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Standard ICs provide
raster scan interface

by Serge Poplavsky

University of New South Wales, Kensington, Australia

One master oscillator and a few counters, flip-flops, and
gates make a baud-rate clock with a sync generator that
produces horizontal and vertical pulses for noninterlaced
raster scanning of a cathode-ray tube. In it, standard
integrated circuits are used to generate rates up to 38.4
kilobauds (the upper limit of most generators is only
9,600 bauds) and sync pulses for producing 312 lines at a
50-hertz refreshing rate (or 260 lines for a 60-Hz rate).
Thus the circuit is a low-cost solution to building an
important part of any data terminal.

All clock rates are derived from one crystal-controlled
oscillator, A, which uses the 7209 and a crystal cut for
7.9872 megahertz. The master clock frequency is then
divided by 13 by A,, the 74LS161 presettable counter.
A, generates a frequency 16 times 38.4 kilobauds, suit-

able for interfacing with universal asynchronous receiv-
er-transmitters or similar modems.

This frequency is further divided by A,, the 14040
binary counter. Thus, rates extending from 16X300
bauds to 16 X 19.2 kilobauds will appear at its output.

S., which is used in A,, the 74C151 one-of-eight-line
multiplexer, selects the baud rate desired. When all
switches are open, a rate of 300 bauds is selected.
Closing switch a, the least significant bit (i.e., binary
number 1), selects a baud rate of 600, and so on.

The horizontal sync pulses for the cathode-ray tube
are derived from As and a four-input NAND gate, which
generates a frequency of 15,600 Hz, each pulse lasting 4
microseconds. The vertical sync frequency, either 50 or
60 Hz, is obtained from A¢—A; and a four-input NAND
gate.

Dividing the horizontal sync pulses by 312 or 260 (for
50 or 60 Hz, respectively), the binary counter, Ag, which
in this case is wired as a divide-by-312 device, drives two
flip-flops (A7). A; resets the counter and generates verti-
cal sync pulses, each 256 us long.
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Versatile. Using standard integrated circuits, combination baud-rate generator and sync generator for CRT works up to 38.4 kilobauds and

can be wired to generate sync pulses suitable for a 50- or 60-Hz refreshing rate. All frequencies are derived from one oscillator.




Gates replace PROM in
Intellec-8 bootstrap loader

by Simon Gagné and Bernard Boulé
Université Laval, Department of Electrical Engineering, Quebec, Canada

In what may be the most cost-effective solution yet for
implementing a bootstrap loader for Intel’s popular
Intellec-8 development system, logic gates are used to
replace the jump-to-monitor routine stored in a
programmable read-only memory (PROM).' This simple
method of automatically accessing the system’s monitor,
or executive-control routines, is possible because the set
of 8-bit logic signals required at the data bus to access
the monitor on power-up can be easily generated.

In the Intellec-8, the monitor is located at address
3800 (hexadecimal). Therefore, a jump instruction is
used to advance the program counter from location 0 to
3800H. To avoid the manual programming required

after each power-up, the previous solution was to use a
PROM programmed with the instruction (C3 00 38).

The logic signals required on data bus lines Dy—D; for
achieving the three-byte jump instruction are shown in
Fig. la. The output of each flip-flop in the three-stage
74175 shift register, previously used to enable the PROM,
together with simple logic, can synthesize this sequence.

When the outputs of the shift register (Q;, Q,, and
Q,) alone are stepped with system clock DBIN, they
generate the signal pattern shown in Fig. 1b. Compari-
son of Fig. 1a and 1b reveals that the identical patterns
of lines Dy—D, and D¢—D5 can be generated by forming
the logic function Q, + Q. It is also seen that bits D;, Ds,
and Ds are identical to the Q; output of the shift register
and the D, bit is identical to the Q; output, so that the
Q:; and Q; signals can simply be connected to these
corresponding data lines through noninverting buffers.
To make the final circuit, which appears in Fig. 2,
operational, switch S, need only be placed in the monitor

position for automatic loading on power-up. O

References
1. “PROM adds bootstrap loader to Inteliec-8 development system,” Electronics, April 27,
1978. p. 126.

Instruction Op code Dy D¢ Ds D, Dj D, D, Dy Condition Q, Q, Qs

C3 1 1 0 0 0 0 1 1 RESET 0 0 0

JMP 3800H 00 0 0 0 0 0 0 0 0 AFTER FIRST DBIN 1 0 0

38 l 0 0 1 1 1 0 0 0 AFTER SECOND DBIN 1 1 0

{(AFTER JMP) FF i 1 1 1 1 1 1 1 1 AFTER THIRD DBIN 1 1 1
(a) (b)

1. Synthesis. Table outlines logic sequence required on data bus for achieving jump operation in order to enter Intellec-8's executive program
(a). Outputs of clocked three-stage shift register of basic circuit generate signals (b), which can be used to synthesize D,—D, and Ds—D5 signals
if function @+ Qs is formed with logic gates. Q; output is by itself identical to Ds, D., and Ds. Q. output is identical to Ds.

INTELLEC-8 INTELLEC8
MOTHERBOARD MOTHERBOARD
5V -+
RESET
J | 2_]5 7_1|2
| teAR | [ oo
| MONITOR
| Q Q [
4 R R R 10 é
5V ¢] a » —40D Q. 1] a
I T+ 2 3 ; _z\s_o_ RME
|
| t t t e [ |
‘ I PROGRAM |
Jd41 L ! Il ke d
2 — <
oBin fi— = Jotrs FRONT PANEL
| TR g
= 5y D
| b‘} o Mo )
| sV 0
% ! MI-1
| P%UZ MI-2
ALL GATES HAVE OPEN-
| COLLECTOR QUTPUTS 22kS2 g Ry - D3 T4
INVERTERS: 1/6 7416 = L DATA
| BUFFERS: 1767417 j D D4 mi-4 [ BUS
| —V = MI-5
l ——D 4 Dc De M-
| Dc 0, M7
/

2. Implementation. Circuit for accessing system’s monitor uses open-collector logic gates, which replace programmable read-only memory in
original configuration. Circuit is armed by placing front-panel switch S, in monitor position before each power-up of system.




Circuit phase-locks
function generators over 360°

by Lawrence W. Shacklette
Seton Hall University, South Orange, N. J.

This circuit locks a low-cost function generator without a
voltage-controlled-oscillator (VCO) input to a second
inexpensive generator having such a phase-reference
feature. A J-K flip-flop, two one-shots, two comparators,
and an operational amplifier are linked in a feedback
arrangement that includes the programmable generator
as the vCO in a phase-locked loop (PLL). The resultant
circuit provides a selectable phase shift between genera-
tor outputs over the range of 0° to 360°.

In operation, the output of the low-cost generator, vi,
passes through a high-pass filter to a zero-crossing detec-
tor that employs a 311 comparator (M,), as shown. A
dual monostable multivibrator and J-K flip-flop follow.
Although these two devices can be eliminated, they
enable the phase-locked loop to be operated at the center
of its locking range for any phase shift. This arrange-
ment ensures that two often desired phase angles, 0° and
180°, fall within the capture range of the PLL, so that if
locking is lost, it will be automatically regained.

‘The outputs of the dual one-shot, M, wired so that
each fires on opposite edges of the signal applied to its

inputs (see timing diagram), are fed to the OR input of
M3, whose on time is selected by potentiometer R,. Thus
R, controls the amount of phase shift.

M; produces two pulses for each cycle of v, and
triggers the J-K flip-flop, My, on each negative edge.
The flip-flop thus produces a square wave with a
frequency equal to vy, but shifted in phase by up to 180°.
An additional shift of 180" can be obtained by using
switch S to connect the Q output of My to the inverting
input of the 3900 Norton amplifier.

The adjustable-phase square wave serves as a refer-
ence signal for the phase-locked loop, which is composed
of the 3900, a low-pass filter, a buffer (307), and a vCO
(the second function generator, a Hewlett-Packard
3311A). The input signal to the vCO is a negative dc
voltage that is the inverted sum of the filtered output of
the 3900 and the voltage selected by the offset control,
R,. By turning the generator’s front-panel control or Ry,
the free-running frequency of the loop can be adjusted.

Because the reference signal is a square wave, the PLL
will lock onto either the fundamental of v, or its odd
harmonics. Selection of a particular harmonic is made
by adjusting the free-running frequency to the approxi-
mate value of the harmonic desired. Half-multiple
harmonics ('4f,, ¥f\, %f), etc.) can be produced at v, by
breaking the Q,—A, connection between M; and M; and
tying A, to + 5 volts. Even harmonics can be obtained by
using the remaining flip-flop in the 7473 as a divide-by-2
counter, and placing it between the output of the vCo
and the 3900’s noninverting input.
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Phase-locked. Comparators, one-shots, and flip-flop combine te provide stable locking of generators without phase-reference feature to
those having a VCO input. R, and S are used to select phase of v, with respect to vy, phase can be adjusted from 0° to 360°. M, and M, ensure
that locking is regained if it is lost, and R; controls lock frequency, which may be set to integer or half-integer harmonics of v,.




Coordinate converter aligns
piezoelectric positioner

by Lawrence E. Schmutz
Adaptive Optics Associates, Cambridge, Mass.

Piezoelectric tilt elements of the kind used to position
laser beams and optical scanners can be aligned with the
help of this circuit, which converts the transducer’s high
input driving voltages, normally resolved in X-Y coordi-
nates, into corresponding coordinates (a, b, ¢) in a nonor-
thogonal three-axis system. Only one quad operational
amplifier and two resistor-array packages are used for
the transformation.

The geometry of many popular piezoelectric position-
ing elements (a), as for example the Burleigh Instru-
ments’ PZ-80, is such that:

y = b="(a+c) 0=a+b+c

Solving these equations simultaneously for a, b, and ¢

X=cCc—a

yields:

a = Yix—'"ay b="2%y c= —Yx-~Ay
Simplifying further:
a=c+x b= —(a+c¢) c= —(x/2+y/3)

The last set of equations is easily implemented by using
precision resistors to set the gain of several op amps (b).

Resistor arrays in dual in-line packages will perform
the transformation accurately, for their elements have a
tolerance of +0.5%. The overall circuit uncertainty
becomes * 1% when two arrays are configured as shown.
To ensure that the circuit occupies no more space than
that taken by three dual in-line packages, the resistors
are grouped in their respective arrays as shown by the
dotted lines.

The TLO84 op amp is more than adequate for the
circuit accuracy desired, since in most applications the
piezoelectric devices operate in the lower audio-frequen-
cy range.
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Beaming true. Input information for positioning laser beam, normally presented in X-Y coordinates, must be converted into three-axis
coordinates for many piezoelectric transducers (a). One op amp and two precision resistor arrays perform the transformation (b).




Acoustic protector damps
telephone-line transients

by Gil Marosi

Intech Function Modules Inc., Santa Clara, Calif.

By limiting the transients on telephone lines, this acous-
tic shock protector prevents those sudden high sound
levels that can damage the ear badly enough to cause
loss of hearing. It holds the maximum peak-to-peak
voltage at the receiver of a telephone headset to 50
millivolts.

A four-terminal device, the shock protector is inserted
between the receiver side of the telephone hybrid and the
receiver proper. A block diagram of the circuit, which
operates from a single 5-volt supply, is shown in (a).
Input signals are amplified by a factor of 5 and applied
to a voltage-controlled, variable-gain stage. Because this
stage also attenuates the signal to the degree indicated
by the actual level of a feedback signal, further amplifi-
cation may be needed, and is available, to retain the
loop’s gain margin. A voltage doubler then converts the

amplifier signal to a dc voltage. This voltage is compared
with a preset reference at the inputs of an averaging
amplifier.

The output of the averager, which is essentially an
integrating network, is connected to the variable-gain
stage. As the input voltage from the hybrid becomes
greater, so does the feedback voltage, and thus still more
attenuation is provided for the variable-gain stage.

As for the actual circuit (b), transformers T, and T,
isolate the protector from the floating telephone line, so
that the circuit operates from a 5-v supply referred to
ground. A,,, one half of an LM358 operational ampli-
fier, provides the required amplification of the input
signal. D, and D, clamp A.’s output to 0.7 Vv and
introduce the signal to buffer Q,. This transistor, along
with R+—R;, R4, D4, Ays, and C;, make up the variable-
gain stage.

Zeners Z, and Z, and op amp A,. bias A, and A so
that input signals to those stages swing about a quiescent
point of 2 V. The circuit thus provides maximum
dynamic range. Note that most op amps require a 12-V
supply to achieve a comparable range.

Q/’s output is converted to a current with the aid of
Ry Current flows through D,, which operates as a
current-controlled variable resistor. D, is biased through
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R, such that its nominal resistance is 500 ohms.

The voltage at the noninverting input of A, is ampli-
fied and applied to the voltage doubler (C,, Ds, and D).
Ay and its associated circuit perform the averaging
function that provides a feedback current to the variable-
gain stage. The gain from input to output is unity until
the amplifier’s input threshold—set at 50 mv—is
exceeded. The acoustic shock protector then operates as
an automatic gain control for inputs up to 150 mv. The

output distortion up to that point does not exceed 4%.
Beyond 150 mv, however, the protector simply clamps
the output to 50 mv p-p without regard to distortion.
Because the phone receiver is an inductive device, its
impedance increases with frequency. C, is placed across
R4 to compensate for this rise in impedance. The overall
gain of the acoustic shock protector is thus held flat to
within 1 decibel from 300 hertz to 3 kilohertz so long as
the output of Ay, is below 600 mV or so. O

Time-shared counters
simplify multiplexed display

by Darryl Morris
Northeast Electronics, Concord, N. H.

Although multiplexed display circuits reduce the number
of components otherwise required for decoding on a
per-digit basis, additional hardware is then needed to
select and multiplex various lines to the display. But if a
display is driven by a frequency counter, as is often the
case, the counter itself can be made to perform the
multiplexing with only minimal extra circuitry.
Multiplexing is done by using a master clock having
several times the frequency of the normal clock, depend-
ing on the number of digits to be multiplexed, and by

time-sharing the counters between the count and display
mode. In the count mode, the LOAD and enable-P (EP)
inputs of the counters shown are high and A;-A; func-
tion as a conventional cascaded counter circuit under
control of the enable-T (ET) input of A,. The counter
circuit advances one count for each clock period during
which the count control line is high.

During the display mode, the control line and TOAD
input of A;—~A;s move low. The counters now accept data
at their preload inputs, Pa—Pp. Because the preload
inputs are connected to each preceding set of a counter’s
outputs, A;—As operates as a 4-bit-wide recirculating
shift register when clocked. Thus, the contents of each
counter is rotated past the seven-segment decoder (Asg)
during its display interval, and the appropriate digit in
the display is strobed by the mode controller, A; and As;.

This technique offers the best saving in chip count
when the count rate is slow or numbers-are to be
displayed only after the counted event has terminated. [1
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Time-shared. Counter circuit switches between count and display modes without selector devices. Counter operates as 4-bit-wide
recirculating shift register. Master clock frequency is assumed to be several times that used for the counting circuits.




TTL and C-MOS interface unites
microprocessor with caiculator

by Bert K. Erickson
Fayetteville, N. Y.

This interface combines a general-purpose scientific
calculator, which performs rapid arithmetic operations,
with the extensive memory of 8-bit microprocessor-based
systems into a system that has the advantages of both.
Here, the calculator can program or be programmed
exclusively by the microprocessor; ultimately, of course,
it is programmed by software residing in system memo-
ry. Alternatively, the calculator can be used for its

normal purpose. Using transistor-transistor-logic and
complementary-metal-oxide-semiconductor devices, the
interface costs less than $20 dollars.

Virtually any microprocessor can be united with any
calculator, assuming the calculator’s keyboard can be
accessed. In general, the keyboard scanning lines will be
connected to the calculator’s corresponding display driv-
er pins and to the microprocessor system through appro-
priate circuitry. A two-key roll-over feature that inhibits
data entry when two keys are depressed simultaneously
should be included. Several lines from the microproces-
sor will be connected to the keyboard so that micropro-
cessor instructions can be entered into the calculator.

Figure 1 shows how a typical calculator (MOS Techno-
logy’s two-chip MCS2525/2526) was initially modified
to interface with a microprocessor. A set of buffers
(4050) serves as the link between the strobe lines and the
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1. Lines of command. MCS2525/2526 calculator chip pair sends i

nstructions to 8000 microprocessor through appropriate 4050 buffers

when corresponding key is depressed. Alternatively, microprocessor can program calculator when half of data word is introduced at Y,-Y,;

other half of data word and calculator’s strobe circuits generate Di—D4

signals at keypad, so that key closures are simulated.
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2. Control. Interface transmits keypad instructions to 8000 processor and also aids in simutating key closure for calculator programming by
8000. Accompanying sample program for displaying digits sequentially has built-in delay instructions to slow input-data rate, so that a
keyboard scan can be completed for each word entered at the calculator. Two-key roll-over protection is aiso provided.

input to the microprocessor for programming by the
MCS2525/2526. The 2.7-kilohm resistors are used to
decouple the calculator from the buffer input in order to
minimize loading of the MCS2525/2526. Decoupling
resistors should also be placed in series with the calcula-
tor’s input lines, Y,—Y., where microprocessor instruc-
tions (data words) to the 2525/2526 are entered.

The MCS2525/2526 automatically scans the calcula-
tor’s keyed pins, D,—Dy,, with a 7-volt strobe. To enter
an instruction from the microprocessor, a keypad closure
is simulated from the data entered at lines Y,—Y, and on
lines D,-D,4. By applying the first 4 bits of the 8-bit data

word at the Y lines and by introducing the last four bits
at the D lines, key closure is simulated. For example, to
enter digit 5, line Y, must be brought high while Ds is
being strobed (an instruction corresponding to hexadeci-
mal number 15, as shown in the particular instruction set
for this microprocessor-calculator). Alternatively, the
microprocessor can be programmed by depressing the
appropriate key on the keypad.

The hardware used to implement the keypad-line
coding is shown in Fig. 2. For generating calculator
instructions, the upper 4 bits of the data word, which are
eventually applied to Y,-Y., is latched into A,. The



output of A, is shifted in level by open-collector gate A,,
and the 7-v strobe is applied to the keyboard lines by
analog switch A;.

Aj; is switched’ on by selector A, through the 4050
buffers, and A, is scanned in the same sequence as the
columns of the keypad. The input line selected for enabl-
ing A; at the proper time is determined by the lower 4
bits of the data word stored in As. Information stored in
the microprocessor can now be processed by the calcula-
tor, providing the instructions are applied to Y,-Y, at a
slow rate (the time it takes to depress a key manually).
Time delays are therefore required, since the micropro-
cessor can generate instructions much faster than the
calculator can scan the keypad. The delays are provided
by the program itself.

If the microprocessor is to be controlled by the calcu-
lator, its keypad rows are interrogated by A¢ and applied
to the input port of A;. The keyboard columns are
scanned and applied to the input port of As.

As for the actual programming of the calculator by
the microprocessor (in this case an 8000), a sample
program is shown in the table. This program generates
the digits 1 through 9 on the calculator’s display in
succession. When all digits are displayed, they blink
three times. The sequence then repeats. Though this
subroutine has little practical value, it demonstrates
several characteristics of the software required for
programming.

The program, stored in random-access memory, is
switched to the starting address on page 0, and the
restart address is entered on the keypad. The program is
then initiated with an interrupt request to the micropro-
cessor, which may be entered from the keypad if one of
the unused function keys is wired appropriately for the
interrupt code required.

The RST 6 branch instruction provides the calculator
with ample time to complete a keypad scan between
program steps. To absolutely prevent instructions from
arriving at the calculator’s input while an instruction is
being executed, the test pin of the MCS2525/2526 can
be connected to the microprocessor’s wait input. Instruc-
tions A8, 35 simulate the two-key roll-over feature
mentioned earlier. O

MICROPROCESSOR /CALCULATOR TEST PROGRAM:

SEQUENTIAL DIGIT DISPLAY

Label regDi:‘ter regDisLter cc?ge Mnemonic Comments
RST 6 01 30 5F OouT 17
31 10 INR C
32 48 JINZ
33 3 31 Keyboard scan delay
34 01 o1
35 07 RET
RST 7 o1 38 OE MVI B Set first digit
39 1 1"
aa 26 MVI E Set digit count
3B 1D 1D
3C Cc1 MOV AB
3D 1E MVI D Set display time
3E EO EO
3F 35 RST 6
40 18 INR D Display sequence
41 48 JINZ
42 3F 3F
43 01 o1
44 A8 XRA A Release digit
45 35 RST 6
46 08 INR B
47 c1 MOV AB
4 S G173 } Enter and display
49 48 JNZ next digit if zero
44 3D 3D is not set
4B 01 01
4c 06 MVI A Enter clear
4D 26 26
4E 35 RST 6
4F A8 XRA A Release clear
50 35 RST 6
51 3D RST 7 Repeat subroutine




Synchronous counters provide
programmable pulse delays

by R. E. S. Abdel-Aal
Sunderland Polytechnic, Sunderiand, England

In this circuit, cascade counters are digitally
programmed to provide pulse delays of 50 nanoseconds
to 3.25 milliseconds, accurate to within 50 ns. Selected
by a 15-bit binary number, N, the delays can be ordered
in 100-ns steps.

Two chains of synchronous counters, driven by a 20-
megahertz clock, delay the input pulse’s leading and
trailing edge separately. Input pulses, which are asyn-
chronous, are first applied to a dual D flip-flop, A,, as
shown. A, generates a single negative-going clock pulse

when triggered by the 20-MHz clock. The pulse is used to
set the bistable latch, G,-G;, thus enabling counters
A,-A; to delay its leading edge.

A-A; are wired to perform a fast look-ahead opera-
tion for the high-speed multistage counting required. To
eliminate glitches that might upset the counter, the carry
outputs of both A, and A;s are brought to a NAND gate
and then to G,~Gs. This ensures the latch will be reset
and the desired N value loaded into the counter only
after the previous delay period is ended, despite the
differential delays that exist in the signal path.

The input pulse is inverted by G, and applied to
flip-flop A for the counters that provide delay on the
trailing edge of the pulse, A;—Aj . Ge—G7 and As;-Ajg
perform the function identical to G,-G; and A,-As.

In actual operation, both counter chains are
programmed by the set-delay lines, which are connected
to their data-in ports. The delay time is given by T =
50(1 + 2N) ns. At the end of the delay period, N is
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Two-edge retardation. Counter chains, of which one starts counting on arrival of the positive edge of an input pulse, the other on its negative
edge, use a 20-MHz clock to provide repeatable delays of 50 ns to 3.25 ms on both edges of signal. Delays produced are accurate to within
50 ns. Amount of delay is selected with 15-bit word (M). Width of input signal to be processed must be at least 60 ns.
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loaded into both counter chains. Note that the circuit is
wired such that the N inputs must be active high,
ensuring that maximum delay will correspond to a value
of N that, when read as a number in standard binary
form, is maximum.

Upon the arrival of the leading edge of the input pulse,
Aj—As count up, starting from the number loaded. Simi-

larly, A7—Ajo count up on the trailing edge of the pulse.
The carry pulse generated by Aj signifies the end of the
delay period. This signal is united with the carry pulse
generated by the trailing-edge counter Ao, at flip-flop
G4—Gs. The signal at the output of G,—~Gs thus has the
same width as the input pulse, but is delayed by a period
of time proportional to the number N. O

Counter delivers data in
sighed or complemented form

by N. Bhaskara Rao
U.V.C.E., Department of Electrical Engineering, Bangalore, India

Adding one chip to the basic digital-averaging circuit
proposed by Frazier [Electronics, Nov. 9, 1978, p. 114]
forms a data counter whose outputs express a negative
number not only by its magnitude and sign, but by its 2’s
complement as well. Expressing numbers in the latter
form enhances the circuit’s usefulness by allowing direct
interfacing with computer circuits.

The circuit shown works differently from Frazier’s,
which generates a sign bit and reverses the direction of
the count when the counter is about to move down

through zero. Instead, the 74193 is allowed to go below
zero, where its R output becomes 15 and the state of its
borrow output changes, thereby clocking the 7470 flip-
flop. The 7470’s Q output, which is the sign bit, S, then
moves high.

The sign bit and the R bits are applied to the 7483
4-bit full adder (not part of the original circuit) through
the 7486 exclusive-OR gates. The 7483 and 7486
together form an add-or-subtract unit. As a result, the
output of the adder, M, will be equal to R if the 74193
indicates it holds a positive count (S = 0), and will be
equal to 16 — R if the 74193 has gone negative (S = 1).

If S = 0, the R bits, as seen at the output of the
74193, will represent the binary equivalent of the
number. Any negative number will be represented by its
2’s complement value and an enabled borrow bit. 0O
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Number forms. Availability of any number in both binary equivalent or magnitude-sign forms enhance circuit's interfacing capability. Data
generated by 74183, expressed as binary number (R bits), is converted into magnitude-sign form by add-or-subtract unit 7483-7486. R
represents the 2's complement of any negative number when counter steps down through zero.

11




C-MOS oscillator
has 50% duty cycle

by Bill Olschewski
Burr-Brown Research Corp. Tucson, Ariz.

Astable multivibrators built with complementary-metal-
oxide-semiconductor gates suffer one major drawback —
their duty cycle may vary from 25% to 75% because of
the variations of each gate’s switching-threshold voltage
(Vu). Variations in the Viu can be canceled and the
desired square-wave output therefore attained by adding
a C-MOs inverter and three resistors to the basic circuit.
The gate-resistor combination uses negative feedback to
perform the compensation.

The standard astable multivibrator is shown in (a) of
the figure. Running at a frequency (f = “2R1Cy) that is
almost independent of the individual gate used, the
circuit nevertheless has an unpredictable duty cycle
because of a Viy that can vary by up to 40% on either

diode (see RCA application note ICAN-6267).

The circuit in (b) eliminates these drawbacks. Inverter
A; creates a second negative-feedback path around A,
(the signal flow through Ry constitutes the prime path).
A; is operated at a low closed-loop gain, much like an
operational amplifier working in the linear portion of its
characteristic. As a result, Aj’s inverted threshold volt-
age can be combined with the negative feedback voltage
and injected into A,. If the ratio Rg/R; equals the ratio
Rc/Rr, complete cancellation of threshold errors
between A, and A; can be obtained. It is assumed that
A, and A; are contained in the same package along with
A, and that their Vys are essentially equal.

Since Aj’s gain must be set so that its output will not
saturate with a *40% variation of Viy, resistor values
must be selected so that Ri/Rf = 2.33. At the same
time, the correct gain for A; is set when RcR; = ReRr.
In these circumstances, and ignoring stray and input
capacitances, the multivibrator’s operating frequency
will be f = 1/R1Cr and the duty cycle will be 50%.

Note that the operating frequency, in this case 20 kHz,
is twice that of the standard astable circuit using the
same values of Cr, Rr, and Rs because of the second

side of Vpp/2, where Vpp is the supply voltage. If a 50% feedback path. O
duty cycle is required, either this circuit must be
followed by an edge-triggered flip-flop, or each circuit
must be individually adjusted using two trimpots and a
Cr
il
1,000 pF
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Right on. Standard astable multivibrator using C-MOS gates (a) has unpredictable duty cycle because of variable switching-threshold
voltages. Adding inverter and three resistors (b) creates second negative feedback path around A,, forcing A, and A;’s switching point to half
the supply voltage, so that 50% duty cycle is attained and square waves are produced.
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Epitaxial phototransistor
with feedback has fast response

by Vernon P. O'Neil

Motorola inc., Discrete Semiconductor Division, Phoenix, Ariz.

A high-gain negative-feedback loop will reduce the
response time of an epitaxial phototransistor to 100
nanoseconds—a significant improvement over several
schemes previously suggested.'* Because of its
construction, the epitaxial device all but eliminates the
diffusion of carriers into its depletion region from the
bulk collector region, which slows a conventional non-
epitaxial phototransistor’s operating speed. And added
feedback reduces the input-signal swing across the
collector-base junction to 1% of what it is normally,
further reducing the input-capacitance charge and
discharge times.

The MRD 300 phototransistor shown in the circuit
has a typical rise time of 2.5 microseconds and a fall

time of 4 us if operated in the conventional emitter-
follower configuration. In this modified circuit Q, serves
as the feedback amplifier that keeps the base of the
phototransistor at an almost constant voltage for
changes in input-signal level. Thus the effective input
capacitance that must be charged and discharged is
reduced. Q; serves as a buffer. Note that using feedback
that is negative enables the switching times to be maxi-
mally reduced without fear of creating instability (that
is, oscillations can be generated with circuits using posi-
tive feedback).

With this circuit, both the rise time and the fall time
of the phototransistor are reduced to 100 ns. The output
voltage is.equal to the product of feedback resistance (10
kilohms) and the collector-base photocurrent. The
photograph shows a typical output waveform.

As for the phototransistor itself, it can be hard to
determine from data sheets if one is epitaxial or not. The
best way to find out is to consult the manufacturer. 0O

References

1. “"Why not a cascode optocoupler?”, Electronics, March 2, 1978, p. 132,

2. "Why not a cascode optocoupler? Here's why not"’, Electronics, April 27, 1978, p. 154,
3. "Bootstrapping a phototransistor improves its pulse response’’, Electronics, Aug. 17,
1978, p. 105.

Speedy. Collector-to-base capacitance of
phototransistor Q, is reduced by employing

1BV epitaxial device (MRD 300) and high-gain
negative feedback (Q.), so that operating
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Hybrid servo system
minimizes hunting

by C. V. Rajaraman
ISRO, Trivandrum, Indla

Although the shunt comparator circuit of Vojnovic' is
simple and tends to reduce the overshoot and hunting
problems inherent in a high-speed digital servo system,
difficulties may arise when the servomechanism is
continually called upon to follow small changes in posi-
tion. Digital subtraction circuits, on the other hand, will
increase system stability but are more expensive and
very complex. But the two most popular techniques for
synthesizing the control circuit—the no-shunt compara-
tor method and the aforementioned subtractor method —
can be combined to form a hybrid system that is more
accurate than the first and less complex and costly than
the second.

As shown in the figure, A, and A, compare lines 5-12
(the coarse bits) of a 12-bit command input with their
feedback-data counterparts, which are derived from the
motor position by a shaft encoder. Comparing the coarse

bits in this manner enables the system to converge quick-
ly on the desired position.

