounded. Re-
sistor R3 is for microphone supply-line rejection. O
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2. Chip layout. The amplifier consists of four stages, plus a loop for automatic gain control. The gain of stage A, (transistors Q, and Q;) and
stage A; (transistors Q; and Q,) is determined by volume control Ry. Stage A, (transistors Q; through Q) is the power output network, while
stage A, (transistors Q,, and Q) adjusts As's dc output level and prevents the ac signal from being clipped.
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Audio amplitude leveler
minimizes signal distortion

by Edward E. Pearson
Burr-Brown Research Corp., Tucson, Ariz.

An ac current-controlled bridge in the feedback loop of
an operational amplifier can provide very close control
of signal amplitude, while contributing negligible dis-
tortion at or near a predetermined optimum input sig-
nal level. The resulting circuit is well suited for ampli-
tude leveling in test oscillators, communications
equipment, and telemetry systems. It can be built for
around $4 and offers extremely close amplitude control
over the entire audio spectrum.

Unlike conventional circuits that apply increasing
amounts of feedback along the entire span of input volt-
age range, this amplitude leveler applies zero feedback
(and, therefore, zero distortion) at an optimum input
level and produces positive or negative feedback above
and below this level. The differential output from a
bridge is used to get the desired feedback.

The bridge, which is outlined in color, employs two
devices, T; and Tz, whose resistance varies with current.
Such components as incandescent lamps, thermistors, or
even active devices can be used. Here, Ty and T2 are in-
candescent lamps. Resistors Ry and R are chosen to be
within the resistance range of T and To.

A specific voltage, V, will shift the resistance of T,
and T, balancing the bridge and producing a zero dif-
ferential output (e, - €2). As voltage V is varied above
and below the zero output level, the bridge is un-
balanced in opposite directions and develops differ-
ential outputs of opposite phase.

Letting R; = Rz = Rand T, = T, = T, voltage e,
can be expressed as:

e1 = TV/(T+R)
and voltage ez is:

e2 = RV/(T+R)
so that the differential voltage becomes:

e1-ez = (T-R)V/(T+R)

When T is greater than R, e, - ez is more than zero;
when T = R, e; - e2 = 0; and when T is less than R,
€1 - ez is smaller than zero.

Depending on the input signal level present at ampli-
fier Ai, the network formed by the bridge and ampli-
fiers Az and Aj produces positive, negative, or zero
feedback. For the component values indicated, an input
voltage of approximately 0.4 volt is just sufficient to
drive the bridge to a balanced condition (zero feed-
back).

At this input level, the components in the feedback
network cannot contribute to distortion in the output. If
the input voltage varies from the optimum 0.4-v level,
the inputs to amplifier A3 will become unbalanced, and
an amplified differential voltage (from the bridge) will
produce gain compensation at amplifier. A,. The table
indicates the range and degree of amplitude control ob-
tained.

The circuit’s output voltage can be made higher by
increasing the value of resistors Ry and Rg; the higher
resistance values increase the voltage needed to balance
the bridge. Or, the output voltage can be made smaller
by increasing the gain of amplifier Az. To lower the op-
timum input voltage level, the gain of amplifier A, is
m