At the same time, the low-order (fine) bits of the
command word are compared by Aj;, and A, is
programmed to find a~b, the difference between the two
4-bit binary words. The a~b result is then transformed
into an equivalent analog signal by the digital-to-analog
converter, As. Using the d-a converter allows a precise
voltage to be applied to the motor, instead of the
constant-magnitude (logic 1) signal that a comparator-
type circuit would generate whenever there was an a~b
offset of any value. Thus the motor has little tendency to
overshoot its intended mark.

As for transferring the voltage from the converter to
the motor, V moves high either when the coarse-bit
comparison yields A = B and the state between the fine
bits are such that A = B or A > B, or when just the
coarse-bit comparison yields A > B.

Under these conditions, S; and S, turn on, and opera-
tional amplifier B, moves high to drive the motor. Under
any other bit-comparison condition, W moves high and
turns on S,, S;, and B,, to drive the motor in the other
direction. O

References
1. B. Vojnovic, “'Shunt comparator stabilizes high-speed digital servo,” Electronics, March
16, 1978, p. 149.
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End of search. Comparators and subtractor in servo position motor without oscillations. Comparison of high-order bits enables motor to

converge on desired location. Fine-bit comparison with a d-a converter resolves precise feedback voltages to minimize overshooting.
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Peak detector recovers
narrow pulses accurately

by Jerome Leiner
Loral Electronic Systems, Yonkers, N. Y.

This peak detector can accurately process input data
pulses as narrow as 50 nanoseconds and as high as 3
volts. The recovered voitage is always within 1% of the
input signai’s true value.

In the circuit shown, emitter-coupled logic generates a
—0.2- to —3-volt signal for input into amplifier A,.
Assuming a pulse with a 50-nanosecond width and a rise
and fall time of 5 ns, that leaves storage capacitor C,
only 45 ns in which to charge. The LH0024 op amp used
for A, has wide bandwidth ard a high slew rate to
accommodate the fast charging required.

Q. acts as a buffer to prevent C, from discharging
through R, between system reset pulses. The voltage at
Q. appears at Q, and is fed back to A,, to be compared
with Ei,. When E,, reaches E;,, D, becomes back-biased
and the stored charge is held until C, is intentionally
discharged by the reset signal. D, remains back-biased
during discharge.

A, is normally used as an amplifer, and so it will be
driven into negative saturation whenever the input signal
drops below the output level. D, prevents this by clamp-
ing the amplifier output.

C, and R; provide A, with input- and feedback-signal
stabilization. Cs compensates for A,’s input capacitance.
Note that if C;R; were placed at the output of A,, a
larger charging current would be required for a given
input signal. Because this current is usually limited, A,’s
effective slew rate would be reduced.

The peak detector is optimized by shorting D, and
then adjusting C,, R;, and C; for minimum overshoot
and ringing on a series of fast data pulses. g

Fast and precise. Using one op amp, one transistor, and two field-effect transistors, peak detector recovers data pulses having amplitudes of
up to 3 volts and widths as narrow as 50 nanoseconds. Output voltage is within 1% of the input data’s true value under all signal conditions.

-5V

Cs
25-11pF

[P

AT

Re

AAN

1k

+5 Y
D,
; ¥ inowe
IN
(-0270-3V) R, i LH0024
O AP A — D
L 1k A 6 5 { a,
1 > "1 ] 2n5196
0.0t uF == C, 1IN6263
509 < R, Q,
2N2219
i g Ry © Equr
= 10k (+0.2TO+3 V)
: Rg
22kS2
Rs
0 1009
2N5196
v H RESET
ov L Cq 15V
100 pF

15




Optoisolator initializes
signal-averaging circuit

by J. Ross Macdonald, Department of Physics and Astronomy,
University of North Carolina, Chapel Hill

Long-term averaging circuits require an initializing volt-
age on their capacitive ‘storage element in order to
become almost immediately operational on power up.
Here, an optoisolator is used to quickly charge the
capacitor with a voltage derived either from the input
signal itself or from any dc voltage, the two sources most
widely used. The optoisolator circuit is superior to an
initializer that uses a relay, which, besides having the
disadvantage of being electromechanical, also draws
power continuously.

In a circuit that averages a signal over a long period
(see figure), the resistor-capacitor (RC) time constant
may be on the order of a minute or more. Thus, the
output of the averager (V,) during the time t = 0—1
minute is considered to be the circuit’s transient response
to the input signal, where t is measured from the time
that power is applied to the circuit. In most cases,
especially when the circuit is part of a more complex
system, it is not feasible to wait that long before the RC

network starts generating a true average value.

The difficulty may be circumvented by using an opto-
isolator and- a switch, S;, to charge C on power up.
Assume it is desired to charge C from a dc voltage, V,.
When power is applied, C,, which may be 25 microfar-
ads or more, is charged through R,. Consequently, as
current flows through the photodiode, the value of the
photoresistance element in the LM 6000 optoisolator is
reduced from more than 10° ohms to about 1 kilohm.
Thus, in a few tens of milliseconds, C charges to V,
through the element, if S, is placed in the V, position. As
C. becomes fully charged, the resistance of the element
quickly increases to at least 10° ohms, and the circuit is
ready to operate in its intended averaging mode

When power is removed, C, discharges through D, so
that the on-off power cycle can be repeated fairly
rapidly. C also discharges slowly through R. This action
is of little consequence in circuit operation on a subse-
quent power up. Note that S,, a momentary-contact
switch, allows the resetting process to be repeated at any
time, even while the circuit is active.

To initialize C from the input signal, it is only neces-
sary to connect S, to Vj, prior to power up (or at any
time if S, is utilized). Otherwise the initializing opera-
tion is the same as before.
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Speedy average. Optoisolator enables
long-term averager to operate almost imme-
diately after power up by presenting an
initializing voltage to circuit’'s sampling
capacitor, C. Charge is introduced through
isolator’s low-resistance photoelement. Eith-
er a dc voltage or the input signal can be
D, used as the initializing source.
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Five-state LED display
monitors paging system

by D. F. Fleshren
Springfield, Va.

This paging station circuit uses a single red- or green-
light-emitting diode to alert the user to any of five
distinct paging conditions. It is a simple, extremely easy-
to-build monitor designed to be part of a large paging
system. Two relays and a 555 timer send a signal to the
LED (a Monsanto MV5491 or Xciton XC5491) to
produce the following signals:

® Off (no power) indicates that paging has been cut off
to that station or the region in which it is located.

® Steady green signifies that the station is operational,
but is not being paged.

® Flashing green tells the user that all stations in the
system are being alerted.

® Flashing red signals an emergency situation to all
monitoring stations.

An external signal triggering relay A controls the
color of the LED, changing it from its green (idle)
condition to red. Relay B is excited when all stations are
to be called. This second relay puts the 555 timer in the
astable mode, changing the LED’s usual dc state to an
on-off oscillation of about 7.5 hertz at a duty cycle of
50%. The frequency of oscillation can be adjusted by
suitably selecting Ry and C,. In the emergency red
flashing mode, both relays must be tripped by external
signals.

This circuit can readily be adapted to signal a single
panel-mounted lamp. To derive the five operating modes,
the relay contacts must be replaced by the contacts on a
suitably wired rotary switch.

Supply voltage for the 555 may vary from 9 to 15
volts; with a 12-v supply, current drain is about 40

® Steady red is the individual station’s paging signal. milliamperes. W
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Rate multiplier controls
noninteger frequency divider

by Michael F. Black

Texas Instruments Inc., Dallas, Texas

Frequency dividers capable of dividing by integer and
noninteger values can be built inexpensively from very
few parts now that synchronous binary rate multipliers
are available on single chips. To increase the resolution
of the noninteger value, the rate multipliers are simply
cascaded.

The ratio at which division is performed is set in an
indirect manner by the 5497 rate multiplier. This
number lies between two values preset in the 54161
synchronous counter, n and n—1. The circuit divides the
input frequency by a ratio directly proportional to the
time the counter spends in the n mode versus the time it
spends in the n — 1 mode.

The number of input pulses rate multiplier C, passes
to synchronous counter C, is proportional to input
address I. In this instance the counter is preloaded at
either 14 or 15 by inputs A;, through D;,. C,’s output
(pin 6) is connected to the counter’s input A;,. Address I
consequently controls the percentage of time the counter
spends at divide valuesn = 2 and n = 3.

The rate multiplier’s pulse-train output frequency is
f = fi(I/M), where M is the size of the rate multiplier
(in this case 2¢ = 64). This particular circuit configura-
tion results in fo,, = M(fin)/(nM —1I). The actual divide
ratioisn” = n—(I/M).

The value of M determines the size of the available
frequency step. The circuit as shown has been used to set
fou from 4 to 6 megahertz in steps of about 30 kilohertz;
adding one more six-line rate multiplier would bring the
step size down to about 400 hertz. Frequency steps in
hundredths of a hertz can be easily obtained by cascad-
ing more multipliers.

This divider circuit will generate the exact number of
clock pulses per second desired, but there will be some
phase jitter, with Ap= 360/n. 4
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Continuous division. Synchronous frequency counter uses rate multiplier in two-chip circuit to program circuit's divide ratio at any value.
Output frequency is proportional to the time spent between two preset divide values, n and n— 1. Muitipliers can be cascaded tor step-size
resolution all the way down to hundredths of a hertz. The amount of phase jitter at the output, in degrees, equals 360/n.

Standby crystal time base
backs up line-powered clock

by William D. Kraengel, Jr.
Valley Stream, N.Y.
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This battery-powered, crystal-controlled time base
provides accurate and glitch-free performance when it
takes over as the 60-hertz frequency standard that drives
a digital clock during a power outage. The cost of the
unit is about $7.

More long-interval timing circuits would probably use
the ac power line as a time base because of its long-term
average-frequency accuracy (1 part in 107), were it not
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Standby standard.’ Battery-powered, crysial-controlled time base, having sufficient accuracy for most short-term applications, takes over

clock-driving duties of digital chronometer in event of ac power loss. Unit uses 3.58-MHz oscillator, which is divided down to 60 hertz.

for the transients and blackouts that occur frequently.
This back-up time base takes over smoothly in such
instances and has sufficient accuracy over a period of
several hours to satisfy all but the most demanding
applications.

The standby time base uses a low-cost crystal oscillat-
ing at 3.58 megahertz, which is generally the frequency
required for the color-burst circuits in standard televi-
sion receivers. The frequency produced by the crystal’s
programmable oscillator-divider chip, A,, is 60 hertz.
This signal is fed to one input of an AND gate, A,, which
is activated if line power is lost.

During normal operation, the battery is trickle-
charged (I.) by the clock’s supply through R, at a rate
of 0.01 C, where C is the capacity of the battery in
ampere-hours. R. is equal to (V*—Vu)/(I.+ Ipp),
where Ipp = 2.5 milliamperes. The digital clock must be
modified slightly, as shown, in order to lengthen the
charge life of the battery. Thus the digital clock’s display
will be blanked while the battery is the power source.

Meanwhile, one-shot Aj;, configured as a missing-
pulse detector, is triggered by Schmitt trigger A, at the
beginning of each cycle of the ac input.

The one-shot’s pulse width is 20 milliseconds, slightly
longer than the period of the 60-Hz line input. Thus, A,
is continually retriggered, and so A; is disabled.

With a loss of line power, the battery takes over the
supply chores. A; times out, and then A, is enabled, so
that the 60-Hz signal derived by the crystal circuit drives
the digital clock’s timing chip. The maximum length of
time between the power outage and the first clock pulse
from the standby unit is 8.3 milliseconds.

Almost the reverse action occurs when the ac line
power is restored. When the filter capacitor in the clock’s
power supply recharges enough for the line pulses to rise
above the set threshold of the Schmitt trigger, the one-
shot is triggered, and the AND gate is disabled. As the
voltage across the filter capacitor rises further, the power
source duties revert back to the digital clock’s power
supply. O
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Controller halts playback
when taped voice pauses

by N. Bhaskara Rao
U.V.C.E., Department of Electrical Engineering, Bangalore, India

Few typists can transcribe a dictated message or speech
without stopping the tape recorder from time to time.
The illustrated circuit stops the recorder automatically
at the end of a sentence or other pause. Its program-
mable halt time is proportional to the length of the
preceding playback segment.

The circuit is preset on power up by R; and C,. Audio
signals from the output of the tape recorder may then be
fed into a buffer amplifier having a low output imped-
ance, so that a dc voltage proportional to the audio input
is produced by the full-wave rectifier, D; and D;.

The 7413 Schmitt triggers and an'RC network define
the time delay, T. The voltage at x(t), which is initially
set high by the audio signal, goes low when V, is low for
a period greater than T, so that any pause in the audio
signal triggers the recorder-halting circuit. The delay
time selected may be varied for the particular applica-

tion by adjusting one or both elements of the RC
network.

As one-shot A, is triggered by x(t), A is cleared and
starts to count up. If the time during which x(t) is high is
To, then the output of A, at the end of that period is
given by N = f,T,,, where f, is derived from divider A;
and the master clock frequency, f.

As x(t) goes low at the end of a phrase, one-shot A, is
triggered, flip-flop As clears, and the recorder’s motor is
braked to a halt. At the same time, A, starts to count
down at a rate, f>, which is determined by divider A and
the master clock. As A, goes through zero after a time
equal t0 Tox = Tow(L/M), where L and M are the
divider ratios, it generates a borrow pulse that sets As
and restarts the recorder’s motor. The audio output from
the recorder then sets x(t) high, and the cycle repeats.

Because the actual interface between As and the tape
machine varies widely with the recorder used, the wiring
details of this portion of the circuit are not shown. Other
parts of the circuit may be easily modified to suit the
application. For instance, the 74193 ratio counters each
provide divisor ratios to 15, but they may be replaced by
dividers that provide any value of L and M. O

N9 14
“ ]
1, 1,
ke v, L3 Ll xt) viarzsr | J1 ve 104
—w—y—H Jo—+—+—H F } oNEsHOT o<
T R =~ 50 ns
| &
+ -4
47V ¢
1 o
N34 = -
D, il A D, As Ve 7404 A;
WASTER f » 1»—(}0@; up % % CLEAR
CLOCK MK X
74193 PR By
i s 2 y DOWN  BORROW |—————
YTy =
A A
>y | U
} ONESHOT
BUFFER ~ 50 ns
AMPLIFIER
AUDIO A
QUTPUT &
MOTOR CONTROL CLEAR %7408
TAPE messr.—(j__4
RECORDER -
BRAKE CONTROL 5w
& ik
R4
5 V —" W \N—
5

Pausing for write time. Unit brakes tape recorder's drive after each sentence of taped message to provide transcription secretary with time
to write information. Circuit uses up-down counter to derive a halt time proportional to the length of the preceding playback period.
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Micropower regulator has
low dropout voltage

by Kelvin Shih
Generai Motors Proving Ground, Milford, Mich.

Designed specifically to regulate the output of lithium
batteries, which have a low terminal voltage at low
temperatures, this circuit provides a stable 5.0 volts at 10
milliamperes for an input voltage as low as 5.2 V.

The low dropout voltage of the regulator (5.2—-5.0 =
0.2 V) is attained in part by operating the circuit’s output
transistor in the common-emitter mode. As a result, its
collector-to-emitter voltage drop is much lower than the
base-to-emitter drop of transistors operated as emitter
followers in standard regulators. And, because it uses a
low-power operational amplifier operating from a single
supply, and a low-current, low-voltage zener diode for

the voltage reference, the regulator’s idle current is only
250 microamperes.

Three lithium batteries drive the regulator shown in
the figure. Their terminal voltage is usually 3 v per cell
at room temperature, but it will drop to 2 v at —40°C.

Z, provides a low-voltage reference (1.22 V) to the
noninverting input of the LM224 op amp, A,. The
Intersil ICL 8069CMQ zener has been selected because
it requires only 50 uA of bias current and has a tempera-
ture coefficient of better than 50 parts per million/°C.

The 1.22-V reference is compared to the output volt-
age from a divider network (R,,R2, P\), which is used to
trim the output voltage to the desired value. Any voltage
difference appearing at the output of A, drives transistor
Q., and thus determines the drive current to Q. As a
result, Q, conducts more heavily if the output voltage is
low, or limits the application of battery voltage to the
load if the output voltage is high.

There will be no observable change of output voltage
for an input voltage variation between 5.2 and 10 v, over
the temperature range of —40°C to +70°C. O

Dropout minimum. Voltage regulator for lithium batteries maintains 5-volt output for a minimum input voltage of 5.2 V. Output voltage is
constant over the temperature range —40°C to +70°C. Using a low-power op amp operating from a single-ended supply, and a low-current
zener, the circuit holds the idle current to 250 A, well below the 2 to 10 mA required by standard regulators.
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Missing-pulse detector
handies variable frequencies

by Joe Lyle and Jerry Titsworth
Bendix Corp., Alrcraft Brake and Strut Division, South Bend, Ind.

Virtually all missing-pulse detectors require an input
signal of fixed frequency in order to operate satisfactori-
ly. They malfunction when the input frequency varies
because their circuits employ detection networks that
have a fixed time constant. Through the implementation
of inexpensive voltage-to-frequency and frequency-to-
voltage converters to derive an average, or reference,
frequency that tracks the input signal, this circuit can
pinpoint missing pulses without being affected by input
frequency variations.

As shown in the figure, A, and A, establish the
reference frequency, f.r, using input frequency fi,. Miss-

ing pulses do not change the reference because of the
integrating capacitors within the converters. Meanwhile,
the three NAND gates comprising the one-shot produce
pulses of 10 microseconds in duration, with a frequency
determined by the input signal.

The chip labeled A, is clocked by f.¢ and A; through a
NAND gate. As long as the input train is continuous, the
Q output of A4 is low. If a missing pulse is detected,
however, the one-shot will not generate a pulse to the
reset pin of A;, and the Q output of A; (which is also
clocked by f.r) will go high to clock A,. A4 and f..r will
then switch As’s Q output to high.

This turns on transistor Q, and the pilot lamp glows.
Switch S, is used to reset the circuit after a missing pulse
has been detected. Note that circuit operation remains
independent of the input frequency, since the arrival of
fer and the 10-us pulse at A, is synchronized to fi,.

The circuit should be calibrated by setting A, for an
output voltage of 10 when a 10-kilohertz input signal is
applied. Similarly, A, should be set to generate a 10-kHz
signal for a 10-v input. O

8ynchronous. The circuit detects the missing pulse independently of the pulse train frequency. Voltage-to-frequency and frequency-
to-voltage converters derive a reference frequency whose average remains the same for small anomalies oceurring in the pulse train:
converters' integrating capacitors hold f,. steady despite missing pulses. The reference in this way serves as a synchronous clock.
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Charge pump cuts
compandor’s attack time

by Deviin M. Gualtieri
Allied Chemical Corp., Morristown, N. J.

Integrated-circuit compandors such as the Signetics
NES70 could be more effective in high-fidelity noise-
reduction schemes if it were not for one built-in short-
coming: their slow attack time permits large input
signals to overdrive the device’s compressor and thereby
create distortion. But by adding a quad operational
amplifier, a diode, and a few resistors, the compandor’s
attack-to-decay ratio (which is internally set at 1:5) can
be dynamically controlled. Specifically, the attack time
can be decreased for a given decay period. This concept
can be extended to any charge-storage circuit, such as a
sample-and-hold module, to speed voltage-level acquisi-
tion for a given set of circuit parameters.

The NES70 contains a full-wave rectifier, a variable-
gain stage, and other peripheral circuits. The rectifier
converts an audio-input signal into a pulsating -direct
current, which is averaged by an external filter capaci-

proportional to the value of the filter capacitor. Thus
attack time could be reduced simply by substituting a
smaller capacitor for C. But the circuit’s purpose is to
reduce attack time without using a smaller C, because
the third-order harmonic distortion generated when the
compandor processes low- and medium-amplitude
signals increases as the value of C decreases. The effec-
tive capacitance of C during charging is reduced by
using this circuit as a pump to charge C more quickly for
large input signals, thereby shortening attack time with-
out appreciably reducing the average capacitance of C.

The averaging capacitor is connected to the com-
pandor’s rectifier through a 150-ohm resistor, R. At low
signal levels, the LM324 quad op amp is not active, so
that R contributes only 0.2% additional distortion to
what would normally be expected with C alone.

When the rectifier processes a large signal, the rela-
tively large voltage drop across R activates the circuit.
Differential amplifier A|—A; generates a large voltage at
the input to A,. This causes A4 to charge C through D,
at its short-circuit value of 40 milliamperes. C is effec-
tively charged at 40 volts per millisecond, which corre-
sponds to an attack time of less than 0.1 ms.

The threshold of the enhanced attack rate, which is set
by the quiescent 1.3-v drop across C and the 0.7-v drop
across Dy, is approximately 0.1 V root mean square

tor, C, connected to the compandor’s Cgrecr terminal. (—20 dBm) with respect to the rectifier input. O
The average value of the signal determines the gain of
the variable-gain stage.
The compandor’s attack and decay times are inversely
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Dynamic. Circuit for decreasing NES70’s attack time for large signals uses a quad operational amplifier for quick charging of compandor's
averaging capacitor, C, in this way reducing its effective value. The fundamental waveform distortion from the compandor output is
substantially reduced as a result, but third-harmonic distortion for low- and medium-amplitude signals is not substantially increased.
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Annunciator control uses
only passive components

by John A. Haase
Fort Collins, Colo.

Combining relays with other passive components, this
circuit provides time delays of anywhere from millisec-
onds to minutes without the need for the polarizing
potentials normally required by monostable multivibra-
tors. Such an electromechanical arrangement is ideally
suited to the implementation of a practical call control-
ler, or annunciator.

Delays are produced by first generating a staircase
voltage. Pushing button PB, momentarily latches relay
K, and energizes its bell circuit. The bridge circuit used
with each relay permits the use of an inexpensive dc
relay.

Call-indicator lamp L, then lights, and supply voltage
is applied to C,, C;, D), and D,, which make up the
staircase generator. The step interval of the rising output
voltage, V, at the junction of D; and C; becomes AV, =
C(E(10%)/C, millivolts per cycle, where E =
12.6(1.414) = 18 volts. Note that the diodes are consid-

ered passive elements in this application, as their characs
teristic curve, per se, is not utilized in the generation of
the staircase waveform.

Circuit constants are selected so that Ds, which serves
as a comparator, breaks down after 155 cycles (2
seconds), when output voltage V reaches 28 v. Relay K,
is then energized, enabling K; to close and lamp L, to
light, because the alternating voltage is applied to a
second delay circuit through one of the normally open
contacts of K,. At the same time, voltage to relay K, is
removed, since the normally closed relay contact of K;
(in Ky’s energizing path) opens. Simultaneously, C, is
discharged by K,'s closed relay contact (in series with
the 1-kilohm resistor).

Relay K; remains closed for 80 seconds to prevent
repeated (and most times annoying) calls. At that time,
the output voltage across C,4, generated by the second
staircase waveform, steps to 28, whereupon D¢ breaks
down and relay K, is energized. Relay K; then opens and
the path of relay K, is reactivated to accommodate call
requests, while C, discharges.

Call requests may be extended to 4 seconds by placing
switch S; in the hold position. In this mode, relay K,
does not come into play, so the user must wait an infinite
inhibiting time before initiating a second call request.
Under this condition, push button PB, must be depressed
to clear the circuit so that it can respond to calls. O
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Charged delay. Electromechanical relays and other passive components form charge pump that generates a time-dependent staircase
voltage, V, for call controller. By suitably selecting diodes Ds and Ds so that their breakdown voltages conform to some preset value of V, the

circuit provides delay. Depressing PB, rings bell for 2 seconds. inhibits circuit for 80 seconds to prevent q_uick second requests.
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LEDs track signal level
in visual data monitor

by Michael O. Paiva

Teledyne Semiconductor, Mountain View, Calif.

In this circuit, a matrix of light-emitting diodes is
combined with an analog-to-digital converter and multi-
plexing logic to form a dual-setpoint meter. The LEDs
are used to track changes in the input data and display
the setpoints. The unit may be considered a variation of
the analog panel meter; it will find many uses in indus-
trial control applications where it is necessary to observe
quick changes while determining whether data is within
a preset range. By adding a dual comparator to the
circuit, an alarm can be sounded when the input level
goes outside the range.

The signal to be tracked, Vi, and the upper and lower
setpoint voltages are applied to an eight-channel multi-
plexer, A,. The a-d converter, A;, samples channel 1
first. After the conversion, pin 23 of A, goes high and

advances the binary counter, A;. A; then addresses the
second channel of the multiplexer, and so on, until each
channel is scanned in sequence.

Bits 2 through 8 of the a-d converter, representing the
binary equivalent of the voltage sampled, drive As—A;,
which are wired as two one-of-eight decoders. Thus each
voltage is converted into a control signal that drives one
diode in the eight-by-eight-diode matrix.

The setpoint voltages are sampled twice during each
scan cycle (each is connected to two input channels),
while the input signal, Vi,, is connected to four channels
and so is scanned four times per cycle. Thus the bright-
ness of the LED corresponding to Vi, is twice that of the
setpoint LEDs, making it easy to differentiate between
the three signals.

The circuit’s worst-case response time is two scan
cycles. A, has a conversion time of 1 millisecond, so that
the display will require 2 ms to follow a change in Vi,
and 4 ms to follow any change in the setpoint potentials.
Because of this high refresh rate, no flicker will be
observed on the LED display. O
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Visualizing voltage. Eight-by-eight-LED matrix and C-MOS logic form analog dual-setpoint meter. Setpoint potentials and data voltage Vi,
are each introduced into multiplexer and scanned in sequence, then converted into controf signals that light the appropriate LEDs in the
matrix. Setpoint LEDs are half the brightness of the LED representing V.. because they are sampled at haif the rate.
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Cascaded C-MOS blocks form
binary-to-BCD converters

by Haim Bitner
Seforad-Applied Radiation Ltd., Emek Hayarden, Israel

Low-power complementary-metal-oxide-semiconductor
adders and comparators are easily combined to form this
4-bit binary-to-BCD converter. When the basic adder-
comparator blocks are cascaded, the converter can be
expanded to turn n binary input bits into a binary-
coded-decimal output. The circuit is simpler than one
using counters, and read-only memories are eliminated.
Comprising the basic 4-bit converter block (a) are the
4008 full adder and the 4585 comparator. The binary
inputs are introduced at A-C, with A being the next to
least significant bit, and D grounded. The BCD output
appears at X;~X; and Y of the 4008. The LSB input

bypasses the unit and becomes the LSB output.

The 4585 compares the input bits to a binary number
(0100) which is hard-wired to pins B¢-B;. Thus the
output of the 4585 is low if the number at A-D is less or
equal to 4. The X,—X; outputs of the 4008 are then
identical to the input bits.

If the input number becomes greater than 4 (that is,
greater than 0100), the 4585’s output moves high, and so
binary number 0011 is placed on the B, and B, inputs of
the 4008 adder. Thus, 3 is added to the input number
and the Y output of the 4008 goes high, indicating the
most significant digit is active.

By cascading units, 5-bit (b), 6-bit (¢) and 7-bit (d)
converters can be built. The method can be used to
extend indefinitely the number of bits processed. Note
that the value of the least significant input bit (ao) is
numerically equal to its BCD-equivalent and so passes
straight from input to output in all cases.
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Add infinitum. Low-power binary-to-BCD converter (a) requires only C-MOS adder and comparator for processing 4 bits. Unit is so
configured that basic building blocks can be easily combined to form 5-bit (b), 6-bit (c), and 7-bit (d) converters.
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Bidirectional optoisolator
puts two LEDs nose to nose

by Forrest M. Mims i

San Marcos, Texas

As conventional optoisolators employ a separate source
and sensor, they can transfer current in only one direc-
tion. A few photodetectors and electroluminescent diodes
can double as both a source and sensor, however, and
when they are suitably connected they offer users a
convenient way to build a low-cost bidirectional optoiso-
lator, as shown here.

Two OP-195 LEDs, which have gallium-arsenide-
silicon infrared emitters, can be made to transfer signals
in either direction if they are placed nose to nose in a
short length of heat-shrinkable tubing and secured in
place by heating the tubing. Alternatively, the LEDs may
be quite far apart if they are coupled by a plastic or
glass-fiber waveguide.

In either case, the current transfer ratio (I,/1;,) for the
pair, with proper biasing, will be 0.06% for an input
current of 20 milliamperes. This ratio is far too low for
many applications but is good enough for some special-
ized roles where a bidirectional path is required. In any
case, the output signal can be amplified or buffered, as
necessary.

A logic-control voltage and two H11A1 optoisolators
serve as the input/output port selector. Whichever of the
OP-195 devices is designated the output diode may be
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connected in the reverse-biased photo-conductive mode
or the unbiased photovoltaic mode. In the latter case, the
output device is not biased. The response of the opto-
coupler operating in this mode for a given signal-input
current is shown in the plot. Note the device linearity is
completely adequate for duplex voice communication.

The photovoltaic current transfer ratio is virtually
identical to that for photoconductive operation up to an
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depart considerably above 40 mA.
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Either way. Standard light-emitting diodes encased in heat-shrink

tubing can be made to function as a bidirectional transmission link.

Alternatively, LEDs may be coupled through optical fibers. Control circuit for selecting input/output port arrangement is simple, using two
optoisolators and three inverters. Circuit's current-transfer ratio suffices for many small-signal applications.
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Notch filter and meter
measure power-line harmonics

by Henno Normet
Diversified Electronics Inc., Leesburg, Fla.

Valid measurements of core loss in power-line trans-
formers and various other magnetic devices require total
harmonic distortion (THD) levels under specified
limits—usually 3%. This inexpensive circuit determines
the THD present in a 60-hertz waveform, over the range
of 0 to 10%. Here, a notch filter is used to eliminate the
voltage source’s 60-Hz fundamental component, allowing
an ac voltmeter to measure the remaining harmonic
components.

The adjustable-Q Wien-bridge notch filter discussed
in a previous article' proved to be best adapted for this
application. Resistors Ry, and R, of the bridge (see
shaded portion of figure) are selected to give the notch
filter a Q of 10. The resulting null is sharp enough to
pass a 180-Hz signal without attenuation, the lowest
harmonic to appear as a component of distortion.

Component selection for the rest of the filter is also
important to the achievement of good notch depth. C,
and C, should be matched within 1%, and high-accuracy
resistors ‘'used where indicated by asterisks. Metal-film

resistors and polycarbonate capacitors help keep
frequency drift and aging to a minimum.

For initial balancing of the bridge, a low-distortion
2-v signal at 60 Hz is applied at point A. With SW, in
the test position, Rs and Ry, are adjusted for a zero
reading on the meter, M. If an audio oscillator is not
available as a signal source, full line voltage may be
applied to the input terminals, in which case Rs and R
are adjusted for a minimum reading on the meter.

In operation, SW, is first placed in the calibrate
position and line voltage applied at the circuit input, Vi,
R, is then adjusted for a maximum (full-scale) reading.

The switch is then placed in the test position, where-
upon the input signal passes through the notch filter.
Percent of THD may then be read directly. Note that the
accuracy of the reading depends upon the accuracy of
the 10:1 voltage divider, R; and R,.

The definition of THD requires that both the calibra-
tion and measurement procedure be carried out with a
root-mean-square-responding meter. However, in the
0-10% distortion range, a less costly average-responding
meter will provide 10% accuracy, which is acceptable in
most applications. O

References
1. “Wien bridge and op amp select notch filter's bandwidth”, Electronics, Dec. 7, 1978,
p. 124,
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Handling harmonics. Wien-bridge notch filter rejects 60-Hz power-line fundamental frequency so that total harmonic distortion present in

signal can be measured. Meter measures THD over 0-to-10% range.

An rms-responding meter should be used, but an average-responding

meter is acceptable. Results are displayed in percent, with an accuracy directly proportional to the tolerance of resistors in divider Ry~R..
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Wideband peak detector
recovers short pulses

by Saul Malkiel
Adavanced Technology Systems, Roselle, N. J.

Using a Schottky-barrier diode for detection and a wide-
band operational amplifier, this peak detector recovers
data pulses as narrow as 10 nanoseconds in the range of
0.1 to 1.3 volts. The circuit’s linearity as a percentage of
the full scale output is 4%.

The input signal, whose rise time is assumed to be a
minimum of 10 ns, is applied to one side of the differen-
tial source follower, A -A;, via a 50-ohm coaxial cable.
A blocking capacitor removes any baseline shifts. The
output of this JFET follower is then applied to the wide-
band amplifier, A,. The amplifier has a gain-bandwidth
product of 1 gigahertz.

The output of the amplifier switches on diode detector
D, so that a charging current can be delivered to storage
capacitor C,. When there is overshoot, source follower
A; is turned on more heavily than A, so that A, may be
driven negative. D, then comes into play, acting to limit
the amplifier’s negative excursion. The excursion,
coupled through D,’s shunt capacitance, reduces the
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Narrow capture. Wideband amplifier and fast diode detect pulses having widths as small as 10 ns. Output-to-input voltage linearity of circuit
is 4%, and linearity is virtually independent of pulse width. Response is illustrated in curve at bottom right.
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Phase-locked loop aids
in measuring capacitance

by Ronald E. Pyle

Tracor inc., Austin, Texas

In this circuit, a phase-locked loop (PLL) aids in measur-
ing an unknown capacitance to within 1% of its true
value, over the range of approximately 10 picofarads to 1
microfarad.

As the figure shows, the unknown capacitance, C,, is
part of low-pass filter R+C,. The filter’s output serves as
one input to the PLL’s phase comparator, the other input
being derived from the loop’s voltage-controlled oscilla-
tor (vco). Circuit operation is based on the principle
that the phase lag at the filter’s output is 45° at f,, the
filter’s center frequency. The PLL thus acts to generate a
frequency having a 45° lag on the other port of its phase
comparator, locking the loop. The output frequency of
the oscillator at locking represents an index of the capac-
itance measured.

The output frequency of the vco in the CD4046B PLL

passes through a buffer and is divided by 2 and 8 by the
7493 4-bit counter. These signals are next routed to the
748113 J-K flip-flop, which generates a wave shifted 45°
with respect to the input signal on the J port.

The flip-flop’s output is then compared with the
filter’s output signal at phase comparator 2 of the
4046B. This comparator is an edge-controlled network
that indicates 0° phase difference between the input test
signal and the vcCo-derived signal, when locking is
achieved. The 4046’s locking and capture range is
approximately two decades, which is what makes it
possible to measure the wide range of capacitances
mentioned above. Suitable selection of R, and C,
extends the measurement range still further.

A frequency counter measures the output of the
circuit in the locked condition as f, = 1/27 R+Cx. From
this the unknown capacitance can readily be determined.
Look-up capacitance tables plotted as a function of f,
and Ry can be readily constructed for rapid checking.
Alternatively, extra hardware may be added to convert
the frequency into a capacitance value directly, thus
forming a self-contained digital capacitance meter. [

Engineer's notebook Is a regular featurs in Electronics. We invite readers to submit original
design shortcuts, calculation sids, rheasurement and test techniques, and other ideas for
saving engineering time or cost. We'll pay $50 tor each item published.
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Filtering an answer. A phase-locked loop finds the center frequency, f,, of low-pass filter R;Cyx, thus enabling determination of test
capacitance Cx, from f, = = R:Cx. The VCO derives an output whose phase lag matches that of the lag at the filter output at the PLL's
comparator, so that locked state is achieved. The VCO output, f,, thus represents an index of the capacitance measured.
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LED dot/bar driver
simplifies solid-state scope

by Forrest M. Mims lll

San Marcos, Texas

The design of this solid-state scope is simplified by use of
a one-chip driver to address the rows of the light-
emitting-diode matrix comprising the scope’s display.
The circuit is a viable alternative to a scope that has
previously been described.!

The unit will handle input signals in the audio-
frequency range. Signals to be displayed are applied
to pin 5 of the National LM3914 dot/bar driver and
resolved to one of ten active-low output levels. Note that
R; provides a programmable current control for all LEDs
in the display. Thus, current-limiting resistors are not
required at each output port of the driver. Pin 7 is
connected to an internal 1.2-v reference so, as a result,
current through R; is approximately equal to one tenth
the LED current; thus, with R; = 1.2 kilohms, the LED

current becomes equal to 10 milliamperes.

The 4017 Johnson counter and accompanying gates
comprise the scope’s horizontal-sweep circuit. The sweep
oscillator driving the counter is made from half a 4011
quad-NAND gate, G, and G, its frequency controlled by
resistor-capacitor combination C,—R4. In this way, the
instantaneous input voltage is resolved to 1 LED in 100.
G; and G, provide automatic triggering of the sweep.

As for the LED display itself, bar arrays that contain
10 diodes each are easier to use and provide a more
uniform display than discrete diodes, and are therefore
recommended. Another option is to employ miniature
matrix arrays of five by seven dots. At least one firm, IEE
Inc. (7740 Lemona Ave., Van Nuys, Calif. 91405),
offers such displays that can be mounted adjacent to
each other without a gap in the LED columns.

Both the vertical and horizontal driving sections of the
basic scope can be readily expanded. For instance, five
cascaded counters and five cascaded dot/bar chips can
drive a 50-by-50-diode matrix, forming a scope with a
display resolution of 1 LED in 2,500.

References
1. Vernon Boyd, "LED bar-segment array forms low-cost scope display," Electronics, Nov.
24,1977, p. 128.
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Bridged-T selects filter’s
notch frequency and bandwidth

by P. V. Ananda Mohan
indian Telephone Industries Ltd., Bangalore, india

If a bridged-T network is used in place of the Wien
bridge in the notch filter proposed by Fellot,! both the
bandwidth and the frequency may be independently
adjusted. The bridged-T approach has been explored
previously? as an extension of some work carried out on
parallel-T notch filters, and, as illustrated here, the
technique offers an excellent way of building units that
are simple and versatile.

Ry and Rq comprise the balancing arms of the
bridged-T network (note A, is a unity-gain buffer) as
seen in (a). In this configuration, the circuit’s transfer
function is:

€./€ = [ns?+ we?]/[s2+ 3(1-q)swo + w,?]

where n and q are selected by Ry and Rg, respectively,
and w, = 1/RC. Note that 0<n, q=<1, and that the
frequency of the notch is

wn = we/N"

Therefore for this circuit w, will always be equal to or
greater than w,.

The bandwidth is adjusted with Rq, and Qs greater
than 1,000 will be realized when high-gain operational
amplifiers are used. In general, Qs will be higher than
can be achieved with parallel-T networks. The notch
depth is at least 50 decibels throughout the operating
range. Ry and Rq must only be at least 10 times smaller
than R to achieve the stated filter characteristics.

By modifying the circuit slightly, as in (b), the trans-
fer function becomes:

eo/€i = [s2+nwe?]/[s2+ 3(1-q)sw, + w,2]

and the notch frequency w, is made tunable for frequen-
cies below w,, so that w, = w.n*. a
References

1. Dominique Fellot, “Wlen bridge and op amp select notch filter's bandwidth,” Eectronics,
Dec. 7, 1978, p. 124.

2. “An Active RC Bridged-T Notch Filter,” Proc. IEEE, August 1977, p. 208.

uAT4Y

HATA

(a)

HATA

LAT4

(b)

Changing tune. Using bridged-T network in place of Wien-bridge arrangement in notch filter enables independent control of filter's bandwidth
and frequency. Circuit can be configured for tuning filter above (a) or below (b) its natural radian frequency w, = 1/RC.

Wide-range pulse generator
displays timing parameters

by C. L. Bhat and R. C. Yadav
Bhabha Atomic Research Center, Srinigar, India

In this circuit, cascaded decade counters provide adjust-
able pulse width, period, and delay from 0.1 microsecond
to 10 seconds. This generator contains an LED digit
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display, too, for direct readout of the various pulse
parameters.

The 7490 counters, D,—Dj, serve simultaneously as a
frequency divider and preset counter unit. Depressing
the momentary-contact switch S resets D,—D; and gates
the 10-megahertz clock through to the counters, where-
upon they advance upward from zero.

When operated in the automatic mode (switch S,), the
unit will generate pulses with repetition frequency and
width controlled by the clock frequency and the position
of two sets of taps at the output of the 7442 4-to0-10-line
decoders. Here taps a’~h’ bring output flip-flop F, low
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Watching width. Puise generator provides adjustable width and
period over a 0.1-microsecond-to- 10-second range. A single pulse of
specified delay may also be generated. LED-digit display gives direct
readout. Wiring of display-switching circuitry (inset) is simple.

through gate G, when D,~Ds reaches some preset
number. The counter continues to advance, reaching a
number determined by taps a-h, which are set to
activate G, and clock F, high. The counters are then
reset, and the process repeats.

In the manual mode, a single pulse having a specified
delay is generated, with the pulse width again selected
by both- sets of taps. The basic difference in manual
operation is that the resetting of F; results in the reset-
ting of F; and the disabling of the clock signal to D;-Ds.
Note that taps a-h are set below tapsa’—h’.

As for the display circuitry (see inset), the outputs of
all counters drive their respective light-emitting diodes.
The decimal points of displays two, five, and eight are
wired to time-base switch S, as shown. The pulse’s width
and period/delay will be displayed by appropriately
setting switch S,. S; orders up the readout time in
seconds, milliseconds, or microseconds. O

C-MOS triac trigger
cuts parts count

by Hul Tytus
Tytus & Co., Cincinnati, Ohio

Integrated circuits made to trigger triacs oftzn consume
large amounts of power and require biasing schemes

substantially increasing the number of components in the
circuit facing the ac load. But by using a C-MOS opera-
tional amplifier, the circuit shown can deliver a peak
current of 100 milliamperes to the triac, draws an aver-
age current of only a few milliamperes and uses a
minimum of parts.

Circuit operation is based on the fact that the output
of a C-MOS device acts as a current source or sink. As the
ac-input voltage rises up through zero, the CA3160
generates a positive-going current pulse of a preset
magnitude and charges C,, which determines the triac’s

35



15V
15V
+ | 20 uF
2 \
o S T
LDAD = =
+ 3
-~ C,
R 4069s
b AAA IN PARALLEL
100 k$2
D, |D3 HIGH = ON
TRIAC & b 4 LOW = OFF
1 D, — D3: 1N4004

Diminutive driver. C-MOS cperational amplifier, operated from a
single supply, minimizes power drain and parts count in triac trigger
that can source 100 milliamperes. C-MOS inverters may be placed in
parallel with op amp for circuit to drive heavier loads.

pulsing time. As the ac line voltage completes a half
cycle and drops through zero, C; discharges through the
op amp, which now serves as a current sink, so that the
triac is again fired.

Note that several 4069 inverters can be placed in
parallel with the op amp’s strobe (pin 8) and normal
outputs to drive heavier loads. Pin 8 and D, may also
serve as a control terminal, enabling operation with
4049s permanently wired into the circuit.

The maximum rated trigger current of the triac should
equal the minimum current the 3160 and 4069s are
capable of sourcing. The pulse time for the triac—
typically measured in microseconds—should equal the
time necessary for the ac supply to generate the neces-
sary conduction voltage across the triac, plus tr max, the
maximum trigger time for the triac. The value of capaci-
tance required for a given trigger current, I, triac pulse
time, t, and maximum trigger voltage, Vr, is given by:

C] =] t/(075 Vdd_vT)

One-chip gyrator
simplifies active filter

by Kamil Kraus
Rokycany, Czechoslovakia

Now that gyrators, or-impedance inverters, are available
on a single integrated circuit, active filters with both
high input impedance and few component-sensitivity
problems can be easily built in a small area with a
minimum of parts. This one uses only one other active
component—a dual operational amplifier—to provide
low-pass, high-pass, bandpass, or band-reject response at
reasonable cost over the dc range to 10 kilohertz.

The low-cost TL-083 op amp has been selected for use
in_the circuit because of its virtually negligible input-
offset voltage and input-bias current. These characteris-
tics are required to achieve a high input impedance over
the range of interest and to realize the optimum response
of the filter.

The Signetics TCA 580 gyrator simulates the relative-
ly large inductor needed for the required LC (passive)
network. The inductance across pins 6 and 11, and thus
in parallel with capacitor C, is L = CoR,2 The resonant
(center) frequency of the LC combination, in turn, is f,
172z (LC)*, with its quality factor Q = R(C/L)“.
Thus the filter, which is shown configured on the band-
pass mode, can be made to work at any frequency and Q,
once its components are suitably selected.

The circuit can be transformed into a low-pass filter if
its output is applied to an integrator whose time constant
is RC. Similarly, it will function as a high-pass filter if
its output is applied to a differentiator whose time
constant is RC. For band-reject operation, C must be
placed in series with the simulated inductor. O
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where Vg is the op amp’s supply voltage. O
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Optimal. Gyrator and operational amplifier comprise a simple two-
chip bandpass filter with high impedance and state-of-the-art stabili-
ty. Filter configuration remains the same for high-pass and low-pass
operation; only an external difterentiator or the integrator, respective-
ly, need be added. For the band-reject mode, C is placed in series
with a simulated inductor.




Switching converter raises
linear regulator’s efficiency

by Sadeddin Kulturel
Istanbul, Turkey

The low ripple and fast recovery of a series-pass voltage
regulator can be attained at the high efficiency of a
switching regulator if both are combined. In this circuit,
the performance is achieved by using the switching
circuit as a preregulator for the linear element.

As shown in the illustration of the general circuit,
which is designed to transform the 35-volt raw input into
a well-regulated output, heat dissipation across the

is brought into saturation. Q, remains off and Q; is
turned on.

Switching occurs when V4 equals 3.6 volts, which is
D.,’s zener voltage. Q4 then turns on, as does Q,, and Q;
is turned off.

As Q, turns on, Q, switches off, and because of the
positive voltage spike created by L,, load current is
momentarily forced through D, as V4 decreases. When
V4 reaches the lower hysteresis threshold of Q; as estab-
lished by Rs and Rg, Q, and Q, turn off, and Q; turns on,
completing the switching cycle. With the supply’s nega-
tive path restored, V4 rises until it reaches V,, and the
process is repeated.

The linear regulator can be of any type, including a
three-terminal, nonadjustable device. Note that a
switching current regulator can be formed if the regula-
tor is replaced by a resistor. In that case, the switching

LM317K series element can be reduced if it is made to current will be Is = Vz/R. ]
handle a switched, rather than a continuous, input. Here,
the switching regulator is formed by transistors Q,—Q.,
Dy, and L,. During power up, Q,, driven through R,-Rj,
LM317K
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Mixed mode. Switched and linear regulators are combined to form a unit that has the advantages of both—Ilow ripple, fast response, and
high efficiency. Here a switched circuit serves as a preregulator for the linear series-pass element, the LM317K.

LSI counter simplifies
display for a-m/fm radio

by Gary McClelian

Beckman Instruments Inc., Fullerton, Calif.

The design of a display providing a direct readout of any
frequency tuned by an a-m/fm radio is made simple with
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this circuit, which uses a large-scale integrated counter-
driver to determine the frequency of the receiver’s local
oscillator. The counter is unique in that it contains
circuitry that subtracts the receiver’s intermediate
frequency from the local oscillator frequency in order
that the true channel frequency may be found. The
combination of this counter, a one-chip prescaler, and a
3'»-digit liquid-crystal display makes for a compact and
relatively low-cost unit.

The circuit is housed in two separate modules, one
containing the preamplifier, prescaler, and logic, and the
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I-f compensation. MSI and LS| chips reduce cost and complexity of display for a-m/fm radio. MSM-5526 counter has circuitry for subtracting
receiver's i-f frequency (see table) from radio’s local oscillator input so that the true channel frequency may be dispiayed.

other the counter and LCD components. In this way, the 6 RMEDI A REQ 0
first module can be mounted on the receiver’s radio , ‘ s
frequency assembly (keeping unwanted pickup to a mini- e it i a3 g (a-m in kHz, fm in MHz)
mum), and the other may be placed at any convenient 2 3 4 5
spot for viewing. — = - -

In the a-m mode, signals are applied to the MPF-102 Reoonor X f:si‘:
field-effect transistor. The input impedance of this stage (pin 6 high) }: E : ;: _ 4:6:5
1s high, and consequently loading of the local oscillator is L L H X 466.5
minimal. A, operates in its linear region and thus serves H H L X -467.5
to amplify the local oscillator signal. L H L X —469.5

Schmitt trigger A;—A, squares up the signal to transis- ]

tor-transistor-logic levels, then applies it to the MSM- E : : : :g‘(;?
5526 counter. R, and R; set the hysteresis of the trigger. " L r r 10.75

The MSM-5526 contains a read-only memory that L L H H 10.79
may be programmed with any i-f value (see table). Also H H L H 10.82
contained is the subtraction circuitry discussed previous- L H L H ~10.58
ly, and the necessary decoders/drivers for presenting the N L 10.60
3Y:-digit Beckman LCD with the difference frequency in (pinfg‘low) }: ; ; E ":g‘g;
kilohertz. Generally, the local oscillator will always lie L H H L 10.63
above the incoming frequency in the modern a-m receiv- H L H L 10.65
er, as reflected in the table. The same condition holds L L H L 10.66
true most of the time in fm receivers, but there is a H H L L 10.69
provision for achieving a positive offset if one of the }: E t t 4:3;2
older receivers is being used. Note that if all program- L L : L 10.73

mable pins are set at logic 0, an i-f of 455 kHz for a-m
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and 10.7 MHz for fm wilil be subtracted.

In the fm mode, the receiver’s local oscillator is
applied to the DS-8629 prescaler. This prescaler has
high sensitivity, and the local oscillator ne=d only be
capable of supplying a minimum of 12 mv at 100 MHz.

“ The DS-8629 divides the incoming frequency by 100.
Then the signal is gated through to the counter via A,. In
this configuration, an i-f equal to i the fm receiver’s
nominal value (10.7 MHz) is subtracted from the input
frequency to the counter, and the result is displayed in
megahertz.

A number of practical considerations must be taken
into account when building this display. Specifically, the
presence of the prescaler will introduce a typical shift of

500 Hz in the read-out frequency. The error may be
eliminated entirely by simple adjustment of the 30-
picofarad air-variable trimming capacitor, located at pin
36 of the counter.

The first module should be shielded from the receiv-
er’s tuner if noise in the fm mode is to be held to a
minimum. Housing the module in an aluminum enclo-
sure will suffice in most cases. And although the liquid-
crystal display will tend to generate less noise than many
light-emitting-diode displays now available, shielding it
may also be necessary in extreme cases.

Both modules should be coupled via a coaxial cable.
Otherwise a broadband hiss may be heard when the unit
is placed in the a-m mode. O

Balanced modulator chip
multiplies three signals

by Henrique Sarmento Malvar
Department of Electrical Engineering, University of Brazilia, Brazil

Three signals can be multiplied by a one-chip double-
balanced modulator, a device normally capable of
mixing only two. In this case, the third input is intro-
duced at the bias port of Fairchild’s uA796, enabling the
unit’s transconductance to be varied at an audio rate,
which effects modulation. Although the technique
reduces the bandwidth and dynamic range over which
the device can operate, the three-input mixer will still be
useful in many applications, notably for generating
discrete sidebands and synthesizing music.

The output voltage from the mixer, V,, is the product
of a carrier switching function, V., and 2 modulated
signal, V. Because the bias signal, V,, controls the
conductivity of transistors that are effectively in series
with the usual modulating signal, it is simply regarded as

a second modulating signal such that V, = kV,V.V,,
where k = 0.00064R /R, over a small dynamic range
and the voltages are in millivolts.

Note that V. and V, may be positive or negative but
that V, must always be positive to prevent the reverse-
biasing of the internal transistors connected to pin 3.
When V, is negative, A, blocks the application of nega-
tive voltage by turning off the BC 178 transistor.

Note also that k will vary nonlinearly with the ampli-
tude of V. and V, and in order to keep k within 1% of its
given value, both voltages must not exceed 8 millivolts
root mean square. V, will not affect k if Iy, < <1 mil-
liampere. Unfortunately, k also is sensitive to tempera-
ture changes ( —0.67%/°C), and this factor can limit the
circuit’s effectiveness in high-accuracy applications.

The output frequencies generated by the mixing
process will be [f.£f], and [f.£f,£fy, where the f
subscripts correspond- to their voltage counterparts.
There will be no output if any of the driving signals are
disconnected.

Signal inputs V. and V, may have an f; or f, of one
megahertz at the maximum. The third input, V,, will be
band-limited to 20 kilohertz, however, because of the

- —
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Biased mixer. A balanced modulator can be configured to muitiply three signals by introducing the third signal to the bias port. The bias
current, which normally sets the dc operating point of device, is varied at an audio rate to effect linear modulation over a small dynamic range.
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Hyperbolic clock
inverts time

by Keith Baxter
New Haven, Conn.

Instruments designed to measure speed must contain
circuits for converting a time function, t, to units of 1/t
in order to calculate rate. This circuit aids in plotting the
hyperbolic curve (1/t) using relatively few parts and,
notably, having no need for logarithmic dividers.

As shown in the figure, a start pulse triggers transmis-
sion gate S,, initiating the measurement cycle. At that
time, A, and A are reset. Current I, thereupon
charges C, linearly, and thus a ramp voltage is applied at
the noninverting input of A;.

When the ramp voltage reaches Yis volt, the potential
at the lowermost tap on the resistor voltage divider A;
moves high and advances counter A;. At this instant, the
total elapsed time is Y16 (C1/1,) V.

Switch S, is then activated, so that the second resistor

in the ladder is shorted. Thus the voltage at the inverting
port of A; increases to “is V. When the ramp voltage
reaches this value, A; again moves high and fires A,.
This action occurs at an elapsed time of s (C,/L)) V.
The process continues as A; counts to 15 in a binaty
sequence and either all combinations of the resistor
ladder are shorted or the measurement cycle ends (start
pulse held at logic 1). It is assumed the data will be
stored in a latch prior to the start pulse, because A; will
be reset. At that time, A, will have counted down with
each clock from Aj; to provide an output corresponding
to an elapsed time of 1/t (C,/1,) V, where t may assume
integer values from 1 to 15. Note that comparable
circuit action cannot be realized easily with an astable
multivibrator operating as a fixed-frequency source for
stepping A,; that is, the circuit is not performing a
time-to-frequency conversion.

The contents of A; at the termination of the measure-
ment cycle provide a direct indication of an object’s
speed. The factor (C./I,)V may be adjusted to 1 by
suitable choice of component values or set to a multipli-
cative constant as required. Also, to reduce the voltage
divider increment, the resistor ladder may be expanded
by cascading counters and their appropriate circuitry. (]

Time twist. Circuit inverts time function, t, to 1/t in order to measure speed. Note that unit does not perform a standard time-to-frequency
conversion. Ramp voltage derived from current generator is compared with resistive-ladder voltage at A;, and A,—A; are clocked each time the
ramp exceeds changing ladder potential. Output of down counter, A,, yields rate.
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Optoelectronic alarm circuit
is time-sensitive

by Forrest M. Mims llI
San Marcos, Texas

Using an optoelectronic slot switch and a 556 dual timer
operating as both a pulse generator and missing-pulse
detector, this circuit generates an alarm when an opaque
object blocks the light input for longer than a preset time
interval. It has many applications and is especially useful
when united with a slotted disk to monitor motor speed
stroboscopically, indicating when the steady-state rota-
tion rate is too high or low. It can also be used on the
production line for checking the width of materials.
Generally, the output of the pulser periodically acti-
vates the light-emitting diode of the H13B1 switch.
Other sensors may be used; Darlington photosensing

transistors, though, are the most sensitive. In this case,
the pulser’s operating frequency is set at 1.42 kilohertz,
but it may be suitably selected by replacing the 100-
kilohm resistor at pin 1 with a potentiometer.

As shown, the H13B1 is built with a slot of several
millimeters separating its LED from the output photo-
transistor so that objects can be placed in the air gap
between them. When the slot is not blocked, the photo-
transistor continuously resets the missing-pulse detector.
Should the light path be blocked, pin 8 will remain high
and the threshold voltage at pin 12 will fall at a rate
determined by the adjustable R,C, time constant.

Depending on the value of this constant, which can be
selected for delays from microseconds to seconds, the
detector will generate a step voltage if it is not reset
within that period. The signal is then inverted by Q,,
which in turn fires the silicon controlled rectifier to drive
the load, R..

Light block. Pulser operating as astable. multivibrator triggers LED in slot switch so that missing-pulse detector is periodically reset.
Interruptions in light beam caused by external object cut off reset pulses, causing circuit to generate alarm if interval exceeds preset time.
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Digital phase meter displays
angles In degrees or radians

by Tagore J. John
Meerut, Uttar Pradesh, Indla

In this unit, the phase angle between two signals is
measured and displayed digitally, and so the instrument
is less costly than its counterparts that use precision
linear circuits and expensive meter movements. The
angle can be displayed in degrees, radians, or grads (400
grads = 360°). The accuracy of the instrument is %1
least significant count, independent of signal differences
in amplitude or wave shape.

Generally, the reference and test signals are applied to
channel A and channel B, respectively, as shown in the
figure. Q, and Q. generate short pulses (i.e. less than 30
microseconds) to the counting logic as each signal passes
upward through its zero-crossing point. To initiate the
counting cycle, the logic circuit simply gates the output

first zero-crossing pulse from Q,. The zero-crossing
pulse from Q. terminates the count. The number
displayed thus represents the phase difference expressed
in the desired units, provided A,’s frequency is appro-
priately selected.

The instrument is calibrated by placing S, in the set
position, introducing a reference signal, and depressing
the sample-count push button as A, is adjusted for a
display output of 360 (if output in degrees is desired),
400 (in grads), or 628 (in radians).

In normal operation, depressing the sample-count
push button initiates the count cycle. Flip-flop A, is
preset and fires one-shot A;, whereupon the display is
cleared.

Q/’s first pulse sets flip-flops A4 and As and gates A,’s
output through to the 74192 counters. With a pulse from
Q:, flip-flop A, is set, and the output of the NAND gate
driving the counters is disabled. Meanwhile, A, is
cleared in order that the unit may then be readied for a
new sample count.

The phase angles will be displayed directly. Provision
should be made, however, for activating the decimal
point to the right of the left-most digit when radians are

of an oscillator through to the 74192 counters on the displayed. O
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Digital differential. Phase angle between two signals is determined to within t 1 least significant count. Using standard chips, angle is
digitally measured and can be displayed in degrees, radians, or grads, provided frequency of counting oscillator, A,, is appropriately selected.
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Single-step exerciser
aids 8085 debugging

by Scott Nintzel
Medtronic Inc., Minneapolis, Minn.

The ability to step through a microprocessor-based
program is a virtual necessity during its debug and test
phiases. But certain processors, such as the 8085, require
a minimum input frequency of 1 megahertz, so that
stepping cannot be achieved merely by using a clock
whose frequency corresponds to the rate at which the
user wishes to move through the program. With two
flip-flops, some logic, and a simple switch arrangement,
however, single-stepping can be carried through without
disturbing the basic operation of the processor.

Every 8085 instruction requires at least one machine
cycle, each of which in turn consists of several parts
known as T states. The first cycle of each instruction is
referred to as the op code fetch cycle. Single-step opera-
tion can be attained by adding an integral number of
waiting cycles or T states to the op code fetch cycle
with the single-step circuitry.

Operation is clarified in the figure and the timing

diagram. Immediately after a system reset, the central
processing unit of the 8085 processes the first program
instruction through state T, of the op code fetch. The
address-latch enable (ALE) line then moves low.

Lines 10/M, Sy, and S, of the CPU are examined at this
time. Because the 8085 is in the fetch portion of the
cycle, 10/M will be low and S¢-S, will be high, so
flip-flop A, will be set. Thus the CPU’s ready line will be
brought low, and the 8085 will enter the wait state.
Therefore, in the initial case, instruction 1 of the
program will not be completed until a single-step
command is received.

Then, A, clears A,, the ready line is brought high, and
the remaining T, states and machine cycles are executed,
as are the T, and T, states of the next instruction cycle.
At this time, the machine reenters the T, state and
remains there until cleared, as discussed previously.

A debounced switch or slow-running clock made from
gates can be used to generate the single-step command,
and total chip count for the unit should not exceed three
ICs. Note that A, is required to ensure that A, clears
quickly enough to allow capture of the subsequent fetch
cycle. Without A,, the pulse width of the single-step
clock might be too long, and disturb the setting of A,. [
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Walking through. Simple single-step controller for debugging 8085 routines places CPU in wait state between program instructions.
Processor is made to execute last part of one instruction and first part of next before halting, thereby advancing one location at a time.
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Electronic sink simulates load
for testing power supplies

by Henry Santana

Hewiett Packard Co., Loveland Instrument Division, Loveland, Colo.

The bank of bulky, high-power load resistors normally
required to check the current-delivery capability of vari-
ous power supplies can be eliminated by this program-
mable load. Able to simulate an equivalent resistance as
low as a few milliohms and handle input powers up to 50
watts, this compact unit, which uses operational ampli-
fiers and transistors to limit the amount of current it will
sink, serves as a good general-purpose device for produc-
tion-line testing. It can be built for $40.

The idea behind the circuit is explained with the aid of
(a). Neglecting the on-resistance of transistor Q,, and
considering that a virtual ground exists between the
inverting and noninverting inputs of operational ampli-
fier A;:

potentiometer, and V, is a floating supply required to
maintain the necessary bias on the control transistor.
Also note that V, = I,R.. When this expression is
substituted in Eq. 1, it is seen that:

Rin = Vin/lin = KaRn (2)

and therefore the resistance seen by the power supply
under test can be set by R,.

The circuit required to implement the idealized
configuration is shown in (b). High-voltage op amps are
used for A, and A, to handle the large input potentials
expected. Q: has been added in order to supply adequate
drive current to the output (control) transistor. R, in (a)
is represented by R, and R, in (b), where the value of R,
is made small in order to minimize the voltage (V,)
needed to bias the control transistor.

If the gain of A, is selected for K = 500, R, can be
made to vary from approximately 0 to 50 ohms. If R,
can be selected digitally, any resistor value in this range
can be automatically ordered up. The unit can withstand
a maximum input voltage of 50 volts and input currents
up to 10 amperes, though the maximum input power
cannot exceed 50 watts, as mentioned previously.

The components in the path of high current should be

Vi = Vi = KaV, O=a=l () mounted on suitable heat sinks, for the power dissipated
where K represents the gain of A,, « is selected by a is approximately Py = (5+ Viy)lin.
—®
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Equivalent resistor. Suitably configured op amp and power transistor combination (a) will function as a programmable electronic load.
Practical implementation of idealized circuit is shown in (b). Unit handles a maximum power input of 50 watts.
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Single a-d converter cuts cost
of droopless sample-and-hold

by Carl Andren

Harris Corp., Electronics Systems Division, Melbourne, Fla.

Because leakage currents cause droop, sample-and-hold
circuits with capacitors as storage elements cannot retain
a sampled voltage indefinitely. This is the major reason
designers, to improve sample-and-hold performance,
have resorted to converters combining analog-to-digital
and digital-to-analog converter functions. But a single
a-d device can be made to perform both functions alter-
nately, thus cutting the cost and complexity of the two-
converter scheme. Only one operational amplifier and a
solid-state switch are needed in addition.

The more popular forms of a-d converter use a succes-
sive-approximation register that—with the aid of a self-
contained comparator and a d-a converter—generates a
digital estimate of the sampled analog voltage. When the
comparison has been approximated to the least signifi-
cant bit, the measurement is ended and an end-of-
conversion signal is generated. If the unit is then config-

ured as a latched d-a converter, the sampled analog
voltage may be recovered and held indefinitely (assum-
ing that one input of the comparator is accessible).

As shown, in the normal a-d conversion mode of a
representative device like the AD582, a start-convert
pulse initiates the measurement. An analog voltage,
applied across resistor R, in the summing junction of
comparator A, can then be sampled.

The successive-approximation register generates a
12-bit equivalent of the analog voltage and also drives
the d-a converter that is connected to A,’s summing
junction. The d-a converter then attempts to null A,’s
output, whereupon the end-of-conversion signal (EOC) is
generated. The sampling period takes a nominal time of
2.5 microseconds.

In this circuit, the EOC signal energizes a solid-state
relay (CAG13) so that the converter can be switched to
the holding mode. R, is then placed at the output of an
op amp, A,.

Ay’s output maintains A,’s summing junction at a
voltage null so that the output voltage becomes the
potential across R;—that is, the sampled voltage. Note
that the switch resistance and A,’s input-bias current are
taken into consideration for both modes and therefore
they are not, for all practical purposes, sources of error
in the measurement. O
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Inverting the converting. This analog-to-digital converter, when it is combined with an op amp and switch, can provide d-a function on the
hold portion of sample-and-hold cycle, thereby reducing cost and complexity of the usual two-converter (a-d-d-a) scheme. No sampling-peak

capacitor is required in the converter sampling technique, so that the

sample-voltage droop is eliminated.
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Gray-code counter
steps torque motor

by Thomas L. Clarke

Miami, Fla.

The positional accuracy of a simple stepping-motor
system is limited by the response of its mechanical drive.
This drawback can be eliminated electronically by using
a position sensor and a counter working in Gray code to
control the motor. The mechanical-drive circuit can be
simplified with digital logic to reduce system errors and
nonlinearities. A four-state Gray-code counter enables
the system to move smoothly from its starting point to
the desired position.

In this circuit, the summed quadrature outputs of a
photoelectric sensor and the counter (see inset) set the
position of the system. With suitable clock signals, the
counter is advanced one location, causing the motor’s
position to change and the output from the sensor to vary
accordingly. Thus the system is rotated 90° for each
clock signal.

This circuit is intended for visual setting of a desired
position through manual control of the clock and
up/down inputs. For automatic tracking, the sensor’s

output must be compared to the desired position with
additional circuitry in order to generate those signals.

Flip-flops Q, and Q; and exclusive-OR gates A,~-A,
comprise the up-down Gray-code counter. The direction
of the counting is determined by the logic state at the
up/down input.

The output of the counter changes on the positive
transition of each clock pulse. Depending upon the state
of the counter, either the normal or inverted sine-wave
outputs of the sensor are summed at the output of the
4052 four-input multiplexer. As a consequence, the
output from A, forces the system to a new position,
which is reflected at the sensor as its output steps a
quarter cycle. The motor is driven through Q; and Q, by
a positional signal that progressively advances or recedes
(depending upon the state of the up/down counter) by a
quarter cycle.

A minimum settling time of a few milliseconds is set
for the system by the lead-compensation components
between stages A, and A;. Lead compensation is
required in this situation because the system response is
that of a double integration network that acts to saturate
Qs and Q. The open loop would tend to be sluggish
without the lead compensation, which reduces the effec-
tive system gain at low frequencies. O
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Smooth. Four-state Gray-code counter Q,~Q. provides signal that, when summed with output of optical sensor by 4052 multiplexer and op
amp A,, generates quadrature output for smooth stepping of motor in quarter-cycle increments. Compensation network between A, and As
prevents saturation of Qs and Q., eliminating sluggish system response by reducing effective gain at low frequencies.
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While Intel's popular Universal PROM Programmer

SOﬂware-based contro"er (upp) works effectively in its intended capacity as a

system development tool, it has two major drawbacks.

Simpliﬁes PROM programmer First, the so-called personality cards that are required

for manually programming each type of programmable

by R. F. Hobson read-only memory are expensive and much too compli-
S (el UnEeis Emedy, Ehlfsn Calst), Canss cated to build. Second, it is restricted to Intel PROMs, so
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Burning softly. Complexity of control board (a) and personality cards (b) in universal PROM programmer are reduced if software-based
controller leads system’s host computer through various read/write burn-in phases. Personality card is shown for the IM6604 PROM. S-100
bus interface (c) units UPP to 8080 host processor. Small program (table) guides 8080 through write-and-verify sequence.
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Q 6604 PRO

chips cannot be programmed. The personality cards can
be simplified and the UPP peripheral device made more
versatile, however, if a software-based controller guides
the system’s host computer through the various
read/write phases required to program and verify the
contents of PROMs.

The basic UPP interface has eight data-input and eight
data-output lines, along with read-data, read-acknowl-
edge, and read-status ports. Also included is a write-data
line, a write high-address and write low-address line, and
an interrupt line. A pulsed control signal required for
programming each PROM location is handled via a 4-bit
4040 microprocessor on a control card in the UPP.

The best way to simplify such a peripheral is to have
the host computer provide the timing, control, and logic
necessary for programming, reading, and verifying the
contents of PROMs and E-PROMs. The complexity of the
UPP’s control card is then reduced to that shown in (a) of
the figure, where the 4040-based setup is replaced by
four C-MOS 1/0 chips (RCA 1852D).

The host computer consequently sees one input port
and three output ports. The input port is used for return-
ing the contents of a selected memory word. Two of the
output ports are used for latching address and control

Write/Verify Routine Pulse Routine
Statement Comment Statement Comment
COUNT: DS 1 PROG EQU 80H CONTROL BIT.
WRITE:  PUSH B PULSE.  PUSH PSW
PUSH PSW AU B
CALL DOUT LATCH DATA BYTE. IR AD ADDR/CTL BYTE.
S A ORI PROG SET PROGRAM BIT
STA  COUNT INITIALIZE COUNT 5, IS SET 14MS COUNT.
POP  PSW CALL HOUT START PROG PULSE
CALL ADDRL LATCH ADDRESS. CALL MSDLAY. HOLDIT.
CALL INFOQ INITIALIZE CRT. XAl PROG CLEAR UL U7
WLP: CALL PULSE SEND A PROG PULSE. CALL ey RESET PROG PULSE.
VERIEY MVI B, O7H 7MS COUNT
MOV B.A SAVE DATA BYTE. CALL MSDLAY WAIT (2/3 DC).
LDA COUNT RO
INR A BUMP UP COUNT. AP G
STA  COUNT HEY
CALL READ GET CELL CONTENTS.
cMP B RCOLTIFAIRIE TUIH) DHAUA information; the remaining output line is used for a
JZ BURN EXIT IF VERIFIED. data-output latch.
CALL INFO1 UPDATE CRT. Of the 16 PROM-address lines available, 12 are used to
LDA  COUNT address up to 4 kilobytes of memory. The remaining four
CPl  030H PULSE LIMIT . .. lines can be used for program and chip control. Consider
MOV A B the personality card of the 512-by-8-bit IM6604 PROM,
JCwLe EXCEEDED? for example (b in figure). There, line A,s is used for a
sTC IF SOEXIT. program pulse enable, A, and A,; are used for chip
POP B select and chip enable, respectively, while line A, is used
RET for a strobg pulse. The populaf 27XX E-PROM series
BURN. LAST WRITE OK. wo_uld require only two control lines. Because the 27XX
chips are powered by 5 volts, while C-MOS devices
BURN AND EXIT. require 10 v for programming, the 27XX’s personality
card would interface to the host computer through open-

collector devices.

In general, then, a personality card will consist of a
bidirectional data bus, the required number of address
lines, and a pulser circuit. It is thus used mainly to route
the bus lines to the proper front-panel pin positions on
the UPP. The pulse circuit must be designed to be reset
by the UPP’s front-panel reset button. This can be
accomplished by connecting the reset line to the 1852D’s
CLE inputs. For completeness, the program control line
(on the control card) is also connected to the program
LED on the front panel.

A typical S-100 bus interface for the modified UPP is
shown in (c). 170 ports 32, 33, and 34 have been decoded
for a data strobe (read), write low-address, and write
high-address, respectively. Interface software must
include a timing subroutine and program pulse and
verification routines particular to the PROM that is
programmed.

As for the programming required, the sequence in the
table outlines the steps necessary for the write-and-verify
operation in the IM6604. The program is written for the
host 8080A microprocessor. O
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What to look for
in logic timing analyzers

More channels, assorted speeds, display options, novel triggering schemes
ensure there’s an instrument for every digital timing problem

by Martin Marsha‘ll, Marshall Enterprises, San Francisco, Calif.

O Logic timing analyzers have learned a lot of new
tricks in the six short years of their existence. From the
start their high-speed asynchronous clocking marked
them as the instruments of choice for solving hardware-
related problems like short-duration glitches, skewed
signal arrival, and intermittent timing failures. Software
troubles are usually taken on with logic state analyzers
that synchronize their clocking with the clock of the
system being tested and thus are 5 to 10 times slower.
But sometimes problems that appear to be software-
generated are in fact hardware-related and require the
more detailed analysis possible with the faster asynchro-
nous instrument.

Small time windows

Most currently available logic timing analyzers are
capable of both synchronous and faster asynchronous
operation. In either mode, the analyzer monitors digital
signals on address, data, or control lines, confirming
proper word construction on a bit-by-bit basis.

An example of the need for a timing analyzer’s inher-
ent speed advantage appears upon examining the status

activity of an 8080-type microprocessor. Though the
microprocessor itself operates at only 2 megahertz the
status information multiplexed onto its eight data chan-
nels is available only within a 50-nanosecond time
window occurring between system clock cycles. Not only
must the 8 status bits arrive within that 50-ns window,
but two sync lines must change state as well. To examine
the skew of these signals properly, the 50-ns interval
should be broken down into five 10-ns samples. This is
possible only if the analyzer is running at a 100-MHz
sampling rate. A state analyzer running synchronously
at 2 MHz cannot perform this kind of analysis, as the
skew of the signals would not be magnified sufficiently.
Examining the timing relationships of a microproces-
sor to its peripheral chips, or of timing within non-
microprocessor-based systems, brings up further exam-
ples. Even a slower microprocessor such as the 1-MHz
6800 chip features input/output data hold times in the
10-ns range. Faster, newer chips like Nippon Electric’s
high-speed version of the Advanced Micro Devices
AMD 2900 can be added to the list of examples. Such a
bipolar chip, with its 60-ns instruction cycle time,
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2. Separate CRT. Logic analyzers often require an oscilloscope or a
separate CRT for timing display. The 100-MHz Biomation 9100 D
offers eight data channels, a sync channel, and choice of clock or
trigger qualifier channels. It has a word depth of 1,024 words.

demands the high speed of the timing analyzer.

Another advantage timing analyzers have over most
state analyzers is their ability to detect glitches. These
infrequent transients are too short for detection at
synchronous sampling times, but they affect system
operation nonetheless. Special latching circuitry detects
glitches as short as 5 ns in duration and stretches the
transients to one sample interval for recording by the
analyzer. Figure 1 shows several waveforms containing
glitches captured and displayed using this circuitry.

Evolution of the timing analyzer

" Since the beginning, manufacturers have searched for
the best combination of triggering, memory size, speed,
display, and data reduction to fit the user’s needs. The
number of channels of data the instrument can record is
also of prime concern (see Table 1).

The earliest units monitored 8-channel buses, but
users needed more diagnostic capabilities and channels.
The trigger qualifier, a separate channel whose history is
not recorded in memory but whose state becomes an
added trigger criterion, was introduced. Biomation Divi-
sion of Gould Inc., Santa Clara, Calif., offered a
9-channel analyzer which recorded the history of an
8-channel bus plus a sync line, with its model 920D and
model 9100D (see Fig. 2). User demand for 16-channel
bus analysis resulted in 16-channel timing analyzers
such as the Biomation 1650; the LASO1 and 7D01 from
Tektronix Inc., Beaverton, Ore.; model 740 from Moxon
Inc., Irvine, Calif.; the SOD16 from BP Instruments Inc.,
Cupertino, Calif.; and model 1850 from E-H Internation-
al Inc., Oakland, Calif.

The latest increase in channel population is due to the
synthesis of timing and state analysis in the Biomation
K100D and the 1615A from Hewlett-Packard Co.,
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Colorado Springs (Colo.) division. The reason for the
combination of instruments is that timing analysis need
only be done on a single bus, whereas state analysis may
usefully include more than one bus. The HP 1615A
offers 8 channels for timing analysis and assigns 16
channels to state analysis; this allows monitoring of a
16-bit address bus plus an 8-bit data bus.

The K100D’s 16 channels can perform timing and/or
state analysis; with an optional adapter, the unit can be
configured as a 32-channel data domain instrument.
This permits the monitoring of a 16-bit address bus and
a 16-bit data bus, or an address bus, an 8-bit data bus,
and various control lines within the system.

How fast is fast enough?

Manufacturers have differed on how fast a timing
analyzer should be, with some even presenting the user
with a choice of speeds in different products. The first
timing analyzers operated at 10 MHz, but none manufac-
tured since then are slower than 20 MHz. Today’s units
run at 20, 50, 100, or even 200 MHz—which is the
proper selection? The answer, of course, depends upon
the speed of the equipment that the user wishes to
analyze. The user must determine the minimum time
interval to be resolved in the system. Often skew factors
in the hardware logic of the system, rather than the clock
rate presented on the bus, determine this figure.

If that minimum interval is SO ns, then a 20-MHz
analyzer such as the HP 1615A, Biomation 920D, or
Moxon 740 (Fig. 3) is the answer. If it is 20 ns, then one
of the 50-MHz analyzers such as the Biomation 1650,
E-H 1850, or E-H 1320 can be considered. At 10 ns
there is the 100-MHz Biomation K100D and Biomation
9100D; and at 5 ns, or 200 MHz, the Biomation 8200.
The Tektronix plug-in timing analyzer, model 7D01, is
chameleon-like with respect to speed. It is configurable
for 20 MHz on 16 channels, 50 MHz on § channels, or
100 MHz on 4 channels.

Probes are sometimes a forgotten component of logic
analysis, even though they are the part of the analyzer
that interacts directly with the system under test. Each
probe affects the signals it is monitoring and limits the
speed of the analyzer, depending upon the probe’s input
capacitance and impedance.

The faster timing analyzers have probes in the
megohm impedance range and capacitances of 5 to 15
picofarads. Tektronix, Biomation, and E-H all specify
impedances higher than 1 megohm, but E-H specifies its
impedance at the analyzer’s BNC input connectors,
whereas Tektronix and the Biomation K100D have their
impedances specified at the probe tip.

Probe arrangement

Manufacturers also differ on whether to arrange the
probes individually or in groups. Hewlett-Packard
arranges its probes in eight-channel pods, with short
leads emanating from the pods; Tektronix attaches
somewhat longer leads to the same type of pod arrange-
ment. Biomation and E-H have individual probes begin-
ning at the front panel of the analyzer, claiming that this
allows easier connection of physically divergent parts of
the system at the same time. Tektronix and Biomation




3. Analyzers evolve. This Moxon 740 timing analyzer can monitor up
to 16 channels of data at a 20-MHz sampiing rate. The elimination of
numerous front-panel switches and addition of a CRT were two
evolutionary changes in logic analyzer design.

K100D analyzers reduce the degradation of high-speed
signals by using hybrid circuits close to the point of
probing. Tektronix places the hybrid circuitry in the
probe pod; the K100D puts one in the tip of each
individual probe (Fig. 4).

Triggering is the key

Although speed is a major factor in excluding some
timing analyzers, final selection requires evaluating the
analyzer’s ability to trigger, its ease of use, and its ability
to reduce the captured data into an intelligible display.
The first of these criteria, triggering, has become an art
form nearly as sophisticated as the programming tech-
niques it unravels.

The earliest and simplest triggering criterion is the
parallel word trigger. All of the analyzers have it. If the
analyzer is connected to a 16-bit address bus and the
selected trigger word comes along, the analyzer stops
recording and its memory stores pretrigger information
up to its capacity.

Clock- delay was the next feature added. With it, the
user can examine the program in blocks, using the same
trigger word. Examining sequential blocks of program is
made possible by increasing the clock delay on successive
analyzer recordings (Fig. 5).

However, programs invariably contain subroutine
loops and even nested loops, and potential trigger words
occur many times on successive passes. To allow the
analyzer to pick apart these loops, a pass counter was
added to the triggering section. The pass counter delays
recording into memory by counting trigger word occur-
rences, rather than clock cycles, to allow triggering on
the nth pass through a subroutine. Nearly all the latest
timing analyzers have this feature.

Only two, however, can make use of on-board sequen-
tial word triggering. These are the Biomation K100D
and the HP 1615A. Sequential word triggering is a very
useful technique for selecting a unique program path out
of a seemingly ambiguous set of paths. The analyzer will
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4. Hybrid probes. Each Biomation K100D probe has a hybrid circuit
providing a high-impedance input for high-speed signal monitoring.
The K100D performs state as well as timing analysis and features an
extensive array of triggering and display capabilities.

5. Trigger tactics. The BP Instruments model 50D16 16-channel
timing analyzer's triggering capabilities include parallel word, clock
delay, and events delay. The last two permit examination of a
sequential program block or subroutines by increasing trigger delay.

trigger on word B, but only when it is preceded by word
A. In hardware terms, word ‘A arms the analyzer and
word B (or the nth occurrence of word B) triggers it.

In software terms, one can picture a program path
through a subroutine beginning with word A and ending
with word D. Between A and D, there are three distinct
paths by way of words B and C. These are ABD, ACD,
and ABCD (Fig. 6). The three paths can be distin-
guished by triggering on sequences of words BD, AC,
and BC, respectively.

In a typical application, words A, B, C, and D are




ADDRESS B
ADDRESS A
ADDRESS D
ADDRESS C
B
D
[
B
A
D
[

6. Separating address flow paths. Sequential triggering can be
used to sort out program paths that are otherwise indistinguishable
to the logic analyzer. In practice, sequential triggering can be used to
define key 170 maneuvers such as a particular subroutine.

16-bit addresses in a microcomputer program. When
triggered, the analyzer’s memory will store a listing of
the program’s address flow. The K100D can take the
extra step of qualifying the analyzer’s trigger on sequen-
tial 18-bit words, allowing one to include control line
signals in the trigger as well as a 16-bit address bus.

HP’s model 1615A performs sequential triggering
somewhat differently. Its 8-channel timing bus can arm
its 16-channel state analysis bus, or vice versa. Trigger-
ing on successive 16-bit address words is not included on
the model 1615A.

Intermittent failures are the most troublesome
because they occur infrequently and do not show up
during normal repetitive measurements. To combat
intermittent logic problems, a number of analyzers

-

include a trigger-on-noncomparison mode.

The mode works like this. The unit captures a normal
block of data from a suspected portion of the program,
using trigger criteria X, Y, and Z, and transfers it into a
second reference memory inside the analyzer. Next,
using the noncomparison mode, the analyzer will first
wait for data that meets criteria XYZ. When that data
arrives, it will compare the captured data with -the
normal data in its reference memory. If the data is
different, the instrument triggers. If not, it re-arms itself
and waits for criteria XYZ to recur.

Reducing the captured data

Biomation’s K100D adds a useful twist to this process.
It can define both the channel width and the word depth
of the memory used for comparison. For example,
suppose an unusual combination of data in subroutine A
is suspected of causing a jump to an incorrect address. If
the data in‘subroutine A is always changing, then it is
possible to limit the comparison to just the 16 address
channels, even though the analyzer is simultaneously
recording the data bus.

Next, given that subroutine A is 103 addresses long,
the comparison can be limited to just those 103 words in
the reference memory. This is most useful in the likely
case that subroutine A is accessed from any of a number
of different places and exits into other subroutines. In
other analyzers, the length of the comparison memory is
fixed, but the number of channels compared can still be
limited very simply by pulling the probes off the
unwanted channels.

Trigger on disappearance

Another convenient triggering feature shared by the
E-H 1850 and Biomation K100D is the ability to trigger
on either the appearance or disappearance of the trigger
word. This is helpful in triggering on the end of a
message using the system’s message-valid signals. For
example, it may be that three control lines must go high
in order that a peripheral device receive a message on a
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7. Displaying the data. Tektronix' 7D01 logic analyzer features data domain (left) and timing diagram (right) display formats. It offers a
vertical line, or cursor—the hit makeup of the data word it intersects is displayed at bottom (right). Trigger word position reads out at top.
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Biomation K100D 2 yes | 14 samples yes T,A,B,OH,S
920 1 no | none no T
1650/116 2 | yes | none no T,0,H M
9100D 100 9 1,024 | yes | yes | yes | yes| no 1 1 no | none no T
8200 200 8 2,048 | yes no | no | yes| no no no{ no | none yes T
H
B P Instruments 20D 20 256 o no | yes| no no no| no | none no T
50D16 50| 16 510°¢ yes | yes | no no| 5 | yes | 3samples no T,B,0,H M
E-H International 1850 50| 18 512 | yes | yes | yes | yes | no 19 39| yes | 4 samples no T,B, 0, H M
Hewlett-Packard 1615A 20| 8 256 | yes i yes | yes | yes| ves| 6 nof no | 15nsto 2 us | yes T,B,0,H
|
|
Moxon 740 20| 16 64 no | ves | yes | yes | no 1 no| no | none yes T.B,0,H
745 20116 [ 1024 | no | yes | yes | yes | no 1 no| no | none yes T.B,0,H
|
|
100 1,016 | no | yes’| yes?| yes | no 1 2 | vyes yes
Tektronix 7D01F/7704 50 508 | no | yes®| yes®| yes | no | 1 yes ;8(;‘:150 yes | T,B,O,H,S M
20| 16 254 | no ' yes?| yes?| yes | no 1 2 | yes yes
Notes: 216-state channels included T = timing
b32-state cha1nel option B = binary
€2,046-word memory option O = octal
9Delay feature option H = hexadecimal
®ASC!I character option M = mapping
'Glitch only included S = search
9With optional probe pod A = ASCII

separate 8-bit data bus. To find the end of the message,
the unit can be triggered when the three centrol lines go
from 1-1-1 to any other state. The easiest way to do this
is to set the analyzer to trigger on the first disappearance
of the trigger word 1-1-1.

Glitch filtering

The timing analyzer’s equivalent to the oscilliscope’s
trigger holdoff feature is called digital filtering, glitch
filtering, or digital trigger holdoff. It simply requires
that the trigger word remain valid for more than one
sampling interval. It is especially useful when examining
three-state buses or systems that are insensitive to very
short glitches. In these cases one may be sampling at five
times system clock speed and yet not want to generate a
false trigger on a glitch that is only a fifth of a system
clock interval in duration.

E-H’s model 1850 will digitally filter a trigger word for
up to 4 samples, whereas Biomation’s model K100D will
filter for up to 14 samples. HP’s 1615A filters a trigger
from 15 ns to as long as 2 microseconds; Tektronix’

model 7DO1 will filter from 10 to 300 ns.

Interpreting the analyzer’s data often depends on the
display method chosen. This means the captured data
must be reduced into more convenient forms.

The first timing analyzers offered only a timing
diagram display. However, manufacturers soon realized
that their timing analyzers would also be used for state
analysis, so they included data domain display formats
such as binary, octal, and hexadecimal representations of
the data (Fig. 7, left). Most timing analyzers currently
available have these display modes, along with other
auxiliary display features.

Cursor calculations

One of the most useful of these is the cursor. This is a
vertical line superimposed on the CRT that not only helps
align the raw data vertically, but is also helpful in
calculations. For example, the position of the cursor in
the analyzer’s memory is read out digitally on the CRT
(Fig. 7, right), as is the position of the trigger word. To
find the time difference between two points, the cursor
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8. ASCII format. The optional ASCIl character display converts 7-bit
ASCIl information into letters, numbers, and symbols for direct inter-
pretation of program statements. This feature is helpful in debugging
software-generated problems.

position readings are subtracted after placing the cursor
successively over the two points.

Biomation’s model K100D has two cursors and reads
out their difference in position and time directly. The
two cursors are also used to define the word depth of the
comparison memory for the trigger-on-noncomparison
(or the comparison) mode.

Horizontal magnification in the timing diagram mode
has become another standard feature. The magnification
factor is displayed digitally on the CRT on the Tektronix
and Hewlett-Packard models. It registers automatically
on the time line transversing the middle of the Biomation
K100D’s CRT screen.

The time line is a row of dots showing sample inter-
vals, with intensified dots every five markers and digital
readout of the location of the first, last, and center
sample displayed. Expansion factor readout is also given.
Previous Biomation analyzers and the E-H model 1850,
also have a horizontal expansion feature, but the magni-
fication factor is not read out on the CRT.

ASCII display mode

An optional feature worth considering is an ASCII
character display offered by both the Tektronix 7D01
and Biomation’s K100D. This mode displays 7-bit AScCII
information directly as ASCII characters on the CRT. The
Tektronix unit uses a separate plug-in ASCII module in
place of the normal formatter (Fig. 8). The K100D
houses ASCII circuitry inside its mainframe.

These two analyzers also provide a search mode for
scanning the analyzer’s memory for a user-specified
word. This feature is useful when observing the number
of passes through a given subroutine, for checking access
to portions of a program, and for finding unnecessarily
long loops. The word can be keyed in on the K100D; the
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7DO01 selects it from among those words in the analyzer’s
reference memory.

The number of occurrences of the searched-for word is
read out digitally on the K100D’s CRT, and an asterisk is
placed next to each such word in a data domain listing of
the data. Repeatedly pushing the 7DOI’s search button
and counting the number of button pushes on one sweep
through the memory gives the number of occurrences of
the searched-for word.

Strictly speaking, a logic analyzer’s usefulness lies in
its data acquisition and data display features. But as the
analyzer’s sophistication increases, so does the possibility
of error in control settings. To combat this, HP, Bioma-
tion, and Moxon have gone to keyboard control of the
instruments’ functions, with the result that the front
panel of the logic analyzers look more like computer
terminals than oscilloscopes or minicomputers.

Keyboard entry complements the use of a micropro-
cessor inside the analyzer to perform self-checking as
well as calculation and display functions. On older
timing analyzers, the user’s memory of trigger and
control settings was mechanical, indicated by the posi-
tion of the switches on the front panel. Keyboard-
controlled models display the settings on the CRT either
in menu format, as in the HP 1615A, or in a status
display mode, as in the Biomation K100D.

The microprocessor inside both units performs the
housekeeping chore of making sure the key connections
are operating at each startup. The Biomation K100D’s
microprocessor performs the additional function of
controlling an error light on the instrument’s front panel.
It goes on whenever the operator makes a mistake in
entering control settings.

Future timing analysis

From probes to display output, the logic timing
analyzer has come a long way since 1973. Further
improvements will probably be in the area of finding
smarter ways to reduce the captured data. Perhaps data-
reduction schemes such as Hewlett-Packard’s signature
analysis techniques [Electronics, March 1, 1977, p. 89]
may be implemented.

Another possibility is the addition of an RS-232 inter-
face capability so that the analyzer can be used for
remote analysis. This could permit a centrally located
diagnostic center to perform and interpret tests using a
telephone modem. Such a center could take advantage of
computer-aided diagnosis and a factory service team to
locate problems remotely. The on-site technician would
only be needed to position the probes.

Timing analyzers may also eventually use on-board
programmable read-only memories to store previous
trigger settings and comparison data tables. This would
allow a measurement to be repeated by a single press of
a button, avoiding the resetting of every function on a
complex analyzer.

The complexity of logic timing analyzers must expand
along with the complexity of the digital designs they are
intended to debug. And since highly skilled personnel
remain in short supply, future analyzers are bound to use
microprocessors to do more and therefore ask less of
their operators. O




Analog ICs divide accurately
to conquer computation problems

Housed in dual in-line packages, the hybrids
can multiply, divide, or take the square root

by Yu Jen Wong, Burr-Brown Research Corp., Tucson, Ariz.

O Although analog dividers are basic building blocks in
a wide variety of applications, until recently they
remained bulky, very limited in operating range, and
prohibitively expensive. Within the past two years,
though, they have profited from the kinds of technologi-
cal and design advances that have characterized the
progress of integrated circuits in other areas.

Now, dedicated analog dividers are available in dual
in-line packages, and their low price—typically less than
$20—has gone hand in hand with performance that has
improved by orders of magnitude. Burr-Brown Research
Corp., for instance, makes a hybrid precision divider, the
4291, with a guaranteed maximum error of less than
0.25% over a 100/1 denominator voltage. With optional
external trims, the error may be held to 0.10% over a
1,000/1 range.

What is an analog divider?

Analog dividers are widely used in such applications
as ratiometric measurements,- percentage computations,
transducer and bridge linearization, automatic level- and
gain-control systems, voltage-controlled amplifiers, and
analog simulations. They may be thought of as black

T +0V

1
-0V

- -0V

1. Operating region. The shaded area represents the operating
region of a two-quadrant divider. A one-quadrant divider will perform
in either the top or bottom half of the shaded area. Below Dmn, the
denominator exhibits unacceptably large errors.
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boxes having two inputs and one output and the transfer
function given by the equation:

E, = K(N/D)

where:

E, = output voltage

K = a constant

N = numerator input

D = denominator input

For most commercial packaged dividers, K is internal-
ly set at 10. Since the divisor can never pass through
zero, D is always unipolar. Because N can be bipolar, the
divider will operate in two of the four quadrants, as
shown in Fig. 1; it is therefore called a two-quadrant
divider. Dividers that are designed for operation with N
of one polarity are called one-quadrant dividers. At this
point, no commercial four-quadrant divider exists,
because it is impractical, though not impossible, to
design one that would accept bipolar denominator volt-
ages with a dead zone around zero.

There are two limiting conditions for every divider.
First, the absolute value of N must be smaller than that
of D to prevent the output from saturating beyond .10
volts. Second, a lower limit, Dui, is always specified for
the denominator below which the divider will exhibit
unacceptably large errors. These two conditions define
the operating region of a divider (the shaded area in
Fig. 1). For one-quadrant dividers, the operating region
is either the top or the bottom half of the operating
region of a two-quadrant divider.

Performing division with multipliers

The oldest and perhaps still the most common method
of performing analog division is to connect a multiplier
in a feedback loop of an operational amplifier (Fig. 2a).
An extra op amp is not needed with commercial pack-
aged multipliers, since their output op amps can be
employed through external pin connections.

Figure 2b shows a 4214 transconductance multiplier
connected as a differential divider. One limitation of the
multiplier-inverted divider (MID) is its limited divisor
range. The divider error that limits the ranges can be
estimated by:

€ = 10(en/D)

where €, is the multiplier error specified by the manufac-
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2. Economizing space. An analog divider can be constructed by
connecting an analog ‘multiplier in the feedback loop of an op amp
(a). Packaged multipliers (b) do not require that extra op amp to be
pin-programmed for performing division.

turer and D is the denominator voltage. With a 0.5%
transconductance multiplier, the divider error will go as
high as 5% when D goes down from 10 to 1 v. Hence, for
practical purposes, these dividers are accurate only over
a 10/1 denominator range.

The divider error can be reduced by shifting the level

3. More accurate. The multiplier-inverted divider exhibits improved
accuracy when connected in the manner shown. The error equation
is given approximately by e; = 10¢./(KD), where K is the ratio of R:
to R, and can be used to optimize the divisor's range.

of and preamplifying the divisor input and then shifting
back at the output stage. In Fig. 3, with K defined by the
ratio R2/R,, the divider error given by 5 = 10e,/D will
be reduced by a factor of K. However, the divisor input
is thus limited to —20/K volts. When K = 2, the divisor
will swing within the same range of 0 to — 10 v. In other

R, 10kQ Ry 10kQ
5V ——AAA—— 15V 15V -5V
MR MR
100 kQ2
Q,
100 kQ
Y & Q;
—\
0, - =
=
00 = 100 kQ
e AAA-
X o
50 kQ \/
By —L—_ ——-° - 10(Y/2)
25 kQ
4302 L
+15V

4. Converted converter. The multifunction converter may be used as a precision one-quadrant divider with a maximum error of 0.25% over a
100/ 1 denominator range. The maximum error can be reduced to 0.1% over a 1,000/ 1 range by using potentiometers R, and Ra.
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5. Divider IC. The four op amps and the four logging transistors shown in the functional diagram (a) are rearranged and the voltage reference
is replaced by a current reference to form a log-antilog divider that maintains a constant-level bandwidth with decreasing divisor voltages (b).
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words, the divider error can be cut in half without
sacrificing the divisor’s dynamic range. With K greater
than 2, say, K = 10, the divisor is limited to the range of
Oto =2V,

One-quadrant divider

The well-known multifunction converter (MFC),
through different external connections, can be used as a
precision divider whose accuracy and dynamic range
greatly exceed that of a multiplier—inverted divider. It is,
however, good for one-quadrant operation only, whereas
the MID is a two-quadrant divider.

The functional diagram of this converter is shown in
Fig. 4. Its transfer function is given by:

E, = X(Y/Z)™

where m is determined by two external resistors and can
range from 0.2 to 5. The circuit can be analyzed by
applying to each of the four transistors used to achieve
the logarithmic relationship, Q,—Q4, the Ebers-Moll
equation:

Ve = (KT/q)In(I/1,)

where:
Vi = base-to-emitter voltage

K = Boltzmann’s constant (8.62 X 10-* electron-
volt/K)

T = absolute temperature

q = charge of an electron (1 ev)

I. = collector current

I, = emitter saturation current

Solving the equation for each of the four transistors
simultaneously yields the converter’s simple transfer
function. This procedure assumes that the four transis-
tors are matched, so that I, and T are the same for all
four equations.

The multifunction converter is capable of operating
over a 100/1 denominator range with an error of less
than 0.25%. At low input-signal levels, the offset volt-
ages and bias currents of the Y and Z op amps contrib-
ute most of the errors. By trimming them out with
potentiometers R, and R;, the maximum error can be
reduced to 0.1% over a 1,000/1 dynamic range. R, is
used to trim out gain errors.

The 4291 analog divider has been optimized as a
log-antilog divider. 1t is specified to be the most accurate
two-quadrant, self-contained divider available in IC
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6. Taking the square root. Implementing either the multiplier—in-
verted divider (a) or the log-antilog divider (b) for finding the square
root is a matter of the degree of accuracy wanted. Typical error
curves for the two types are shown in the graph (c).

form. It operates in principle very similarly to a multi-
function converter, but has several additional features.
For one, it contains an internal level-shifting circuit for
two-quadrant operation. For another, it is laser-trimmed
to hold total error to less than 0.25% over a 100/1
dynamic range. In addition, both linearity compensation
and an on-board temperature-compensated reference
are provided.

Precise for two quadrants

The divider’s functional circuit diagram is given in
Fig. 5a. Q:—Q. are the four logging transistors, which are
always laid out on a monolithic chip along a thermal
equilibrium line. Their geometries are specially designed
for maximum conformity te a logarithmic output. In
fact, log-conformity error is less than 0.05% over four
decades of collector current from 100 microamperes to
10 nanoamperes. Thus, the divider can maintain its
accuracy over many decades of denominator voltages.

The error sources at low input levels are mainly due to
the offset voltages and bias currents of the numerator
and denominator input op amps, and not to the logging
transistors. Optional trims are usually provided by
manufacturers in order to eliminate the offsets and bias




currents that are inherent in all op amps.

As with the multifunction converter and the multi-
plier-inverted divider, the bandwidth of the log-antilog
divider decreases almost linearly with divisor voltage
level; for example, a 400-kilohertz divider at a 10-v
divisor voltage will become a 4-kHz divider at a 100-
microvolt divisor voltage. By rearranging the four
logging transistors and the four op amps ard replacing
the voltage reference by a current reference, a log-
antilog divider whose bandwidth remains constant at
high level even with decreasing divisor voltages can be
realized (Fig. 5b).

Notice that the current through the output stage (Qs,
Q., and A,) is determined by the reference current, I,
and remains constant. If 1 is set high, the divider’s
bandwidth will stay fairly flat from a 10-v divisor volt-
age down to 100 mv and then start to drop gradually, at
a much slower rate than the circuit in Fig. 5a. Using
741-type op amps and setting I equal to 200 uA, typical
component values are:

R, = 50 kilohms R. = 10kQ

R, = 10kQ Rs = 100 kQ

R; = 33kQ C = 33 picofarads

As mentioned before, the offset voltages and bias
currents of the op amps should be nulled out for low-
signal operations. Unfortunately, with a reference
current in place of a reference voltage, this divider
circuit cannot be readily used as a three-input multiplier-
divider to perform E, = XY/Z.

Ein
Eo = (10E,,)"
25 k2
—AANA—
GAIN 100 Q
“0.1%
—L +10-V
REFERENCE 100 22
1 t01%
(a)
B b—E,, = (10E0)%
25k82
GAIN

+10

v
REFERENCE

(b)

7. Another approach. The multifunction converter (here, the 4302)
may also be used as a square-rooter. To implement the transfer
function, E, = X(YZ)™, m can be set equal to '/z (a) or to 1 (b), with
the other connections appropriately made.
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Vo = EB/(1+8)

p————— Vo = ~Ed

e
5

(b)

8. Linearizing bridges. The Wheatstone bridge has a nonlinear
output dependent on the input variable (a). It may be linearized by
using an op amp in a feedback loop (b), a multiplier-inverted divider
(c), or an MID with an instrumentation amplifier (d).

One application of a precision divider is computing the
square root of an input signal, often required in process-
control systems. If the divisor’s input is connected to its
output terminal, the divider’s transfer function, that is,
E, = 10N/D, becomes:

E, = 10(N/E;) = (I0N) 2

The output is now proportional to the square root of the
input, N.

Square-rooters

Square-rooters employing a multiplier—inverted divid-
er and a log-antilog divider are shown in Fig. 6a and 6b,
respectively. Since E, is always unipolar, adding a diode
at the output of the divider will help prevent the square-
rooter from saturating to the opposite supply voltage,
which is occasionally caused by power-supply transients.
In Fig. 6b, a 1-megohm output load may be necessary to
turn on the diode, because the input impedances of the
divider are so high (about 10 M) that, without the load,
practically no current will flow through the diode.

The square-rooter’s accuracy is strictly dependent
upon the accuracy of the divider employed. With a
multiplier-inverted divider, the accuracy is poor at low
input voltages. The error-versus-signal voltage can be
estimated from:
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where E, and Ei, are the square-rooter’s output and
input voltages, respectively, and ¢y is the multiplier error
specified by the manufacturer. For example, for a 0.5%
multiplier, ¢x = 50 mv maximum, and therefore the
square-rooter’s error would be 25 mv maximum at E;,
10 v, but would be 109 mv maximum at E;, = 500 mv.

Figure 6c compares the typical error curves of square-
rooters built with a multiplier-inverted divider and those
made with a log-antilog divider. Typical errors would
normally be much lower than in the graph. As can be
seen, if small-signal accuracy is critical, a precision
divider like the log-antilog type should be used.

With an external voltage reference, a multifunction
converter may also be used to build a square-rooter.
There are two ways to implement this function. The
straightforward method is to set m = 2 with two
matched resistors and connect X and Z to a 10-v refer-
ence (Fig. 7a). Then the output voltage becomes:

E, = 10(Y/10)"? = (10Y)!?

Alternatively, m can be set to 1 as in Fig. 7b and the X
input connected to a + 10-v reference. By shorting Z to
the output, E,, the transfer function becomes:

E. = 10(Y/E,) = (10Y)"2

The accuracy of this square-rooter is about equal to that
of a log-antilog divider.
The familiar Wheatstone bridge is widely used in

60

measuring the resistance of sensors like strain’ gauges,
pressure transducers, thermistors, and servo motors.
Unfortunately, the output of the bridge is a nonlinear
function of the input variable, the change in the resis-
tance being measured. As illustrated in Fig. 8a, the
output voltage, V., is related to the input variable, §, by:

V, = Eé/(1+6)
where 2E is the bridge supply voltage.
Linearizing the bridge

Because direct measurement and manipulation of
nonlinear data is often undesirable, a circuit is needed to
first linearize the bridge function. The simplest method
of linearization uses an op amp. Connecting the variable-
resistance arm in the feedback loop (Fig. 8b) causes the
output of the op amp, V,, to vary linearly with the
variable, 8. Thus, V, = —Eé. However, some inexpen-
sive bridges are packaged in four-terminal boxes and
therefore will not work with this method, which requires
five terminals.

A low-cost multiplier—inverted divider with differen-
tial Z inputs can, however, implement the inverse of the
bridge function and linearize it. In Fig. 8c, the output
voltage of the bridge, Vs, is given by:

Vi, = 108/(1+6)

and the multiplier-inverted divider provides the transfer
function, V, = 10V,/(10—V,). The series connection of
these two nonlinear circuits results in a linear function,
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9. Controlling gain. The bandwidth of a 40-dB automatic-gain-control circuit using the 4291 (a), will be increased by n times, or its tracking
range by n times, by cascading n dividers in the feedback loop shown in (b). The 400-kHz bandwidth, however, cannot be exceeded.

that is, V, = 1006.

If the bridge supply voltage is single-ended, rather
than floating as in Fig. 8c, an instrumentation amplifier
is needed to convert the two output terminals of the
bridge to a single output. The amplifier can be used
effectively to compensate for bridge voltage variations.
By inverting the signal such that V, = —E é/(1 +) and
using four resistors to sum the bridge voltage with, and
divide it by, V, (Fig. 8d), the divider’s denominator and
numerator voltage become:

2Rip

D = 3r. 343K, (E+Vo)

— 2RiN
N =3R+2R, °
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respectively, where Rip is the input impedance of the
divider’s denominator input and Rin is that of the
numerator input.

The cleverness of this circuit becomes clear when D
and N are substituted into the divider’s simple transfer
function, E, = 10N/D. The bridge voltage, 2E, and the
input impedance, Ri (= Rin = Rip), cancel out, result-
ing in E, = — 106. Therefore, the output is independent
of the bridge supply voltage. When R, is much smaller
than R, the circuit is insensitive to the value of R..

Controlling the gain automatically

To compensate for amplitude fluctuations of any given
signal, nothing less than a well-designed automatic-gain-
control circuit will do. A good AGC circuit is one that can
keep the output constant over a wide dynamic range of
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10. A natural application. Direct readouts in percentage of such parameters as efficiency, distortion, gain/loss, and error are easily obtained
by connecting a 4214 in a configuration that provides an output of 1V = 1% with deviations measured up to + 10%.

input signal levels (tracking range). Analog dividers are
excellent candidates for such appplications.

The tracking range of an AGC is directly related to the
denominator’s operating range of the divider employed.
For example, if a divider has a divisor operating range
from 10 v down to 100 mv, the AGC circuit associated
with it will track ac signals over a 40-decibel range.

Figure 9a shows an AGC circuit using a two-quadrant
log-antilog divider. The divider serves as a voltage-
controlled amplifier whose output increases with a
decrease in divisor voltage. Diode D, rectifies the output
voltage, e,. Low-pass filter R,—C, produces a negative
voltage, V,, proportional to the negative peak of e,. The
integrator, comparing V, with a positive reference volt-
age, V., determines the divisor voltage of the divider.

Automatic gain control is achieved thus: as the input
signal, e, increases, e, tends to increase, pushing V,
further negative. This increases the integrator’s output
voltage, which is connected to supply the divisor’s input.
As the divisor voltage goes up, it will pull e, back down
until it reaches an equilibrium.

Typical values for audio applications are:
= Ry/10 = Ry/10 = 1k

C] = 10C2 = IOH.F
V. =03v
These values will provide a 2-v peak-to-peak output

amplitude, which can be reset by adjusting either R; or
V.. For subaudio frequencies, an increase in the values of
both C, and C; is necessary.

The upper frequency limit is determined by the band-
width of the divider, and the bandwidth of most dividers
decreases with decreases in divisor voltage. This means
that the bandwidth of the AGC will decrease with input
signal voltages. _

As an example, with a divider’s 3-dB bandwidth speci-
fied for 400 kHz at a 10-v divisor voltage, the bandwidth
will be, as a rule of thumb, 40 kHz at a 1-v divisor
voltage and 4 kHz at a 100-mV divisor voltage. With
these specifications, a 40-dB AGC circuit will operate
over a 40-dB signal range only up to 4 kHz and over a
20-dB range up to 40 kHz. Although it can function up to
400 kHz, the circuit will have no practical tracking range
at those frequencies.
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The bandwidth of the AGC circuit can be expanded by
cascading two or more dividers in the feedback loop
(Fig. 9b). For the 40-dB example, each of the dividers
operates actually over 40/n dB, where n is the number of
dividers cascaded. The bandwidth of the AGC circuit will
thus be increased by n times, but will, of course, never
exceed the divider’s maximum bandwidth of 40 kHz. The
cascading technique will also increase the tracking range
of the AGC circuit by n times; that is, two 40-dB dividers
will yield an 80-dB AGC circuit. Ac coupling at the
output of each divider is recommended to eliminate
unwanted divider offset voltages.

Taking ratios

For ratiometric applications, a divider naturally comes
to mind. Percentage measurement:

E, = 100(E;~E,)/E,

is just another version of ratiometric measurement, but it
requires a divider with differential numerator inputs and
adjustable gain (from the nominal 10 to 100). With
low-cost IC dividers, it is practical to provide direct
readout in percentages of such parameters as efficiency,
distortion, gain/loss, error, and so on.

Figure 10 shows a percentage measurement circuit
employing a differential multiplier—inverted divider. The
circuit, which provides 1 v = 1%, is capable of measur-
ing £10% deviations. Wider deviations can be measured
by decreasing the ratio of R,/R,, and narrower varia-
tions by increasing the ratio. If the dynamic range of E,
is too wide for a multiplier—inverted divider to handle, a
log-antilog divider may be employed, but an extra opera-
tional amplifier will be needed to take the difference
E,—E,.

The percentage circuit can also be used to sort compo-
nents by first converting the component’s parameter into
a voltage and comparing it with a reference. A compara-
tor at the output of the percentage circuit may then be
set to separate units beyond a specified limit. 0
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Field-programmable arrays:
powerful alternatives to random logic

Bridging design gap, TTL-compatible logic family
is described in Part 1 of a two-part article

by Napoleone Cavlan and Stephen J. Durham, signetics Corp., Sunnyvale, Calif

[J With the steady growth of integrated circuit technolo-
gies, hardly a day goes by without the news that yet
another chip has made scores of discrete TTL packages
obsolete. Yet, though large-scale integration is packing
entire system architectures onto a few chips, it is still
impossible to complete a design without some discrete
logic to hold the framework together.

The increase of LSI has thus created the need for
efficient ways to bridge the gaps between large function-
al islands. Because of complexity, performance, or
uniqueness, these bridges have evolved into nontrivial
random-logic configurations that still rely on clusters of
small- and medium-scale integrated circuits, whose fixed
functions never quite fit the problem. Now Signetics
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Corp. has attempted to meet the need with a field-
programmable logic family.

The family spans three ranges of complexity: at the
low end are the field-programmable gate arrays (FPGAs);
covering the middle range are the more complex-logic
arrays (FPLAs); and finally there are the logic sequencers
(FPLSs). These last, most complex elements have buiit-in
registers and enable the designer to proceed from state
diagram directly to hardware. The family, summed up in
the table on p. 110, is compatible with TTL and operates
from a + S-volt supply.

The devices provide a powerful and compact alterna-
tive to random logic, replacing discrete gates, wires, and
connectors, with significant savings in board space,
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power, and cost. Moreover, since all devices can be
programmed and modified in the field (as programmable
read-only memories can) using readily available
programming equipment, the logic can be changed to
meet new customer requirements or specifications, or to
recover quickly from design errors —after delivery to the
field—without expensive printed-circuit-board retooling.

Programming options

Depending on their complexity, members of the
programmable logic family have internal AND gates, OR
gates, S-R flip-flops, true or complement buffers, and
exclusive-OR (EXOR) gates. Those elements can be
combined to perform single-level, double-level, and
sequential logic functions—all by blowing fuse links.

There are other fuse options in output structures for
the entire logic family, too, since either active-high or
active-low functions can be generated without additional
hardware or signal delay. Finally, the family is well
suited to bus-organized environments such as micropro-
cessor systems, since all its members offer, in addition to
open-collector outputs, three-state outputs whose signals
are in the high-impedance state until activated by a
chip-enable input.

All the logic elements perform standard logic func-
tions that can be represented by augmenting convention-
al logic symbols with a few new definitions so that they
can represent multiple-input gates (see “How the FPLF
defines logic,” p. 65).

The gate arrays

The simplest member in the family is the field-
programmable gate array, which performs single-level
logic functions. The equivalent logic diagram for the
FPGA is shown in Fig. 1. The two gate arrays currently
available are open-collector (82S102) and three-state
output (82S103) versions of the same array, which
comprise ning NAND gates fuse-Selectively connected to
16 common inputs by true/complement buffers.
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Fuses in the FPGAs allow individual outputs to be
complemented to AND, so that by proper manipulation of
the input polarities, and by using De Morgan’s theorem,
AND, OR, NAND, and NOR logic functions can be easily
implemented. The parts thus serve as universal logic
elements that can be tailored to applications requiring
random logic, as in fault monitors, code detectors, and
address decoders for microcomputer systems with
memory-mapped 1/0.

The logic arrays

Devices performing two-level combinational logic
functions are grouped into the field-programmable logic
array (FPLA) category. These elements are a step up in
complexity from gate arrays, capable of generating AND-
OR, AND-NOR, and their De Morgan equivalents. There
are at present two array types in the FPLA family, each
with either open-collector or three-staté outputs.

The equivalent logic diagram of the first array type,
the open-collector output 82S101 (or three-state output
825100), is shown in Fig. 2. The first level of logic in the
device is made up of 48 AND gates fuse-connectable to
any of 16 common inputs by true/complement buffers.
The second logic level consists of eight OR gates—one
per device output—each capable of being selectively
coupled to any of the 48 gates. Finally, fusing options are
included for generating true or complementary outputs.

The second logic array type, the 82S106/107, has
nearly the same organization as the first. The exception
is that an additional OR gate with fixed inputs has been
added to generate an internal enable command for the
output structure. That self-epable is generated whenever
any of the AND gates become logically true, which
occurs when the external input code matches the internal
AND-gate program. In the absence of such a match, all
device outputs are unconditionally disabled. The self-
enable signal is available externally—the chip-enable
input (CE) pin on the 82S100/101 becomes an open-
collector output called FLAG. Because of this feature, the
8251067107 can be viewed as a content-addressable
programmable read-only memory, ideally suited to
modifying data in large ROMs, as will be shown in the
second part of this article.

Shared gates

Both array types benefit from the second level of logic.
The advantage here is that the AND gates can be
shared —OR gates can couple with up to 48 AND gates.
Also, a key advantage of this arrangement over single-
level logic is that it allows editing —disconnecting invalid
AND terms from the OR array and replacing them with
spare AND gates (Fig. 3).

Open-collector versions of both gate-array and logic-
array devices can form wired-AND outputs in order to
expand the number of AND gates available on a single
chip. This solves the problem that is posed by applica-
tions exceeding the resources of 4 single device. The only
restriction is that the expanded outputs have to be
programmed to be active-low.

By far the most powerful members of the family are
the field-programmable logic sequencers (FPLS), which
add on-chip registers to arrays of AND and OR gates. The




How the FPLF defines logic

For the most part, schematic representation of logic in the
field-programmable logic family follows conventional nota-
tion—the devices include AND, OR, and exclusive-OR
(EXOR) gates, as well as set-reset (S-R) flip-flops and true
or complement buffers. To simplify the representation of
fuse-link programmabiity, however, the FPLF schematics
use a matrix arrangement with cross-point coupling to
represent intact fuse links.

For example, (a) in the figure shows a typical input and
AND gate of a gate array. The square *“'solder dot’’ repre-
sents a fixed internal connection. Both the line from input
A and the line from the output of the inverter intersect the
vertical input line of the AND gate; in actuality, fuse links
make both connections. An intact fuse link is represented
by a round solder dot. Blowing either of the fuse links will
determine whether the input to the AND gate is A, or its
complement, A. (Leaving both fuses intact holds the
output of the AND low, whereas blowing both fuses results
in a *‘don’t care’ situation, an output that is independent
of either input.)

Extending the matrix and cross-point coupling
approach a step further, (b) shows the configuration of a
two-input AND gate. Since the input to the AND gate
crosses the four lines of inputs A and B as well as their
complements, the gate serves as a four-input AND while
appearing to be a single-input gate. Since the members of
the field-programmable logic family have 16 inputs inter-
secting each AND gate, the gates are actually 32-input
devices; the number of inputs used is determined finally by
the number of fuses left intact. Thus, in (b), solder dots (or

intact fuse links) create the logical equation F=AB.

The exclusive-OR gates on all outputs of the logic-family
devices allow programming for either active-high or
active-low output signals. As shown in (c), a fuse link
grounding one of the two inputs of an EXOR gate results in
an active-high output; blowing the fuse results in an output
that is active-low.

The details of the fusing mechanisms are shown in (d).
AND gates have a fuse in series with a Schottky diode,
while OR gate fusing uses an npn transistor. The fuses for
the true/complement input buffers and active-high/ac-
tive-low outputs are in series with resistors.

The analogy between fixed and programmed logic is
best shown by the examples in the table. The first exam-
ple is typical of the single-level logic to which the gate
array is applicable. The two-level logic of the second
example is satisfied by the logic arrays. Finally, the regis-
tered state machine that executes the state transition of
the third example is a candidate for the field-program-
mable logic sequencers.

FIXED LOGIC PROGRAMMED LOGIC
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which the output is a function of the present state only;
and Mealy machines, whose output is a function of both
the present state and the present input.

Figure 4b shows the basic architecture of the open-
collector output 825104 (or three-state output 825105),

sequencers are actually self-contained state machines,
since they can be programmed to perform any synchro-
nously clocked logic sequence.

State machines, whose general structure is shown in
Fig. 4a, usually take two forms: Moore machines, in
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1. Gate array. The simplest device in Signetics' field-programmable
logic is the gate array, capable of single-level logic. Any of 16 inputs
can connect to nine NAND gates by true/compiement buffers. Since
outputs can be compiemented to AND, manipulating De Morgan's
theorem makes the device a universal logic element.

the first members of the FPLS family. With the FPLS, a
user may program any logic sequence that can be
expressed as a series of jumps between stable states
triggered by a valid input condition I at clock time t. The
number of states in the sequence depends on the length
and complexity of the desired algorithm.

A typical state diagram is shown in Fig. 5. The state
from which a jump originates is called the present state
P, and that at which it terminates is the next state N. A
jump always causes a change in state, but may or may
not cause a change in the machine’s output F.
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3. Editing. The logic array’s programmable OR gates allow sharing of
AND gates, as with gate B at left. The OR array also allows easy
editing of logic statements when design changes are made; note how
spare gate C at right was used to modify output F, to F,”.
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2. Double deep. The field-programmable logic array carries out
two-level combinational logic. The 16 inputs couple to 48 AND gates,
which in turn connect to any of nine OR gates. Either true or
complement outputs are provided.

All states are arbitrarily assigned and stored in the
state register, where the clock and next-state information
from the combinational logic are the inputs. State jumps
can occur only when transition terms are true. A transi-
tion term is, by definition, the logical AND function of
the clock, present state, and valid inputs; hence, T, =
t-I.P. However, since the clock is actually applied to
the state register, it may be removed from the equation.
When T, is true, a control signal is generated that, at
clock time t, forces the contents of the state register from
P to N and, if necessary, changes the contents of the
output register.

FPLS organization

The architecture of the 82S104/105 is a natural
extension of the static logic structure of the FPLA. It
accepts 16 input variables and provides eight output
functions. It has a 6-bit state register and an 8-bit output
register; all the internal registers are automatically
preset to logic 1 when power is applied. The FpPLS
provides for 48 transition terms, which can be selected to
be either true or complementary.

A look at the equivalent logic diagram of the FPLS
(Fig. 6) shows its extension of the static FPLA. The AND
and OR gate arrays of the latter have been expanded to
control the set and reset (S and R) inputs of six flip-flops
(the state register) and to monitor the register’s contents
over an internal feedback path. Also, an independent
8-bit output register has been added to store output
commands generated during state transitions and to hold
the output constant during state sequences involving no
output changes.

The AND array comprises 48 positive AND gates, each
with 44 input connections from a set of true/complement
buffers. The AND gates are used to form logic products
of 16 external inputs (I, to Is) with six present-state (P)
inputs fed back from the state register. The gates are
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4. State machine. A state machine (a) takes either a Mealy or Moore
torm. The architecture of the field-programmable logic sequencer (b)
is that of a self-contained Mealy machine, where the output is a
function of both the present state and the present input.

therefore called transition terms because, like the transi-
tion terms in state diagrams, they issue next-state
commands.

The OR array contains 28 positive OR gates, each with
48 input connections to all 48 AND gates. The outputs of
the ORs drive the set and reset inputs of the 14 S-R
flip-flops that are state and output registers.

The FPLS is made still more flexible by a complement
array comprising a single 48-input OR gate that drives an
inverter, which then feeds back into the AND array. The
complement array forms a bridge between the AND and
OR arrays for generating NAND functions of input-jump
conditions; the user programs it in such a way as to suit
each transition term.

De Morgan’s theorem

De Morgan’s theorem to reduce logic terms can be
easily implemented with the complementary array so
that the most use is made of the AND gates. For example,
if the transition term is T = (Q)(X+Y +Z), where Q is
the output of the state register and X, Y, and Z are
inputs, three AND gates in the FPLS are required. Howev-
er, De Morgan’s theorem changes the transition term to
T = (Q) XYZ, which requires only two AND gates.

The complementary array is also an efficient means of
aborting a clocked sequence in the absence of valid jump
conditions. As Fig. 7 shows, considerable minimization
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5. State diagram. Example of a state diagram (a) with four states—
A, B, C, and D. I,—I; are jump conditions, which trigger output
changes F,—F,. A state change (b) gives rise to transition term T,,
which is logical AND of clock t, input |, and present state P.
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8. Sequencer. The field-programmable logic sequencer has 16
outputs, 48 AND gates, and 28 OR gates, plus 14 flip-flops that serve
as state and output registers. Either an asynchronous preset input or
an output-enable input is available as a programming option.

of AND gates is possible when the detection of valid
jumps involves many complements of jump functions,
especially as the number of variables increases.

All clocked S-R flip-flops that make up the state and
output registers offer the option of asynchronous pre-
setting to all 1s. The 64-state total that can be repre-
sented by the state register is adequate in most cases to
chart algorithms involving fewer than 48 nonredundant
transitions. The register accepts next-state commands
(N) from the OR array and supplies present-state infor-
mation (P) to the AND array.

The output register is similar to the state register,
except it has eight states for servicing eight output
functions. It accepts the next-output commands Fo—F,
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8. Timing. Minimum clock duration for the FPLS is 20 nanoseconds.
Minimum width of preset input, which overrides clock, is 40 ns.
Normal clocking resumes with the first full clock pulse following a
negative clock transition after the trailing edge of the present signal.

from the OR array and then reflects its contents to the
device outputs through the buffered Q outputs of each of
the flip-flops. Also, as an added feature to enhance fault
isolation, driving input I, to + 10 volts will route the
contents of the state register (Po—Ps) directly to outputs
Fo—Fs without any alteration of the contents of the
output register. However, the feature is not recom-
mended for use in a normal mode of operation (as in a
Moore machine). This is because it increases the device’s
maximum current by 5-to 10 milliamperes and thereby
lowers the maximum ambient temperature rating of the
package by approximately 5°C.

As a final programming option in the 82S104/105, a
pin can function as either an active-high asynchronous
preset (pr) or an active-low output enable (OE). The
output-enable function forces all outputs to logic 1 (or to
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a single gate T,.

high impedance in the 82S105) and is normally used
when the device is sharing a bus. It does not inhibit
clocking of the internal registers. The asynchronous
preset option, on the other hand, is useful when the logic
sequence requires an immediate state-independent
return to initial conditions. The state register and output
register can also be synchronously preset independently
of one another by dedicating that function to one of the
input variables in conjunction with a single transition
term and a clock pulse.

Timing constraints

The maximum clock rate of the 82S104/105 can be
inferred from its timing diagram (Fig. 8), which shows
worst-case delays and setup requirements during a typi-
cal 170 cycle. Using stable external inputs as a reference,
the device can be clocked after a minimum setup time of
60 nanoseconds. The next output (as well as the next
internal state) will be valid 30 ns after the positive edge
of the clock, giving a total 1/0 delay of 90 ns. Since both
output enable and disable delays are also 30 ns, when the
OE pin is used its signal’s edge should occur prior to or
coincidentally with the clock in order to avoid increasing
170 delays.

The asynchronous preset option includes a clock lock-
out feature that eliminates the potential hazard of
spurious clocking. But, as the timing diagram shows,
when using the lockout feature it is possible to miss one
clock pulse, which may be prohibitive in some applica-
tions.




Fleld-programmable logic, Part 2

Sequencers and
arrays transform

truth tables into
working systems

by Napoleone Cavlan and Stephen J. Durham
Signetics Corp., Sunnyvale, Calif,

0 Because of its power and flexibility, the Signetics
field-programmable logic family is ideal for replacing
the discrete logic normally used to interface large-scale
integrated devices, as shown in Part 1 [July 5, 1979,
p- 109]. The examples of applications that follow show
how to exploit its special features.

In designing with these gate and logic arrays and logic
sequencers, the user need concern himself only with
generating truth tables associated with the state
diagrams or sets of Boolean logic equations that define
his function. The one restriction is that he must use logic
symbols corresponding to the status of fuse links.

As indicated in Fig. 1, an extra set of symbols is
needed to describe all the states of FPLF gates corre-
sponding to all combinations of blown and unblown fuse
links. Once ordered into truth tables, the user-defined
functions are then directly mapped onto standard
program tables furnished with FPLF elements, whose
fuses are then blown by a logic-type programmer. As the
user gains experience, he can manipulate logic variables
intuitively and can eventually implement algorithms
directly on the program tables with only the device
schematics for reference. (The formal step of deriving
state diagrams and logic equations will not be considered
here.)

Because of their simple and uncommitted structure,
FPLF elements are suited to a wide variety of applica-
tions, several of them already well documented. The
following examples illustrate the typical use of each logic
element and match devices with applications.

Bus translator

Signetics’ Instructor 50 microcomputer system is built
around the 2650 microprocessor; but for compatibility
with other systems and peripheral devices in the hobbyist
market, it interfaces to the S100 bus, which is based
mainly on 8080 microprocessor signals. Yet to carry out
the seemingly unwieldy task .of bus translation, only a
single FPGA is needed. The gate array translates the
logical combinations of timing, enable, and control
signals supplied by the 2650 and its 1/0 hardware into
control signals entirely compatible with the S100 bus
definitions, as shown in Fig. 2.

The programmable feature of the FPGA is strategically
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invaluable in this case since the S100 bus is not yet
totally standardized. The FPGA permits easy adaptation
of the interface to changes in specifications, which are
subject to arbitrary manipulation by manufacturers in
the hobby arena.

Two-level logic

The logic arrays add a second level of combinational
logic to the gate arrays, and thus another level of versa-
tility. AND/OR combinations of the FPLAs are well suited
to carrying out polynomial equations and the like, as
shown in the next example.

In systems that transfer large blocks of data, a cyclic
redundancy check (CRC) scheme can significantly
improve data integrity. The technique appends a check
word to a transmitted sequence of data, and the receiv-
ing end uses that word to check for errors. A cyclical
division of the transmitted data by an industry-standard
polynomial generates the CRC word; the remainder from
the division forms the check word.

Polynomials lend themselves to serial manipulation,
and serial CRC generation and checking are easy to
implement. But in a multiple-line data system with
parallel organization, a considerable amount of hard-
ware may be needed for parallel-to-serial conversion.
Moreover, the multiple-bit clocking for each word
carries an inherent speed loss—a factor of 8 for a
byte-oriented system. A parallel CRC generator-checker
circuit is the answer, developed from the set of logic
equations describing the function of the circuit in the
form of a state machine.

The general design of the CRC circuit is shown in
Fig. 3a, along with the logic equation set for the popular
CRC polynomial P(x) = xY+x“+x+1. Figure 3b
shows that the entire byte-wide parallel CRC generator-
checker circuit can be implemented with only five chips:
two 8-bit latches, two FPLAs, and an FPGA. The FPLAs
contain the set of logic equations controlling the flip-flop
inputs, which are expanded from EXOR form to sum-
of-products form. In Fig. 3a, variables No~N s represent
the next CRC word after clocking, based on the current
word Bg—B;s and the present input byte D¢—D-.

CRC generation begins by driving the RESET line low
to initialize the latches to zero. Pulsing the clock line
then transfers the first byte of the data block in at
Dy—D;. Subsequent bytes are clocked in the same way.
The cyclic nature of this design places no limit on the
size of the data block that can be processed. During data
transmission, the 16-bit CRC word is available at outputs
Bo—Bys after the last data byte has been clocked in; it is
appended as two check bytes to the data in the block.

Checking

The circuit is used in the check mode when receiving
data containing CRC characters. The last 2 bytes in the
data block received are CRC send characters. They too
are clocked in and contribute to form a final receive pair
of CRC characters, which, for error-free transmission,
must both be zero. If an error has occurred, Bo—B,s will-
be nonzero. The FPGA will detect the nonzero condition
and generate an error signal. This parallel CRC format
can operate on data blocks at speeds in excess of 5.7
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1. New notation. The many combinations of blown and unblown fuse links in the field-programmabile logic family require new notation. The
four possibilities for AND gates are shown in (a), while those for exclusive-OR outputs are in (b). The combinations for OR gates are in (c). The
complement array in the logic sequencers is detailed in (d). Finally, OR gates controlling the flip-flops in sequencers are in (e).

megabytes per second.

An interesting use for the FPLA is in changing data at
a few locations of a read-only memory (see “How to
patch a read-only memory,”| p. 74).

The abilities of the field-programmhable logic sequenc-
er are well-demonstrated by its use as a controller for a
cartridge-tape transport. In this example, one chip
replaces many—a distinct advantage if the controller is
to be packed on a single-board microcomputer. Although
the chip’s function is complex, it can be programmed
methodically and worked directly from a flow chart.

Controller routines

The controller executes fixed routines in response to
status and input commands that may originate from an
input/output bus or a monitoring station. Its outputs
operate the velocity servo that drives the cartridge, form
1/0 status signals, and enable writing of data. The input
and output signals of the one-chip controller are shown
in detail in Fig. 4.

The controller carries out these eight routines:

& Move tape fast-forward.
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® Move tape slow-forward.

Move tape fast-reverse.

Move tape slow-reverse.

Bring tape to load point when cartridge is inserted.
Rewind tape to load point.

Rewind tape to beginning and eject cartridge in
response to unload command.

® Rewind tape to beginning and eject cartridge in
response to auto-unload true condition.

The routines could be represented concisely in a
conventional Mealy state diagram, but that often
obscures the actual machine function. Flow charts are
more easily understood, where input variables, machine
states, and output functions are given variable names.
Such a chart is shown in Fig. 5.

Diagramming the flow

What would be transition terms in a Mealy state
machine become true/false statements regarding the
system inputs (taken one at a time) in the chart. The
correlation is most obvious in the simple example in Fig.
6. The flow chart in (a) shows a conditional change from
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2. Translator. Getting S100 bus signals, which are mostly 8080 microprocessor signals, out of a 2650 microprocessor calls for a
field-programmable gate array. One 825103 translates signals from the 2650 and its companion 2656 interfacing chip to the hobby bus.

state A to state B. The conditions in the flow chart’s
diamonds must be simultaneously satisfied for the state
change to occur. The conditions take on variable names,
and for this example, which arbitrarily assumes a 4-bit
state register, three inputs, and two outputs, the corre-
sponding state diagram is shown in Fig. 6b.

The transition from A to B denotes a jump from 10
(1010,) to 13 (1101;) and an output transition to 2 (10,)
at the next clock pulse if the combination X, = 4 (100,)
is true. The transition is synthesized by forming a transi-
tion term T = P;P,P,Pyl;1,1, and using term T at the
next clock pulse to generate next-state and next-output
commands for the state and output registers, respective-
ly. For the state register, flip-flops Ny and N, are set by
connecting T to set lines S, and S,, and flip-flop N, is
reset by coupling T to the R, reset line. Similarly, for the
output register bit F, is reset and bit F, is set by
connecting T to corresponding flip-flop reset (Ro) and
set (S)) lines.

Controller conditions

Referring again to the controller flow chart, it can be
seen that whenever the tape-drive power is turned on, or
when an interlock is opened, the transport must be
stopped. That is achieved by an input signal to the
controller called INTRDY that resets the state register
with an unconditional jump to state 1 or STOP. When
that occurs, all outputs on the FPLS chip become inac-
tive, WRITE is inhibited, and speed and direction are
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arbitrarily set to SLOW and REVERSE. From the STOP
state, operation into any mode ocurs by state and output
jumps when all of the intervening conditions are simulta-
neously satisfied.

As an example, writing at normal speed will occur
with a jump from state 1 to state 3, which requires that
the following criteria be satisfied:

The data cartridge is in place; therefore CIP is true.
The drive has been addressed; SEL is true.

The tape has been commanded to run; TR is true.

The controller is not in state 6; state 6 is false.

® The tape should move slowly; therefore FAST is true
(an active-low signal).

® The tape should move forward; FWD is true.

In tracing the jump between these states two things
must be noted. First, the commands RwD, UNL, and TR
are mutually exclusive, so that when either is true the
others can be considered false or “don’t care.” Second,
after TR = true, the condition (State = 67?) is inserted
to indicate invalid jumps to states 2 and 3, which could
originate from state 6 with an AUTO UNL false. Clearly,
these should be avoided to inhibit honoring requests for
read slow (or fast) forward while stopped at the end of
the tape. So, the (State = 6?) condition is a reminder to
avoid programming 6 -2 and 6 -3 state jumps in the
FPLS. A similar argument holds for (State = 7?) and
(State = 117) conditions.

After data has been either written or read, the tape
drive is commanded to stop by TR false, which causes a
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3. Error-free. The technique of using a cyclic redundancy check (CRC) word for error-free data transmission requires complex logic to
generate the word (a). A pair of logic arrays, two latches, and a gate array (b) do the job, which usually requires a boardful of chips.
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4. Tape controller. A field-programmable
logic sequencer like this tape controller can
perform extremely complex tasks. The
825105 receives commands from an in-
put/output bus or monitor, and provides all
the necessary signals for driving the tape-
transport servo-motor mechanism.
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5. Goes with the flow. The first step in designing the controller is preparing a flow chart of the operation. The chart is much easier to
understand than a state diagram or Mealy machine, yet provides all the information needed for programming the logic-sequencer chip.

jump from state 3 (RUN SLOW FORWARD) tc state 1. By
similar arguments, the tape drive can be rum either fast
or slow in either forward or reverse directions by jump-
ing to states 2, 4, and 5.

When the end of tape is reached (EOT true), the tape
drive is stopped. That is implemented by jumps 2 =6 or

3 6. Once in state 6, the tape drive can no longer move
in the forward direction because of the State 6 false
condition preceding states 2 and 3. If AUTO UNL is true,
the drive will automatically rewind (state 12), wait for
tape to decelerate (state 13), eject the tape cartridge
(state 14) and stop. If AUTO UNL is false, the drive must
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It is a shame to throw away read-only memories. But often
firmware-based systems must commit control programs to
large mask-programmed ROMSs, only to have a design
revision requiring a new program—and a new ROM. If no
pin-compatible, user-programmable ROM is available, the
customer could end up waiting out the 5-to-10-week turn-
around time for the new mask parts—and throwing away
his inventory of old ROMs,

One way to save an obsolete ROM (or even PROMs — it
hurts to throw them away, t00) is by patching, which
redirects certain addresses to an adjunct smaller memory.
This can be done most efficiently with an 825107 field-
programmabile logic array.

As a ROM patch (FPRP), the FPLA becomes a
programmable, content-addressable PROM that contin-
ually monitors the address bus. As shown in the figure,
when the FPRP encounters a match that signals a correc-
tion of data, its flag output (FL) disables the ROM, and
new data from the FPRP is put on the output bus. If, for
example, address 750 were to be given new data A9,
address 5FE were to be given 7F, and addresses
OA4-OA7 were all to be reassigned B4, the FPRP would
be programmed as in the table. For a 12-bit address, only
inputs: lo-ly+ are used, and the remaining four, |5 then
become “don’t care.” (Incidentally, inputs lo and I, in the

How to patch a read-only memory

second product term are also “‘don’t care’” because they
define an address block of four locations.)

The address comparator can patch up to 48 non-
overlapping addresses anywhere within a memory field of
64 kilobytes. Block addressing is possible, too, using the
FPRP’s true or complement input buffers. Moreover, the
number of addresses can be expanded by hooking several
devices in parallel and wire-ANDing their flag outputs.

Since the outputs of the ROM patch primarily define a
byte of memory data rather than a set of logic functions,
output polarity is not controlled. Also, to maintain compat-
ibility with the gate array, the FPRP generates its self-
enable signal with a fixed multiple-input OR gate; the only
disadvantage of that method is addresses (AND terms),
once programmed, may no longer be deleted.

The ROM patch affords a recovery strategy effective in
several design situations, including modifications of dedi-
cated application programs, operating systems, assem-
blers, and monitor routines. It also permits on-site optimi-
zation of system parameters, in accordance with, say,
environmental variables, and allows custom function
options and product-line diversification. The customer
need only allot board space next to the mask ROM for an
FPRP; no parts are actually used until program changes
are required after the product is in the field.
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wait for either a rewind command (RwD), an unload
command (UNL), or reverse command (FWD).

If the tape is moved in the reverse direction until the
beginning (BOT), the drive is stopped. This is imple-
mented by a jump from states 4 or 5 to state 7. Once in
state 7, the tape drive can no longer move in the reverse

direction because of the state 7 false condition preceding
states 4 and 5. The tape will remain stopped at the
beginning until TWD, UNL, or FWD commands are given.

If no cartridge is in place (CIP false) when the tape
drive is turned on, the controller will jump from state 1
to 8, and signal EMPTY. When a cartridge is installed,
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CIP = true implements a jump from state 8 to 9. In state
9 the tape will rewind in fast reverse until a BOT mark is
reached. BOT true implements a jump from state 9 to 10.
The tape now runs at slow speed in the forward direction
until the load point (LP) is reached. LP true implements a
jump from state 10 to 11 indicating STOPPED AT LP.
From state 11, forward, reverse, or unload commands
can be executed, but not rewind, because of the state 11
condition preceding state 9. That keeps RWD from being
needlessly repeated.

State jump

A single state jump is shown in detail in Fig. 7. The
transition is from state 1 to 2. In the latter, the controller
is required to enter the READ FAST FORWARD routine
from STOP when:

B CIP is true.
B SEL is true.
B TR is true.

B State 6 is false.

8. Flow chart to state diagram. Simple transition from state A to
state B is shown in flow chart (a). Three inputs (Xo.X,X2) and two
outputs (Y,,Y) are assumed. The contents of a four-tit state register

show the transition from state A (1010;) to state B (11015).

® FWD is true.
B FAST is true.
In response to this jump, the controller outputs that must
change to issue the appropriate commands are run (TR),
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7. Detailed state jump. The transition from state 1 (STOP) in the tape cartridge controller to state 2 (READ FAST FORWARD) is shown in
flow-chart form. That part of the logic sequencer cocing of the state jump is shown below, including transition and output terms.
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TABLE 1: COMPARISON OF DESIGN ALTERNATIVES FOR TAPE CONTROLLER

Chip count 1 chip 6 chips 14 chips
Circuit-board area 0.84in. 2.13in? 3.78in.2
Power (typical) 060w 1.36 W 4.8 W
Speed 90 ns/state 132 ns/state 105 ns/state
Voltage +5V +5V +5V

Cost {high-volume production) S12 S14 S48

TABLE 2: PROGRAMMING EQUIPMENT FOR THE FIELD-PROGRAMMABLE LOGIC FAMILY
Field-programmable device

Type Manufacturer Model Gate Logic ROM Logic Availability
array array patch sequencer
FP-103 °
Signetics
FP-104 ° ° °
]
Logic PR-100 ° now
Curtis
PR-100A ° )
Data /0O 10 o °
Data I/0 17,19 [] [] [ [ 3Q79
Memory Sunrise ° ¢ row
Electronics SM100 .
[ ° in development
° ° now
Hybrid Stag PPX-Plus
L] L] in development

forward (FWD), and fast (FAST).

The flow chart of the controller routines is complete
with 14 states and 36 state jumps (including synchro-
nous reset). As such, four state-register flip-flops suffi-
ciently represent all states. All state jumps can be direct-
ly programmed into the chip from the flow chart. All
state jumps occur on the leading edge of the clock.

The advantage of a controller built with the FPLS is
best shown by a comparison to discrete logic, which
would comprise PROMs, latches, and gates, using the
same state diagram as for the FPLS. Table 1 compares
the FPLS controller with a discrete implementation as
well as with Monolithic Memories Inc.’s Programmable
Array Logic chips, in several aspects.

Programming

The key to design flexibility with programmable logic
is the availability of programming equipment. The need
for PROMs in this equipment has led to a large number of
memory programmers being offered by several manufac-
turers. Generally, they operate with personality card sets
that meet the requirements of various PROM technolo-
gies. Suppliers have already begun developing sets
compatible with memory programmers for logic devices.
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Hardware is expected to be available by the end of the
third quarter of this year.

For the concept to work, the logic devices must be
manipulated as memory chips are—by defining the
desired fusing pattern in terms of an address-data rela-
tionship. Although this tends to obscure the logic func-
tion of the device, which is not visible on the program
table, it is sure to provide low-cost programming equip-
ment that can be manned by low-skilled labor.

Logic programming is another possibility, and low-
cost equipment is already available from Signetics. Logic
programmers allow direct entry of the logic function
from the program table; no reference to the device logic
diagram is necessary, and the user need not specify the
status of each individual link in a device. Such program-
mers are more convenient for engineering use during the
initial design phase, but with their high programming
speed —about 10 seconds per device—can also be effec-
tive in production. Their only drawback is that they are
dedicated machines and cannot program PROMs.

Some manufacturers offer a hybrid type of PROM
programmer that can also be configured to do logic
programming. Table 2 shows the various options avail-
able to prospective users now, or in the near future. [J



Supersensitive measurement
demands critical input design

The more esoteric sources of current and leakage
must be taken into account when counting electrons

by Robert Miles, xeithiey instruments inc., Cleveland, Ohio

[0 The success of the ongoing quest for electronic
devices that do their jobs with less current at lower
voltages brings with it an attendant problem: that of
convenient measurement of these extremely low
currents, voltages, and charges.

Recent improvements in MOS field-effect transistors
and the development of complementary-MOS logic, bipo-
lar FETs, and MOS FET operational amplifiers have
reduced input and operational current requirements by
decades. The widespread use of these and related devices
with input currents in the picoampere range has
increased the demand for ultralow-current and ultra-
high-impedance measurements.

Many other situations exist that require convenient,
low-current measurements, such as the examination of
semiconductor current-voltage relationships, low-level
photodetector response, and other phenomena in special-

ized applications of physics and chemistry. The design of
a portable, solid-state instrument such as the Keithley
model 642 electrometer [Electronics, Dec. 7, 1978,
p. 159] shown in Fig. 1 embodies the concepts and
techniques necessary to make measurements at these
levels and so bears close examination.

Extremes

Basically, an electrometer is a refined direct-current
multimeter. It can be used for virtually any task normal-
ly performed by a conventional multimeter. But its input
characteristics permit it to perform voltage, current,
resistance, and charge measurements far beyond the
realm of the conventional multimeter.

An electrometer’s input resistance is very high, typi-
cally above 10'* ohms and sometimes as high as 10'¢ Q.
Offset current at the input is typically $X10'* ampere

VOLTAGE >
s v FEEDBACK 1V/10K COUNTS 1V/100 COUNTS
100 1078 A
X 100
J
lm ANALDG-TO-
CURRENT EXT 0 X1 OIGITAL  |—] 0ISPLAY
CURRENT S 11— FEEOBACK X 10 ]‘ CONVERTER
o}
+ 1V = 10,000
COUNTS
— BINARY-COOED
DECIMAL
0.02 pF OPTION
1
—r
MAINFRAME
CHARGE X2
INPUT 10-"
couLome 1. Electrometer made simple. In simplified form, the model
642 electrometer from Keithley Instruments Inc. is divided into
= a measurement mainframe and a remote head. A command
REMOTE HEAD from the mainframe configures the head for current, charge,
or voltage measurements at a specitied level.
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compensation networks can be indepen-
dently located in either source lead.

or lower. These characteristics allow voltage measure-
ment that causes only an extremely small amount of
circuit loading. Electrometers are capable of monitoring
current levels down to the theoretical limits imposed by
the level of the input offset current: the Keithley 642’s
most sensitive current scale reads 200 femtoamperes
full-scale. Full-scale charge readings on the instrument’s
4'1-digit display go from 10-1° to 102 coulomb; currents
below 10-'* A are generally best measured using the
charge function and a strip-chart recorder to monitor the
analog output. In this way, resolutions of 10-'7 A can be
achieved. Its high input resistance and low current offset
also enable the electrometer to measure resistances from
ordinary levels up to extremely high values.

At these levels of measurement, the user must always
be sure that the interconnecting structure that carries
the signal from the current or voltage source being
measured to the input connector of the electrometer does
not contribute to or otherwise degrade that signal.

Detection

Central to any electrometer design is the active input
device that detects the voltage imbalance at the input
junction (or input node). A number of useful criteria
exist for the selection and evaluation of such devices: the
input gate current and resistance, the offset voltage
stability with time and temperature, the voltage and
current noise, and the complexity of any associated
circuitry needed.

The electrometer input devices most widely used today
are MOS FETs, but it is difficult to obtain them with input
gate currents below 10-'* A. For the model 642, a mini-
mum input current requirement of 5X 107 A was estab-
lished (about 300 electrons per second).

Other instruments capable of measuring inputs at this
level employ a vibrating capacitor, or reed, as the input

device. These capacitors and their associated circuitry.

are relatively costly, and the circuitry presents additional
performance problems. The forward gain block in a
vibrating reed configuration consists of an alternating-
current amplifier with multiple poles in its response
when mapped in the complex frequency plane. The
amplifier’s stability is easily compromised if there is an
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additional pole in any feedback network.

A solid-state input device, on the other hand, with an
output response down to dc, permits the use of an
integrated circuit operational amplifier with only a
single, dominant pole in its response. Its performance
stability with feedback is therefore much better than
that of the vibrating reed circuitry. Its overall cost is
lower, as well.

Plugging the leaks

The MOS FET input gate current is lowered by dealing
with two of its major leakage mechanisms: that of the
header and the leads. Special die processing and packag-
ing eliminates all unguarded leakage paths save that of
the silicon dioxide gate insulation. The MOS FET die is
mounted on an alumina substrate which in turn is
affixed to a TO-8-package metal header. The use of the
alumina substrate avoids committing the header to the
MOS FET substrate, so each lead in this package passes
through a glass feed-through insulator and is both
shielded and guarded from all other leads by the header.
Guarding is a construction technique wherein all poten-
tial leakage paths from the conductor being guarded are
interrupted by another conductor that is driven (by a
low-impedance source) to the potential of the guarded
conductor.

Another advantage in using MOS FETs is that they
allow compensation for offset voltage and its tempera-
ture coefficient. In the 642 electrometer, the input MOS
FET is operated as a source follower, with another MOS
FET providing a gate-to-source voltage reference; each
MOS FET’s source is driven by a constant current supply,
as shown in Fig. 2. The operational amplifier gain block
is then driven from the dual MOS FET source. The offset-
voltage temperature coefficient is cancelled by a portion
of the forward voltage of a silicon diode mounted in close
proximity to the input MOS FET. A fixed-source resist-
ance is used to cancel any residual MOS FET offset or
diode forward voltage. With this configuration, a volt-
age-offset temperature coefficient of 30 microvolts/°C is
obtained; vibrating-reed input devices typically have a
temperature coefficient of about 100 uv/°C.

In the light of the sensitive input characteristics of any



Heat. In a resistor, the kinetic energy of molecules
produces motion of electrical charges. These charge
movements result in noise called Johnson, thermal, or heat
noise. In theory, the power available from this motion is
constant and given by:

P = 4KTAf

where k Boltzmann's constant, T = temperature in
kelvins, and Af = the noise bandwidth in hertz over which
the measurement is being made. Metallic conductors
approach this theoretical noise level; other materials
produce more noise than theory predicts. From the equa-
tion, Johnson voltage noise (E, in volts root mean square)
developed in a resistor, R, can be found:

E = (4kTAfR)™
and Johnson current noise (|, in amperes rms) becomes:
| = (4kTAf/R)*

Pressure. Piezoelectric currents are generated when
mechanical stress is applied to certain insulating materi-
als, notably ceramics and other crystalline material. Teflon

Three measurement demons

and some other plastics used for insulated terminals and
interconnecting hardware exhibit what is known as a
space charge effect, wherein ‘an applied force creates a
change in capacitance and thus a charge redistribution.
The behavior is the same as for piezoelectric materials: a
physical force creates a current.

Friction. Triboelectrically generated currents result
from the creation of charges at the interface between a
conductor and an insulator due to frictional forces at the
interface, as in the case of a cable that is moved. The
mechanism involved is one of rubbing off electrons, creat-
ing a charge imbalance and thus a current flow. Low noise
cables are available that have a conductive coating
(usually graphite) at the metal-insulator boundary, reduc-
ing this effect significantly. Currents down to 1 picoam-
pere can be measured using cables treated in this manner.
Rigidly securing the cable from any movement will permit
its use down to a few femptoamperes. Rigid airline coaxial
cable such as GenRad GR874 series is suitable down to
0.1 fA. Below this current level, special connection
schemes and the use of high quality insulators such as
sapphire are required.

electrometer, input over-voltage protection is essential.
Silicon diodes can be used to limit the input-to-guard
potential during input overload, but an additional leak-
age source at the input is the price paid. Available
devices reduce this leakage to 10-'* or 105 A.

To obtain better leakage characteristics, the junction
characteristics of diodes made from other materials were
examined. Experimentation showed that gallium phos-
phide (GaP) diodes had better leakage characteristics at
low voltages, with both forward and reverse bias.

Johnson noise

A more important concern is the impact of the input
protection device on the instrument’s input current noise.
To minimize Johnson current noise (see “Three meas-
urement demons’’) that could degrade input resolution,
particularly in the charge function, the resistance across
the amplifier input must be maximized. A number of
sources contribute to input resistance, including struc-
tural insulators, the input MOS FET, and the input protec-
tion device. Of these, the resistznce of the input protec-
tion device is the most significant

Evaluation of availablc silicon and gallium phosphide
diodes yielded the characteristic current-voltage plots
shown in Fig. 3. By extrapolating these plots, an estimate
of the junction resistance at zero forward bias for silicon
(7.5%10" Q) and gallium phosphide (3.9 X 10'6 Q) was
obtained.

Although these figures have not been rigorously veri-
fied for very small forward bias voltages, they serve to
indicate the superiority of GaP, which is borne out in the
actual performance of the 642. The GaP diodes are
connected back-to-back in the instrument and mounted
in a guarded package similar to that used for the input
MOS FET. The resistance in series with the input (see
Fig. 2) limits the input overload current.

The selection of an insulating material tc mechanical-
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3. Si vs GaP. The choice of gallium phosphide rather than silicon
diodes for overvoltage protection is dictated by GaP's higher junction
resistance. Estimates of both diode types’ resistances near zero
forward voltage are obtained from the slope of the plots shown.




TABLE 1: PROPERTIES OF INSULATING MATERIALS

Volume Resistance Minimal Minimal
Material resistivity to water piezoelectric triboelectric

{ohm-centimeters) absorption effects effects
Sapphire 10'6 — 108 1 [ | O
Teflon 107 — 108 B [ ] [ |
Polyethylene 10 —10'® O [ | O
Polystyrene 102 —10'8 O D [ |
Kel-F 107 — 10'® [ ] O a
Ceramic 102 — 10" B D .
Nylon 10'2 - 10" - D -
Glass epoxy 10 — 10" - D .
Polyvinyl chloride 10" — 108 [ | O d
Phenolic 105 — 10" . . .

- Very good in regard to the property
Key E] Moderately good in regard to the property
. Weak in regard to the property

TABLE 2: COMMON THERMOELECTRIC POTENTIALS

Materials Potential (microvoits/°C)
Cu—Cu 0.2
Cu — Ag 0.3
Cu — Au 0.3
Cu — Cd/Sn 0.3
Cu — Pb/Sn 1=3
Cu — Cu0 1,000

ly support and electrically isolate the input node is.a key
element in the performance of any electrometer or low-
current instrument. Material properties that must be
considered are volume resistivity, water absorption, and
susceptibility to piezoelectric and triboelectric effects
(see “Three measurement demons™). Table 1 compares
these properties for many commonly available insulating
materials. Not only is sapphire an excellent choice for its
insulating properties, but it provides a rigid mounting
surface for the input node. Its performance in the 642
was further enhanced through the use of guarding.

As important as the input device, input protection, and
insulation are to the operation of the electrometer is
their structural configuration. In the 642’s remote head,
the input node (Fig. 4) is a rod-like conductor that runs
downward from the input connector to the MOS FET
input device and its protecting GaP diodes. A guard tube
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surrounds the conductor coaxially and a sapphire insu-
lating disk supports the conductor at the connector end.
The input devices at the opposite end are mounted on the
guard tube. Minimizing the volume surrounding the
input node reduces the ion-chamber effect caused by
background radiation.

Feedback connections are made through holes along
the length of the guard tube. Feedback elements are used
to convert the input current or charge to a voltage that
can in turn be transformed by an analog-to-digital convert-
er into a numerical value for display. The high-value
resistors used for current-to-voltage conversion are
mechanically supported by their glass enclosure; a
special relay mechanically manipulates a lead from the
resistors so that it contacts the input node through a hole
in the guard tube. Charge-to-voltage conversion is
accomplished by connecting a specially constructed
sapphire-insulated, air-dielectric capacitor to the node in
much the same way as are the high-value resistors. The
feedback elements and the relay actuators are mounted
radially on two levels along the length of the guard tube
and normal to it.

Avoiding ionization

The rest of the remote-head electronics are on a
printed-circuit board at the bottom of the enclosure; this
circuitry is shielded by a metal plate to prevent it from
ionizing air in the region around the input node.

Within the realm of low-current measurement, ioniz-
ing radiation can be a significant source of error
currents. As noted, the susceptible portion of the struc-
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4. Heading off trouble. Careful design and solid construction of the 642's remote head prevent problems from a number of sources:
piezoelectric and triboelectric potentials, electromagnetic coupling, alpha radiation, and vibration, among others.

ture is the air volume between the input node and the
guard tube, which in effect forms an ion chamber.

The air ionization along the path of an alpha particle
greatly exceeds that caused by any other constituent of
background radiation. Since alpha particles will not pass
through metals of any appreciable thickness, the only
possible alpha sources that can affect measurements are
the metals used to construct the node and guard—a fact
that has been experimentally verified. Similar sources of
low-level radiation have recently been credited with
causing soft errors in charge-coupled devices and
dynamic MOS memories.

The alpha-particle emissions of various materials have
been measured; this data was consulted in designing the
642. Domestic lead produces many alpha particles, but
there is no detectable activity above background for
cadmium, so cadmium-plated, low-lead brass was used
throughout the remote head. Cadmium solder was used
in place of tin-lead solder for structural and electrical
connections in the vicinity of the input node to further
minimize alpha radiation. Other low-alpha materials are
gold and silver.

Although thermoelectric potentials do not normally
present problems in high-impedance circuits, they can be
a factor when operating at high voltage sensitivities.
They develop at the junctions of dissimilar metals, a fact
that is made use of in thermocouples. The potentials are
a function of the metals’ properties, their impurities, and
the temperature gradient across the junction. Table 2
lists some typical thermoelectric potentials.

With carsful mechanical design, these error sources
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can be reduced or eliminated. When dissimilar-metal
junctions cannot be avoided, heat sinks can be arranged
so as to reduce the temperature gradient across them.

By dividing an electrometer into a mainframe with the
controls and display and a separate remote input head,
the sensitive input circuitry can be located directly at the
signal source, and the path over which low-level signals
must travel can be minimized. This separation also
removes the instrument’s operator from the measure-
ment environment, where he might inadvertently affect
the sensitive circuitry.

Physical integrity

Rigid construction of all parts of the remote head
serves to reduce or eliminate spurious input signals due
to vibration or distortion. A sealed environment and an
internal, replaceable or rechargeable dessicant help to
maintain the integrity of the remote head’s internal
insulators and high-impedance circuitry. (The external
insulators that support the input node must be kept clean
since contamination or high humidity may degrade the
insulator’s surface resistivity or, in the case of contami-
nation by ionic chemicals, weak “batteries” between two
conductors may form. The guarded insulator minimizes
the effect of shunt resistance in the former case, but has
no effect in the latter.)

A contaminant not normally considered is light. At
ultralow current levels, photoemission —predominantly
from solid-state components—can become significant.
For the 642, this problem is addressed by using opaque
glass feed-through insulators for such devices’ leads. [



Transistors—a hot tip
for accurate temperature sensing

Matching transistors by their base-emitter voltage
and dc gain ensures consistent operation from unit to unit

by Pat O’Neil and Carl Derrington, Motorola Semiconductor Products Inc., Phoenix

L] Transistors would seem to be ideal temperature
sensors. Their low cost, their ability to operate consist-
ently over long periods, and their sensitivity and linearity
recommend them for this use. For some time, in fact,
temperature measurements have been made using the
base-emitter voltage of forward-biased transistors.

The big problem in using transistors in this application
has been that of finding transistors with characteristics
matched closely enough to allow them to be used inter-
changeably. If it were not for this difficulty, their use as
temperature sensors would be widespread indeed.

The quest for interchangeable semiconductor sensors
has led manufacturers to build monolithic integrated

circuits whose output is the difference of two junctions
with differing current densities or ones that employ laser
trimming to equalize circuit parameters, Although these
techniques do provide interchangeable devices, they do
SO at a cost that prohibits their use in throwaway appli-
cations—monitoring the curing temperature of concrete
with imbedded sensors, for example.

But the improvements in production line capability
that make large-scale integration possible also make it
possible to produce discrete transistors with tightly
controlled and matched geometries. Motorola’s MTS
family is a transistor series selected specifically for
temperature sensing applications. It consists of three

Vee = 600 mV AT 25°C
dVee/dT = ~2.25 mv/°C

Vge = 575 mV AT 25°C 2ex
dVge/dT = —2.33 mV/°C
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AVge = 35 mV AT 150°C
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1. Single-point prediction. When transistors have the same dc gain,

their performance across a range of temperatures can be

predicted by measuring their base-emitter voltage at a specific temperature. Variation in Vee can result in large errors.
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PLATINUM RESISTANCE THERMOMETER

MTS102 TRANSISTOR

TYPE T THERMOCOUPLE
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TEMPERATURE, °C

2. In context. Although they are inherently nonlinéar, transistors perform quite admirably when compared to other devices. Between -40° and
+ 150°C, the MTS 102 rivals more expensive platinum resistance thermometers and easily outshines type T thermocouples.

transistor types: the 102, 103, and 105, which provide
guaranteed accuracies to within £2°, *3° and *5°C,
respectively, over the range from —40° to +150°C.

Transistors with these accuracies are obtained by
screening transistors for matched direct-current gain and
base-emitter voltage at room temperature, using a
constant collector current of 100 microamperes. For any
type within the family, the base-emitter voltage (Vee)
must be within a specified tolerance; nominal Vge may be
any value from 580 to 620 millivolts. For example, the
Vge of an MTS102 is matched to a tolerance of £3 mv
and the nominal figure, say 600 mv, is printed on its
package. Any MTS102 can be used to replace another
with the same Vg with the stated *+2°C accuracy main-
tained. In matched lots of 10,000, the sensors are priced
at 27 to 66 cents apiece, depending upon the tempera-
ture tolerance.

Electrical consistency

For any given series of transistor temperature sensors,
it is necessary to specify only the relevant and measura-
ble electrical characteristics — Vge and the direct current
gain at some temperature—to ensure consistent opera-
tion within a known tolerance from sensor to sensor.
Furthermore, circuits can be built using such transistors
that provide accuracies within £0.01°C. The design of
these circuits requires an understanding of the tempera-
ture dependence of the transistors’ measured parameters.
The best route is an examination of the equations that

describe a transistor’s operation.

The base-emitter junction of a transistor can be
regarded as a simple pn junction diode. If a constant
current, I, is forced through the junction in a forward
direction, then its relation to the measurable junction
voltage, Vj, is given by the Shockley equation:

IF = I“leqv./kT-l

(1)

where k is Boltzmann’s constant, q is the net charge in
coulombs, T is the temperature in kelvins, and I, is the
saturation current.

When the junction voltage is sufficiently large (that is,
when the diode is sufficiently forward-biased), the —1
term in the exponent can be ignored and the equation
can be expressed in terms of V;:

V, = (kT/q)In(lo/ 1) (2)

With If held constant, if all other terms in the equation
were independent of temperature, the junction voltage
would be directly proportional to the thermal voltage
expression kT/q and thus to temperature T. Unfortu-
nately, the saturation current is composed of two
temperature-dependent currents: that due to the hole
diffusion, I,, and that for the electrons, I,. The hole-
diffusion current is given by:

I, = QA(Dyp/Ly)pno

where A is the area of the device, D, is the diffusion
constant for the holes, L, is the diffusion length for holes
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3. High accuracy. To obtain high pertormance, the collector current

of temperature-sensing transistors can be varied in accordance with

temperature (reflected by base-emitter voltage) raised to some power. The squaring circuit shown performs this function.

in the n region, and p,, is the equilibrium hole concentra-
tion in the n region.

The last term, pn, is temperature-dependent and is
defined by:

Pro = niz/ND

where Np is the concentration of donor atoms imparted
to the material by doping and n;?, the square of the
intrinsic concentration, is given by:

n;? = N.N,eBeAT

The terms N. and N, are the equivalent concentrations
of conduction and valence states for the doped material;
Eg is the potential of the energy gap between bands in
electron volts.

Defining saturation

The equation for I, is'similar to that for I, with
appropriate substitution of n terms for p terms: D, is the
diffusion constant for electrons, L, is the diffusion length
for electrons, and N, is the concentration of acceptor
atoms.

Adding the equation for I, to the equivalent equation
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for 1. results in the following expression for the satura-
tion current:

lu = I +1, = QAN N, e/ Tg (3)

where g represents [D,/(L,Np)] + [D./(L.N,)]. Substi-
tuting this expression into Eq. 2 gives:

Again, this seems to result in a directly linear relation-
ship of voltage to temperature. But the terms D, and D,
are both related to temperature-dependent terms: the
thermal velocities of holes and electrons. Furthermore,
this dependence need not be identical. So while the
quantity represented by g above can be obtained by a
measurement of V, at a specific temperature, finding
that two Vjs are equal at that temperature in no way
guarantees that they will be equal at another.
Fortunately, there is the familiar dc gain term for the
transistor, hre. This term represents the relationship:

hee = 1./1, = [Da/(L.N)]/[Dy/(L,Np)]

If the dc gains of two transistors ‘are equal, it means that
I, and 1, vary in the same way with respect to one



Bounding

The curves in Fig. 1, which are used to set a tolerance for
Vee that limits the temperature measurement error,
assume a linearity for transistors that does not exist, as
experience proves. A demonstration that these linear
curves form the boundaries of possible error is required for
confidence in their use.

The assumption that the transistor's Vg is linear leads
to the following expression for the approximate value of
Vie (VBE)Z

Vee = Veer+ (dVee/ dT)(T=Ty)

Since the measured curve is not linear, the error in the
above expression can be minimized by using the following
linear regression coefficients to adjust measured values:

dVee/dT = {(Vee—{ Vee )(T—{TH) /4 (T—{T})2}
Vegr = <VBE}_(dVBE/dT)(<T}_T1)

where the symbols { } indicate the average value of the
enclosed quantity within the operating range.
If T+ is now chosen to be the average temperature in the

the error

range from T, — AT to T, + AT, the above equation can be
restated as:

dVee/dT = (r/3)(k/qQ) = (Veo— Vaer) / Ts —
(r/2)(k/Q)(T:/AT)2[1 —
H(14+AT/T)(1=2AT/T)) +

- H(1=AT/T)(142AT/Th)]

Vees = Veer +(r/2)(k/qQ)Th(1 =i+ fo)

where

fi = (1+AT/Ty)/[2(AT/Tq)In(1+ AT/ T4)]
o= (1=AT/Ty)/[2(AT/T4)In(1 = AT/T4)]

An examination of these expressions indicates that a
simple bounded estimate of the error resulting froin the
assumption of linearity is obtained by joining the extreme
points of the Vee-versus-temperature curves, as has been
done in Fig. 1. At temperature T,, the resulting error is'

AVee = (r/2)(k/Q)L(1+AT/To)In(1 4 AT/Ty)
+(1=AT/T)In(1—AT/Ty)]

another. So if two transistors have equivalent hgg and V,
(which, for a transistor rather than a diode, is the
base-emitter voltage Vgg), they will react in the same
way with temperature variation. Thus they will be inter-
changeable for temperature-sensing applications.

inherent nonlinearity

While defining the base-emitter voltage and dc gain
does ensure similar operation, the inherent nonlinearity
of the transistor must be considered if devices are to
operate within a desired tolerance. Starting with the
linear equations above, it is possible to move into the
world of real, nonlinear operation to sez how these
parameters dictate actual performance.

For a transistor, Ir in Eq. 1 is actually the collector
current Ic. If the summation term is expressed as a
function of temperature, T, raised to some power r,
substituting Eq. 3 for L in Eq. 1 yields:

A 0 TreaVe/kT paVee/kT-l

(4)

A’ represents the pre-exponential constants qAN:N,,
and the band-gap potential of silicon at 0 K (V,,) multi-
plied by charge q has been substituted for the more
general term Eg.

When the collector current is constant and Vg is
sufficiently large that the —1 term in the exponent of
Eq. 4 can be ignored, it is possible to express Vge in terms
of a specific base-emitter voltage, Vg, known at temper-
ature Ty:

VBE = VBE|(T/T|) + Vgo(l o T/T|) - r(kT/q) 1]’1(T/T|)

This represents the basic relationship governing the
operation of the transistor as a temperature sensor.
Taking this equation’s derivative with respect to temper-
ature ‘naturally gives the rate of change of Vg with
respect to temperature, usually referred to as the
temperature coefficient:

dVBE/dT = rk/q - (Vso - VBE)/T

Ie
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For the MTS series of transistors, an empirical version
of this equation has been determined using a Vg of 600
millivolts at 25°C:

dVee/dT = —2.25+40.0033(Vege— 600) mv/°C

Figure 1 plots this equation when the actual Vg is
600 mv and when it is 575 mv. Comparison of the two
curves shows that variation in Vgg can result in measure-
ment errors of as much as 15°C. Fortunately, it can be
shown (see ““‘Bounding the error,” above) that specifying
the maximum change in Vg at the extreme points of the
curve limits the possible measurement error.

Measured nonlinearity for a typical MTS102 transis-
tor is shown in Fig. 2, along with typical nonlinearity
curves for a type T thermocouple and a platinum resist-
ance thermometer. Calculating the regression coeffi-
cients for a least-squares fit to a straight line (R2
1.00000 for a perfectly linear device) yields a value of
0.99866 for a type T thermocouple and 0.99999 for the
MTS102 and the platinum resistance thermometer. This
indicates that the transistor is far superior to the thermo-
couple and equal in capability to the more expensive
platinum thermometer for this range.

Circuits improve accuracy

There are, of course, many applications in which the
error due to the nonlinearity shown would be unaccepta-
ble. For such cases, it has been found that the operation
of transistor temperature sensors can be improved if the
collector current Ic is forced to react in accordance with
this equation:

lc = la(T/T])x

where Ic, is the collector current at Ti. The theoretical
value of x at which nonlinearity ceases is r, the exponent

of Tin Eq. 4.

Using this concept, practical circuits have been built
in which a standard transistor used as a sensor yielded
accuracies within £0.1°C (see Fig. 3)." Using a more
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4. Simple difference. Differential temperature readings, frequently needed in process controlling, can be inexpensively obtained using the
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5. Even simpler. A single transistor version of the circuit shown in Fig. 4 requires even fewer components. Since the transistor itself is
inexpensive, it and others like it can be left in place and the remaining circuitry built into a portable meter.

complex and precise squaring circuit and three-point
calibration, £0.01°C uncertainty can be achieved. It is
also interesting to note that the worst-case error occurs
when x is equal to zero (that is, when I¢ is constant), as
has been assumed throughout the preceding analysis.

Since it is possible to match transistors so that their
responses track variations in temperature, there are
many low-cost designs that are commercially viable. For
example, Fig. 4 shows a design for a differential temper-
ature sensing system that could easily be used for process
monitoring. The output voltage of Fig. 5 can become the
input to a digital multimeter that displays temperature
in kelvins or degrees Centigrade or Fahrenheit.
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Design engineers faced with the task of devising new
systems for monitoring and controlling temperature
would do well to bear in mind three important advan-
tages of the transistor temperature sensor. First, it can
be used interchangeably and is low enough in cost to be
disposable. Second, the high sensitivity of this type of
sensor provides a potential for increased accuracy, which
can be realized by conditioning the collector current.
Third, the transistors’ relatively high output and span
can often eliminate the need for amplifiers.

References
1. Akira Ohte and Michiaki Yamagata, "'A Precision Silicon Transistor Thermometer," IEEE
Yransactions on Instrumentation and Measurement, Vol. IM-26, Dec. 1977, p. 338.




Floating current source drives
automatized test fixture

by Richard M. Fisher
ADT Security Systems, Clifton, N. J.

This generator provides a programmable current to drive
any load, making the unit ideal for production-line test-
ing. Because the constant-current source floats—that is,
is not connected to ground—it can drive loads ener-
gized either by positive or by negative potentials of as
much as 90 volts.

The output current is resolved to 50 microamperes by
the 10-bit input to a digital-to-analog converter (a). The
maximum current that can be delivered to the load is
slightly more than 50 milliamperes.

As shown, the 10-bit command input is transferred to
the d-a device through optocouplers, thus isolating the
DAC-10Z from ground paths under virtually all condi-
tions. Note the 5-, +15-, and — 15-v potentials for the

generator are obtained from circuitry associated with the
isolated secondary winding of the transformer in the
power supply.

Operational amplifier A, inverts and scales the output
of the d-a converter. The maximum output voltage from
the converter is —9.99 volts and results in a full-scale
output voltage of 5.115 v from A,. A,, in conjunction
with Ry (= 100 ohms), thus provides a full-scale output
current of 51.150 mA.

The V-groove MOS field-effect transistor, Q,, serves as
a voltage-to-current converter. Q, performs the conver-
sion at high accuracy, because the V-MOS device requires
no gate current.

As for using the current source, implementation is
easy with any energizing potential. If the device —the
load —under test is driven by a positive voltage (b), it is
necessary to connect the generator’s positive output to
the supply voltage. The negative port of the generator is
brought to the load.

For negative potentials, the situation is similar, with
source’s positive terminal being connected to the load as
shown. The negative port is connected to the supply
voltage.
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Ground free. Programmable current source (a) has balanced output
for driving active loads energized by either positive or negative
potentials (b). 10-bit digital control provides source with resolution of
50 pA. Unit’s fuli-scale output is slightly greater than 50 ma.
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Counter banks stagger
radar’s pulse rate

by Prakash Dandekar
Tata Electric Companies, Bombay, India

In many radar applications, the instantaneous pulse-
repetition frequency must be varied in an orderly fashion
to improve the read-out accuracy of the system’s
moving-target indicator. Considerable circuitry is usual-
ly required to achieve the so-called staggered operation,
but as shown here, two sets of synchronous counters can
be easily connected to control the prf over any range,
while providing superior MTI performance.

Normally, designers resort to transmitting pulses at
each of three selected periods only, in order to simplify
circuitry. Specifically, a popular technique is to transmit
a group of three 1-microsecond pulses spaced at 1, 1.1,
and 1.2 milliseconds repeatedly. When this is done,
however, the filtered output of the MTI is not uniform
and so—aside from causing discontinuities in the curve
of MTI filter output versus target velocity—this method
creates blind velocity points, or ranges over which veloci-
ty cannot be determined accurately.

With this circuit, a perfectly smoothed response is
achieved by increasing the number of staggered pulses
per given time. Thus in this case,.a group of 200 pulses,

each having a time between pulses of (1,201 —M)
micro-seconds, where M denotes the Mth pulse of 200,
are generated.

As shown, 12-bit counters A,-A;, comprising the
main counter chain, advance at a 1-megahertz rate.
When the counter reaches its maximum, the carry
output of A,, serving as the synchronous output, is
generated.

The same signal is used to preset the main counter to a
12-bit binary number, N, which is determined by the
state of the offset counter A,—As. Because A—Ag is also
clocked, this unit is incremented with every sync pulse,
so during each cycle the main counter is initialized at a
higher value than it was previously. Thus the repetition
time is reduced by 1 us on each pass.

Note that the offset counter is initialized at a mini-
mum value of B51,s (see A-D inputs of A+Ag) and
advances to a maximum of C18,s (= 2'2) befare it is
reset by logic gates G,—G;. Thus, the difference between
the counter’s maximum and minimum is 200 counts,
meaning the instantaneous pulse-repetition rate will vary
from 1,200 to 1,001 microseconds. The maximum and
minimum values may be easily changed, however, so that
any pulse-repetition frequency range can be set.

When the counter reaches 3,096, corresponding to a
rate of 1,001 us, AsAsg is loaded with B51,5. The rate
becomes 1,200 us once more, and the cycle is repeated.(J
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pulse of N. for incremental staggering of the radar-pulse rate. Master clock sets absolute value of maximum pulse-repetition frequency.




the input to peak detector A, swings 1 volt for each

compact industria| ammeter ampere at the circuit’s input. A,’s output voltage then

drives digital voltmeter M;.

pe pea The timing pulses for A,’s sampling cycle are derived
measures 10'am re ks from a 10-Hz clock signal by gates G,—Gs and binary-
by Paul Galluzzi coded-decimal counter Aj;. The decoded clock pulse
Beverly, Mass. introduced at gate G,, along with the delayed clock pulse

from G; and G, form the read pulse for sampling the

output of the peak detector for a 50-millisecond interval,

A self-contained sample-and-hold amplifier and a digital and holding that reading for the remainder of the one-

panel meter make this device small, rugged, and suitable second cycle.

for measuring peak currents in industrial applications. During that time, clock inputs A and B reset A, to

Although not inexpensive (it can be built for about $65 zero. Flutter caused by the 50-ms sampling pulse cannot

in small quantities), it is an easy to build, accurate, and be detected visually.

reliable peak-reading ammeter.
The 0_10_ampcre pU]SCS to be measured are Converted Designer's casebook is a regular feature in Electronics. We Invite readers to submit original

. . . and unpublished circult ideas and solutions to design problems. Explain briefly but thoroughty
to a voltage by instrumentation amplifier A, such that the crouts operating principie and purpose. We'll pay $50 for each Item published.
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Rugged and rellable. Ammeter using hybrid sample-and-hold ampilifier, digital panel meter, and standard logic components is ideally suited
for measuring pulses of peak current In hostile environments. Readout is in peak amperes, accurate to 0.1% over —25° to 85°C.
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Current source for I2L
saves energy

by Stephen H. Nussbaum
Data/Ware Development Inc., San Diego, Calif.

To capitalize on the low-power advantages of integrated
injection logic (12L), a power source that also dissipates
relatively small amounts of energy is required. This
switched-mode supply provides programmable currents
of up to 300 milliamperes at 2.3 volts to boards utilizing
I’L loads, with an overhead of only a few milliamperes
needed for running the circuit.

The voltage-current characteristics of 12L devices
resemble those of the standard switching diode, whose
operation is determined by the amount of driving current
available. It is therefore necessary to drive these loads
with a current source. Although a single high-value
resistor in series with a voltage source would serve to
deliver constant current, large amounts of power would
be dissipated in the resistor. The difficulty is overcome
with this circuit.

Q. and its associated components provide a reference
current for the complementary-MOS quad analog switch,
A,, in the reference-resistance subcircuit. The R.C;
combination helps to stabilize the output against changes
in input voltages.

A/’s switches are wired together such that its equiva-
lent series resistance may be set to one of two values by a
control signal. It is possible to order as many as five

current levels with this switch if additional programming
inputs are introduced.

A,, with the aid of R;, serves partly as a current-
to-voltage converter, so that low-power oscillator A, sees
the reference current as a representative voltage at its
inverting input. This potential will cause Q; to switch on
periodically. R4 provides positive feedback for hysteresis,
thus controlling the rate at which A; and Q; are
switched — 16 kilohertz, in this case. The 10 to 30 milli-
volts of hysteresis also appears at the output, but this
poses no problem with 12L loads.

L, and C, comprise the switcher’s required storage
elements, acting to release energy to the load through
Riense When Q3 is off. Ryense is part of a feedback network
used to set Loy.

Because the reference current and the output current
at summed at the output node, A,’s input sees only the
difference of these currents scaled to a voltage by their
respective resistors, Ryeme and Ry Thus the output
current is set solely by the feedback loop. As a conse-
quence of this arrangement, I, #R../R..... The efficiency
of the supply is maximized by using a lower value of R, a
faster op amp for A,, and a storage inductor (L,) with as
little dc resistance as possible.

With R; = 220 ohms and with = 0.60 mA, I =
220 maA if a logic 1 is applied to the control input. I, =
300 mA for a logic 0. These values can be changed by
suitable selection of I, of course, but R; may also be
varied. Note that:

Rnf = [(ro,./n)Rg]/[(ro,./n) + R;]

where n
resistance of one switch in A,, typically 600 Q.

number of switches and r,, = on-state
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Injecting current. Switching source delivers constant current to members of low-power I2L logic family without wasting much power. Small
reference current, C-MOS switches, and low-power osclllator contribute to clrcult efficlency. Two-level current source, which generates up to
300 mitllamperes at 2.3 volts, can provide one of five current values if additional programming Inputs are Introduced at switch A,.
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High-speed generator
pulses ECL loads

by Andrew M. Hudor Jr.

Department of Physics, University of Arizona, Tucson

Serving the needs of designers and technicians who work
with high-speed digital circuits, this inexpensive two-
chip pulse generator is invaluable in trouble-shooting
emitter-coupled logic. Besides generating signals having
frequency and duty cycles that are adjustable to its
complementary outputs, the versatile generator also
provides two ports at which pulses with a constant 50%
duty cycle are available.

One section of a 10116 ECL line receiver, A, is used
as an RC oscillator! whose period is determined by the
potentiometer P, and the capacitor selected by the
frequency-range switch. With the values shown, the
oscillator frequency can be varied from a few hundred
hertz to more than 50 megahertz. The output of the
oscillator is then buffered and squared up by a Schmitt
trigger, A, which is the second section of the line
receiver.

A>’s output toggles both sections of a 10131 dual-D
flip-flop, A3 and A4 A; provides for a S0% duty cycle
output, while A4 and the remaining section of the receiv-
er, As, form an adjustable one-shot multivibrator. Here,
A serves as a second Schmitt trigger.

The Q output of A, is fed to the input of the Schmitt
trigger through an RC integrator formed by P, and the
capacitor selected by the width-range switch. When Q
toggles low, the input to the As trigger slowly rises as the
capacitor charges. When the trigger level is reached, the
Schmitt trigger’s output goes high, resetting A; and A,
and the process is repeated.

The time it takes for the integrator to reach the trigger
level defines the pulse width. With the values shown,
widths from 15 nanoseconds to 10 milliseconds can be
selected. Upon resetting of the flip flops, Schottky diode
D, allows the capacitor to discharge rapidly. The width
control allows adjustment of the duty cycle from nearly
zero to 50%. For applications where a duty cycle greater
than 50% is required, the complementary output should
be used.

If desired, a buffer can be easily added at A; and/or
A, in order to drive 50-ohm lines directly. 0

Reterences
1. William A. Palm, “ECL iC oscillates from 10 to 50 MHz," Electronics, Circuit Designer's
Casebook 14D, p. 108.
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Dual light-emitting diode
synthesizes polychromatic light

by Leonard M. Smithline
Ithaca, N. Y.

By controlling the drive to each element of a dual red or
green light-emitting diode so as to mix the red and green
lights in varying quantities, this digital circuit synthe-
sizes four distinct hues from the two primary optical
colors. With a slight modification, it can also make the
diode vary gradually from green through yellow and
orange to red in response to an analog input.

The LED used here may be either the Monsanto

MV5491 or the Xciton XC5491 (Fig. 1). The diodes
inside either device are wired back to back and so cannot
be driven simultaneously. They therefore need a multi-
plexer circuit to drive them at a fast enough rate for
them to appear to be on simultaneously. Here a 4-
kilohertz square wave provides the desired chopping
action. The relative proportions of drive to the green or
red LED are controlled by adding a dc bias to the
square-wave drive at the noninverting input of the
CA3140 operational amplifier, as shown.

Thus, the states of A and B determine the color
perceived by the mixing process, as seen in the table.
Alternatively, an analog signal can be applied to the
noninverting input of the op amp, whereupon the circuit
response will be as shown in the graph.

For a thorough mixing of colors, the primary light
sources should not only be viewed simultaneously (as

15V pp JUuL 330 F 12k 10 k2
i I} AN AN
AT 4 kHz il ljv
+15V CA3140 g,
2 \,12~3904
: X
A 6 + a, MONSANTO
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N “5<Vin <5 i XEITON
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s ~UY — “GREEN
B %o -
g
Q
Gy—Ga: V6 74C04 =5 RED
3; GREEN
~15v oo
A| 8| cotor ot
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0| 0 | GREEN 5
0| 1 | YELLOW = 9 | I | 1 | | 1
1| 0 | ORANGE —? -4 —|3 -2 -|1 0 ! 2 3 4 5|v,N
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1. Thoughts of hue. Multiplexer's 4-kHz square wave, suitably offset with dc bias controlled by states of A and B, provides desired drive to
each element of green/red photodiode for deriving perceived four-color output. Alternatively, analog signal may be applied to noninverting

Input of op amp for effecting gradual change in color, from green through red. Circuit response in either case is given in table and graph.

2. Color cycle. Generation of yellow and
orange from red and green light may also be v v
achieved through control of duty cycle of
pulses driving light-emitting diodes. Pulse-
A f n i DuTY 20k 20k
width modulation requires only single supply. cycLe | COLOR IN3906 IN3906
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Maximum-length shift register
generates white noise

by Henrique Sarmento Malvar
Department of Electrical Engineering, University of Brasilia, Brazil

Using a circuit based on a maximum length sequence
generator,' this simple unit inexpensively provides a
source of white noise over a range of up to 200 kHz. It is
far superior to generators that use a reverse-biased base-
to-emitter transistor junction, which provides quasi-
white noise over a very limited portion of the spectrum.
Using two integrated circuits comprising a 25-stage shift
register, it can be built for less than $6.

A; and A, form the n-stage shift register driven by
clock G,—G,, with A, an 18-stage device and A, being
eight stages in length. A, and A, are driven simulta-
neously but out of phase with respect to each other.

The output from stage 7 of Ay and the last stage of A
is applied to G; in the feedback loop G;—G., so that a
register sequence length of 2™! clock periods is obtained.

Note that G4 provides signal inversion, so that on power
up (the all-zero output state of A; and A,), the noise
generator will be self-starting.

It can be shown that the spectrum of the signal at the
output of A, will contain several discrete frequencies,
separated by f./(2™'), where f. is the clock frequency, in
this case 200 kHz. Because n is large, the separations
between the discrete frequencies become so close (here,
it will be 0.006 Hz with a sequence period of 150
seconds), that the spectrum may be considered contin-
uous. So although the noise is pseudorandom because of
the method used to produce it, the difference in the
spectral properties of the noise as compared with the
ideal is minimal.

As for the amplitude of the output envelope, it will
vary with frequency as (x~! sin x)2, where x = f/f..
Here, the —3-dB point will occur at f = 0.45 f., as
shown in the curve at the lower left of the figure.

Q, serves as a buffer. The network R,R,C,; is a low-
pass filter that has been added for an application requir-
ing noise to be confined (bandlimited) to the audio
frequencies. Its — 3 dB point occurs at 25 kHz. O

1. I H. Witten and P. H. C. Madams, *‘The Chatterbox-2," Wireless World, Jan. 1979, p. 77.

Spectrum spread. 25-stage shift register creates closely spaced signals of discrete frequency for generating pseudorandom white noise over
wide range. Spectral response of source (bottom left) is flat from dc to 0.45 f., where f. is the clock frequency.
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12-hour clock
tells time out loud

by William S. Wagner
Northern Kentucky University, Highland Heights, Kentucky

Combining a program written for the 6800 microproces-
sor and a four-chip interface, this system expresses clock
time as an equivalent sequence of audio tones. Like the
audio voltmeter previously described,! it allows determi-
nation of time when the clock face cannot be seen.

In this method, the exact time—expressed as xxyy,
where xx denotes hours and yy denotes minutes—is
converted to a series of tones of short duration (dits) to
represent quantities extending from 1 to 9. The quantity
0 is represented by a single tone (dah) of a relatively
long duration. A long pause separates hours from
minutes. Thus, for example, a time of 02:41 would yield
an audio output of dah, pause, dit-dit, long pause, dit-
dit-dit-dit, pause, dit.

Three frequency dividers (A,—A;), two gates (G,—G,),
and a few passive components comprise the clock-to-
microprocessor interface. The actual clock signal is
derived from the highly accurate 60-Hz power line.

Ai and A, each a divide-by-10 chip, and A, wired as
a divide-by-12 device, produce a pulse with a 20-second
period from the line input. This pulse serves as the

6800’s hardware interrupt, which initiates the program
and the generation of time markers exactly three times
every minute. Other intervals can be selected by appro-
priate action of the divider ratio.

The clock is set to any desired starting time with
software, where the initial hour is stored at program
address 0002, minutes are stored in 0001, and seconds in
0000. Although seconds are not made audible, they are
required in the program for updating the minutes unit
once every three sampling periods.

When an interrupt is received, the initial time,
expressed in hours and minutes, is converted to a set of
four 4-bit binary-coded words in steps 0023-00AO0 and is
checked to determine if each word represents a 0 or an
integer from 1 to 9. At this point the program deter-
mines whether short or long tones are to be transmitted.
The instructions commencing at 0053 set the time inter-
val between the processing of each individual word and
between hours and minutes.

After the clock routine (01A0-01D6) increments the
minutes and hours units as necessary, the dit and dah
subroutines (at 0100 and 0120, respectively) are
initiated. The program then halts and waits for a system
interrupt, whereupon the process repeats. 0

References
1. Willlam S. Wagner, "'Digltal voltmeter has audlble output,” Electronics, March 29, 1979,
p. 120.
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Tick tones. Microprocessor-based chronometer periodically derives audible time markers. System generates a pulse code, with numbers 1 to
9 represented by string of short tones and a zero represented by a long tone. Long pause between digits separates hours from minutes.
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6800 PROGRAM FOR AUDIO CLOCK

Address Mnemonic Address Mnemonic Address Mnemonic
0000 (STORAGE) 0073 PULA 0134 ASLA
0001 " 0074 ASLA 0135 ASLA
0002 & 0075 PSHA 0136 ASLA
0003 LDX FF04 0076 BCS 17 0137 ASLA
0006 STX 8802 0078 BRA 1A 0138 PSHA
0009 WAI 007A LDA 08 0139 JMP 0053
000A BRA FD 007C JSR 0100 0140 LDX O3FF
0020 STX 0015 007F BRA E8 0143 ORAB 7F
0023 LDS 00CO 0081 LDA 04 0145 STAB 8002
0026 PSHA 0083 JSR 0100 0148 LDAA 25
0027 ANDA 70 0086 BRA E6 014A DECA
0029 BGT 03 0088 LDA 02 014B BNE FD
0028 JMP 0120 008A JSR 0100 014D DEX
002E PULA 008D BRA E4 014E BEQ 03
002F ASLA 008F LDA 01 0150 COMB
0030 ASLA 0091 JSR 0100 0151 BRA FO
0031 PSHA 0094 LDAA 02 0153 PULA
0032 BCS 0C 0096 LDX FFFF 0154 ASLA
0034 PULA 0099 DEX 0155 ASLA
0035 ASLA 009A BNE FD 0156 ASLA
0036 PSHA 009C DECA 0157 ASLA
0037 BCS OE 009D BNE F7 0158 PSHA
0039 PULA 009F PULA 0159 JMP 0094
003A ASLA 00A0 LDS 10 01A0 LDX 0000
003B PSHA 00A2 LDX 15 01A3 LDAB 03
003C BCS 10 00A4 RTS 01A5 SEC
003E BRA 13 00A5 JMP 0140 01A6 BSR OE
0040 LDA 04 00FD JMP 01A0 01A8 LDAB 60
0042 JSR 0100 0100 PSHA 01AA BSR OA
0045 BRA ED 0101 LDX OOFF 01AC LDAB 13
0047 LDA 02 0104 ORAB 7F O1AE BSR 06
0049 JSR 0100 0106 STA 8002 0180 BSR 15
004C BRA EB 0109 LDAA 25 01B2 BSR 13
004E LDA 01 010B DECA 01B4 DEX
0050 JSR 0100 010C BNE FD 0185 RTI
0053 LDAA 01 010E DEX 01B6 LDAA 00,X
0055 LDX FFFF 010F BEQ 03 01B8 ADCA 00
0058 DEX 0111 COMB 01BA DAA
0059 BNE FD 0112 BRA FO 01BB CBA
0058B DECA 0114 LDX 1FFF 01BC BCS 01
005C BNE F7 0117 DEX 01BE CLRA
005E PULA 0118 BNE FD 01BF STAA 00,X
005F PSHA 011A PULA 01C1 INX
0060 ANDA FO 0118 DECA 01C2 TPA
0062 BEQ 41 011C BNE E2 01C3 EORA 01
0064 PULA 011E RTS 01C5 TAP
0065 ASLA 0120 LDX O3FF 01C6 RTS
0066 PSHA 0123 ORAB 7F 01C7 DEX
0067 BCS 11 0125 STAB 8002 01C8 STS 10
0069 PULA 0128 LDAA 25 01CA LDAA 02
006A ASLA 012A DECA 01CcC BEQ 05
0068 PSHA 012B BNE FD 01CE LDAA 00,X
006C BCS 13 012D DEX 01D0 JMP 0020
006E PULA 012E BEQ 03 0103 INC 0002
006F ASLA 0130 coms 01D6 BRA F6
0070 PSHA 0131 BRA FO
0071 BCS 15 0133 PULA

)
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Cupless anemometer
has diode wind-sensor

by J. P. Scoseria
Montevideo, Uruguay

Working well as a differential thermometer, this simple
circuit can also be used to find wind speed by detecting
the difference in junction voltage between two forward-
biased diodes. Here, one junction is heated to a fixed
temperature, and the other’s temperature-dependent
junction potential is made to vary with the cooling effect
of the wind. Being totally solid-state, the unit eliminates
all mechanical difficulties. The unit can also function- as
a psychrometer, or humidity indicator, if the heated
junction is wetted down instead.

Diode D, and a resistor are situated within the
confines of a small one-of-a-kind aluminum enclosure
built for this circuit. D, is heated by the power dissipated
by the resistor. The enclosure maintains a constant
temperature throughout, independent of environmental
changes, as in an oven. Although the absolute tempera-
ture reached by the diode junction is of little importance
in this circuit, it will be a direct function of the power
supplied to the block, the area of the block available for
heat transfer, and its heat transfer coefficient.

The same general considerations exist for the stream-
temperature sensor, D,, which is placed in a similar

aluminum block to reduce temperature variations due to
changes in wind speed (settling time = 2 minutes). Here,
however, the power supplied to the block is small, being
about 1 milliwatt to activate D;, and heat variations
reach the junction from the outside.

Generally, the output from the 741 op amp is e, =
K(Vi-V;), where K is a constant and V, and V, are
functions of the temperature associated respectively with
the heated block sensor and the wind speed. The voltages
across both Dy and D; drop by 2.5 millivolt for each
degree Celsius rise, and so Vg = 0.7-2.5(10-3)T;, and
Vi & 0.7~2.5(10-%)T., where temperature T; corre-
sponds to V, and T. to V,. As a result, e, =
K(—=2.5)(10-3)(T,—T.), and so the output of the op
amp will be proportional to the temperature difference.
The current that flows through ammeter M will thus
vary linearly with temperature.

The relation between the wind’s cooling factor and
temperature is nonlinear, however, and because the
initial zero-wind current in meter M is a function of the
block temperature (and thus block size), and because the
sensor temperature, and D, and D, are not driven from
true constant-current sources, the calibration will not be
uniform for any two units.

Although it would be ideal to have access to a wind
tunnel for calibration, good results can be obtained with
the aid of an automobile. Placing the sensor on the auto’s
antenna, with the meter set at maximum for zero wind
speed, the unit can be calibrated satisfactorily on a
windless day by noting M’s output as a function of the

Ceaseless wind. Temperature difference
between heat oven surrounding diode junc-
tion D, and stream sensor D,, whose junction
temperature varies with wind speed, is

reflected as a change in current at M. Unit
can be satisfactorily calibrated with auto’s
speedometer on a calm day.
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Solar-powered regulator
charges batteries efficiently

by G. J. Millard
Voicanological Observatory, Rabaul, Papua New Guinea

For use with solar panels, this simple and efficient
regulator circuit provides an energy-saving solution to
charging batteries of the lead-acid type commonly found
in automobiles. Not considering the cost of the solar
cells, assumed to be at hand for use in other projects, the
regulator alone is under $10.

Unlike many other shunt regulators that divert
current into a resistor when the battery is fully charged,
this circuit opens the charging path so that the resistors
can be eliminated. This method is extremely advanta-
geous when solar panels are used, for large resistors
would otherwise be required to dissipate the high power
levels typically encountered.

When the battery voltage, e,, is below 13.5 volts

(normally the open-circuit potential of a 12-v battery),
transistors Q,, Q,, and Q; turn on and charging current
flows from the solar panels as required. The active green
light-emitting diode indicates the battery is taking
charge.

As e, approaches the open-circuit voltage, op amp Ay,
switches Q,—Q; off. This condition is maintained until
such time as the battery voltage drops to 13.2 v, whereu-
pon the charge cycle repeats.

If the battery voltage should continue to fall from 13.2
to approximately 11.4 v, indicating a flat battery, Ap
switches low, causing a red LED to flash at a rate
determined by the astable multivibrator A, in this case
oscillating at a frequency of 2 hertz. A, provides a
reference of 6 V to maintain the switching points at the
11.4- and the 13.2-V levels.

The circuit will handle currents to 3 amperes. To draw
larger currents, it is necessary to increase the base
currents of Q, and Q; so that these transistors will
remain in saturation during the charging periods. O
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Light charge. Regulator for handling currents producec by solar panels charges lead-acid batteries without wasting excessive power. Circuit
cuts off current to battery when its open-circuit voltage is greater than 13.5 V, eliminating need for dissipating power in resistors. Green LED
indicates battery is charging. Flashing red LED Indicates battery is flat (battery vcitage below 11.4 V) and refuses to take charge.
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Tunable equalizers set
amplitude and delay

by P. V. Ananda Mohan
Indian Telephone Industries Ltd., Bangalore, india

Equalizing networks providing constant amplitude
and/or delay over a wide range of frequencies are easily
realized by utilizing the feed-forward and feed-back
techniques of these tunable circuits. More specifically, a
parallel-T arrangement of resistors and capacitors as
shown in (a) makes it possible to select the equalizing
delay with a single potentiometer. Equalization and
selection of amplitude can be attained by adding a single
operational amplifier stage of variable gain (b) to the
basic circuit. If the parallel-T is made tunable (c), the
equalizer’s center frequency can be adjusted with very
little difficulty.

The circuit that is illustrated in (a) is so configured
that its transfer function is that of an all-pass network

having a roll-off dependent on circuit Q, or:

Cout _ S2—5(wo/Q) + wd
en  82+5(wo/Q) + w,?

where w, = 1/RC and Q = Y4+ R’/2R. The amount of
delay is selected with potentiometer R’, as the amount
of phase shift introduced by the RC network is:

6 = t—2tan"'[wwo/Q(wo? — w?)]

where 6 will vary little about w,, provided w is sufficient-
ly removed from ws.

If the op amp circuit (b) is placed between ports A
and B in (a), the equalizer’s gain at mid-frequency w,
becomes G = (2R"m)/R ~1, and so the gain may be set
by varying R’ and/or m. Note that the delay is still a
function of R” and that G will not vary significantly over
a wide range of frequencies.

The center frequency of the equalizer may be adjusted
if the parallel-T network shown in (c) replaces the
network in (a) enclosed between points 1 and 3. In this
case, w, = w/(1-K%%and Q = (“a+R/2R)/(1-K?)*,
where K is the fraction of the total resistance of P,, as
measured from its lower end. |
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Selection. Parallel-T RC network simplifies design of tunable two-stage equalizer network. Delay is set with only a single control element, R’
(a). Amplitude equalization or adjustment in network's center frequency is attained by adding op amp (b) and tunable RC (c), respectively.
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Switched load checks
power supply response

by William M. Polivka
Department of Engineering, California Institute of Technology, Pasadena

The transient response of a power supply is easily
checked with the aid of this pulse loader, which periodi-
cally places a short circuit across the supply’s output in
order to simulate sudden load changes. Using comple-
mentary-MOS integrated circuits and V-groove MOS
power transistors, the compact, self-contained unit runs
on a battery, so that it presents no ground-loop problems
to the supply under test.

As shown in the circuit for the pulsed load, astable

multivibrator A, and one-shot A, set respectively the
frequency and the width of the pulses that switch on load
transistors Q, and Q.. S, selects either of two combina-
tions of frequency and width—in this case, 2 hertz at 25
milliseconds or 20 Hz at 2.5 ms. Note that a low duty
cycle is required to reduce heat dissipation in Q; and Q..
A trigger signal for driving an oscilloscope or other
instrument to observe the supply’s response appears at
pin 11 of A,.

Potentiometer P, sets the point at which Q, and Q;
fire, so that the magnitude of the pulsed supply current
passing through the load transistors can be selected from
zero to the maximum capability of the v-MOS devices.
Each field-effect transistor handles 2 amperes at 12
volts, values that derate to 400 milliamperes at 60 v.
Moreover, an increase in supply loading may be attained
simply by adding transistors in shunt at the output of the
unit, as required. O
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Load dynamics. Low-cost tester, with aid of scope, finds transient response of power supply by ordering periodic increase in supply current
to simulate load changes. A, and A; set frequency and width of switching waveform. Q. — Q; sink current proportional to setting of P.
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Pseudorandom generator has
programmable sequence length

by Ajit Pal
Indian Statistical Institute, Calcutta, India

Providing a pseudorandom binary sequence of order i in
the range of 2 to 16, this generator will find many uses in
fault-detection and speech-scrambling equipment. Any
sequence having a maximum length of 2'—1 can be
generated. If the sequence can be selected electronically,
instead of mechanically by means of a manual-switching
arrangement as shown, the unit will be extremely useful
in automatic-test environments.

The pseudo-random sequence is produced with the aid
of a 16-bit shift register and appropriate circuitry for

providing a feedback signal to the register’s first stage.
A—A, are the 4-bit registers that comprise the 16-bit
stage, wired to shift bits from left to right on every
system clock. As—As, connected at the register’s outputs,
and A; are exclusive-OR gates used to generate the
feedback signal, which is determined by switches S;F.
The switch positions are set in accordance with the
primitive polynomial of the binary sequence to be gener-
ated. Note that the settings of the switches in the figure
correspond to a sequence of length 2'*— 1, or an equiva-
lent primitive polynomial of x**+x+1.

Ag—A; detect the all-zero condition of A,—A4 and
ensure that the register will not be locked in that state on
power-up or during normal operation. The mode control
input otherwise allows A,—A, to be set at any point in the
sequence as determined by the S;' switches.
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Selection. Switches S| and As—A, derive suitable feedback signal so that shift register A,~A, can generate a pseudorandom binary sequence
of selectable length. A;~A.; detect register’s all-zero state and prevent register lock-up by generating logic 1 bit to A-A, input duiing
power-initialization period. Switches S/' initialize registers at any point in a sequence that may extend to 26— 1 bits.
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Reducing the dropout voltage
of programmable regulators

by Carlo Venditti
The Charles Stark Draper Laboratory Inc., Cambridge, Mass.

A programmable regulator’s dropout voltage —the mini-
mum allowable potential between its input (Vi,) and
output (V.)—can be improved by adding an external
output stage and negative feedback. The resulting regu-
lated output voltage (E..) not only approaches Vi, more
closely, but the the current-drive capability is also better,
thanks to the outboard power-transistor stage.

The design technique used to achieve this improved
performance is described here for Fairchild’s popular
pA7T8MG regulator, which has a nominal dropout volt-
age of 3.0 volts. As shown in the figure, a change in V;,
causes Vou to increase temporarily. The corresponding
increase at Eo, that is applied to the control input of the
uA78 forces Vo, lower, toward the value it had initially.
If the resistor network R, to Rj is optimized, E., can be
brought to within 1.5 V of V;,.

Consider the case where the output voltage Eq is to
be kept at 12.5 v £50 mv for a V;, ranging from 14 to
15.5 v. When Vi, is at 14, Vg, cannot be above 11, owing
to the dropout voltage of the regulator. Thus with an
output voltage of 12.5, the voltage at the base of Q, is
13.1 (0.6 Vv higher).

Now R, can be selected to pass a given value of

transistor base current, Iy, of say, 1.2 milliamperes, and
a current through R; of perhaps twice this value (2.4
mA), plus a small amount to account for variations in .
Thus Ry = (14—=13.1)v/3.75 mA = 240 Q, and R, =
(13.1=11)v/2.4 ma = 910 Q.

The next condition to be addressed is the case where
Vi assumes a value of 15.5 v, so that R; may be
determined. Because Vg, ultimately decreases with an
increase in Vi, V.. should be made to move to its
minimum value so that the maximum dynamic range of
the circuit is realized. From the data sheet of the uA78,
Vouminp = 5.0 V. Note that changes in V, are scaled by
the R2/R, ratio, and these resistors ensure that a change
of 910/240 = 3.8 v occurs for every 1-V increase in V.

Thus the current through R, at this time will be
(13.1-5.0)/910 = 8.8 ma, and assuming the minimum
(quiescent) current of the regulator is 2 mA, the current
through R; is (8.8+2.0) = 10.8 mA. Therefore Ry =
5/10.8 = 470 Q. The table summarizes the actual
dynamic performance of the regulator. Note the appar-
ent dropout voltage of the regulator has been reduced to
14.0—-12.482 =~ 1.5 v when V;, is at its minimum.

The junction temperature of the on-chip power tran-
sistor is T; = 0,APr+Ta, where 6,4 is the junction to
ambient thermal resistance (80 Q, see data sheets) and
Ta 1s the ambient temperature. Thus, assuming Ta =
25°C, T; = 35°C, well below the 125°C thermal shut-
down temperature of the uA78.

A check on the chip's temperature will confirm that
the regulator’s thermal shutdown point has not been
reached. The temperature reaches a maximum when Vj,
= 14.0. At this voltage, the regulator’s output current is

Ry
L 2800 0y
FpTa— R 2N3506
AL Vi B & Yoo AAA (HEAT SINK)
9100
+| SUPPLY VOLTAGE HATBMG o
14-155V 'REGULATOR Ry
I ‘ L TR e 4700 ' b
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L 511k 75<9Q
Vin | Vour | Eour
155 | 519 |12.502
150 | 720 | 12495
145 | 904 | 12489
14.0 | 1090 | 12.482

Closer. Outboard power transistor stage, and resistor pad R,—Rj set E,, to within a few volts of V.., so that (E.. — V..) is below pA78’s dropout
value. Q, also provides increased current capacity. Table summarizes dynamic range attained for example using technique discussed in text.
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20.8 mA, and the output power is 20.8 (14—11) = 62.5
mWw. The quiescent current is 4 mA (see data sheets),
and the quiescent power drain becomes 4(14 v) = 56
mw. As a consequence of these figures, the total output

becomes Pr = 118 mw.

Doubling the character rate
handled by CRT controllers

by Conrad J. Boisvert
Synertek Inc., Santa Clara, Calif.

Controllers that transfer display information from a
microprocessor to a cathode-ray tube can be made to
operate at effective character rates in excess of the
normal maximum value. Specifically, by accessing 2
bytes of data per fetch and implementing logic to apply
the characters to the display one at a time, the effective
character rate can be doubled. The technique is applied
here to the Synertek SY6545 chip, although the princi-
ple can be extended to most of the popular controllers.

The system architecture necessary for doubling the
effective character rate is shown in the block diagram.
The memory scheme gives the microprocessor overriding
priority in selecting the video-display memory. Other
configurations could be implemented, but this is the
simplest and focuses attention on the more significant
aspects of the method. Also note that the video-display
memory is assumed to be 8 bits wide (ASCIl coding
requires only 7 bits) and that 8 horizontal bits define one
character.

A key circuit point is that the SY6545 address lines,
MA,-MA,, are routed through the address selector
block to memory addresses A,—A; of both the odd and
even memory blocks. In this way, as the SY6545 steps
through its states, the two memories are accessed simul-
taneously. Memory addresses A,—A o, on the other hand,
are routed through A,—A;, with the memory address line,
Ao, selecting either the even or odd memory, but not

BLOCK DIAGRAM OF CRT CONTROLLER SYSTEM
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Hardware. Logic for increasing character rate handled by CRT controllers uses readily available gates. Circuitry for memory controf (a) and
data transceivers (b) adapts system for two-character fetch and display. Timing diagram (c) details system operation.

both. Thus, a dual-port memory is configured, accessing
the data memory as a 1-K-by-16-bit block, and the
microprocessor as a 2-K-by-8-bit block.

The logic required to control the memory is shown in
Fig. 2a. The chip-select lines CS must always be low if
the microprocessor is not addressing memory. A, —Ais
correspond to the decoded memory-map location of the
addressed memory, with A, used to select either the odd
or the even block. Under these conditions, the address
selector (Fig. 1) is activated. The R/W signal may then
be applied to the memories.

Similar logic for controlling the data-bus transceivers
is shown in Fig. 2b. Here, the transceiver’s odd or even
select outputs are energized after inputs A;;—A;s have
settled. The transceivers are deactivated and the micro-
processor data bus isolated from the video display if
A1i—A,s do not match the decode pattern.

The timing diagram clarifies the system operation
(Fig. 2c). Note the character clock, which normally
drives the SY6545’s cCLK pin directly, is divided by 2
because two characters must be fetched per cycle.

The horizontal registers associated with the character
total, the display, the sync position, and the sync width
will be affected by the aforementioned modification, and
steps must be taken to alter the way in which they are
programmed. In any case, the value programmed must
be half the value that is normally entered. For example,
to achieve a display of 80 horizontal characters per line,
the number 40 must be programmed into the horizontal
display register.

Finally, external logic must be incorporated into the
system to achieve a cursor output signal that will be
active for each character handled. This function may be
implemented with three NAND gates.

The SY6545’s cursor output is first combined at one
NAND gate with the even latch-select signal of Fig. 2b
and the negated output of the PAO port signal of the
SY6520 peripheral interface (not shown). PAO, the
cursor signal, and the odd latch-select signal are
combined at the other NAND gate. Both gate outputs are
joined at the input of the third (two-input) NAND, whose
output represents the modified cursor signal. a
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Low-cost fiber-optic link
handles 20-megabit/s data rates

by A. Podell and J. Sanfilippo
Loral Electronic Systems, Yonkers, N. Y.

Providing an inexpensive link for the transmission and
detection of digital signals over short distances, this
fiber-optic system handles data rates in excess of 20
megabits per second. The system, which can be built for
about $90, including cable, processes all types of data—
a continuous-wave clock waveform, a burst of N clock
cycles, handshaking signals, or a non-return-to-zero
(NRZ) stream.

A TTL driver and a light-emitting diode serve well as
the transmitter, shown in (a). The 5438 TTL driver is a
two-input, open-collector NAND gate selected for its low
power dissipation and 48-milliampere current-sinking
capability. The LED is a gallium-arsenide device operat-
ing at 910 nanometers and provides 2 milliwatts of
optical power at a forward current of 100 milliamperes.

The 130-ohm resistor sets the current through the LED at
about 30 mA, and so the output power is about 0.6 mw
in this circuit.

The receiver (b) is also simple and sensitive. The
output from the p-i-n photodiode (labeled the PIN 3D
device) is several microamperes. This current is
converted into a voltage by a two-transistor transimpe-
dance amplifier. The 2N2484 transistors selected give
low input capacitance, an adequate gain-bandwidth
product, and the ability to detect small currents. Ampli-
fier output is about 25 millivolts,

The MCI1590 video amplifier that follows greatly
boosts signal levels over a wide band (c). Two 1N914
diodes drop the output offset voltage of the single-ended
amplifier, nominally at 4 volts, to within the input range
of the LM160 comparater. The comparator’s threshold
is set by a simple voltage divider. The capacitors, across
pin 2 and ground, combined with the 100-kilohm resis-
tor, form a low-pass filter providing a threshold that
varies with the comparator’s supply voltage.

As for the electro-optical interface, the LED, which is
contained in a TO-46 package, is easily mounted in
an inexpensive window bushing made by AMP, model
530563-1. The PIN 3D photodiode can be mounted in
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Light bits. Simple data transmitter (a) and a receiver (b) form the nucleus of a fiber-optic transmission system that is capable of handling all
types of digital waveforms. Link operates over a wide band of frequencies (c). Cost of the 10-meter-long unit, including cable, is under $90.
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the same type of connector if desired. The need for
delicate mounting adjustments is avoided here by using a
fiber bundle of sufficient diameter, in this case 45 mils.
Galite 2000 cable is satisfactory, and Valtec, Rank
Industries, and others produce similar bundles.

The Galite cable has 210 fiber elements having an
attenuation of 450 decibels per kilometer at 910 nm and
a bandwidth-distance product of 15 megahertz/km. For
a 10-meter-long link, therefore, the cable loss will be
4.5 dB and the bandwidth will be 1 gigahertz. With the
measured loss of 1.5 dB in the LED-to-cable interface and
a cable/detector interface loss of 3.9 dB, the total loss
amounts to 10 dB. Thus, the 0.6-mW output of the LED is
reduced to 0.06 mw at the receiver.

Transmitter layout is not critical in a one-way link.
Duplex operation will require electrical isolation between
transmitter and receiver components. There are several
precautions to take in constructing the receiver. Notably,
the lead from the anode of the detector diode to the
transimpedance amp must be kept as short as possible.
The output of the receiver should be isolated from all
previous stages to prevent unwanted pickup. A ground
plane is not a necessity, but is recommended for process-
ing data rates greater than 10 megabits/s.

The link’s signal-to-noise ratio is slightly less than
40 dB, implying a bit-error rate above 10-8. The system
is operational over a temperature range of —40°C to
100°C, and a supply variation of 4.5 vV to 5.5 v. O

Line-frequency converter
transforms 50 Hz into 60 Hz

by Juan E. Piquinela
Montevideo, Uruguay

Low-power equipment driven from the 60-hertz power
line can usually be expected also to work properly at
50 Hz—that is, except for electric clocks and other
time-keeping devices, to which many a traveler outside
North America will attest. For such devices, a circuit
that provides a multiplication ratio of 6:5 for generating

count-pulses for every reset pulse from the 50-Hz line.
The timer’s period of oscillation—about 3 millisec-
onds—is not critical as long as six of its cycles are
completed in less than 20 ms, the period of the 50-Hz
line frequency.

On the sixth pulse, Qs of A, moves high and disables
the timer through transistor Q, by shorting capacitor C.
Thus, independent of the period set for the 5585, its
average frequency is 50X6 = 300 Hz. At the positive
zero-crossing of tl}:e line voltage that occurs shortly after
the sixth pulse, A, is reset through R, —R,, C,, and
D, — D, and the process repeats.

Counter A, provides a divide-by-five function at 300
Hz, thereby generating an output frequency of 60 Hz.
C-MOS drivers or transistors can provide increased

a 60-Hz output from a 50-Hz input is required. Such a  current capability as required. O
low-cost, low-power circuit is shown here.
The 555 timer, operating as an astable multivibrator
at 300 Hz, provides the 4017 counter, A,, with six
5V 5V
l_i_l 5V 5V
Ra 4 8 16 16| 60-Hz
7 3 1o afe, o |2 0UTPUT
(T CD4009
Rs e ” DRIVERS AS
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On time. Three-chip multiplier converts 50-Hz power-line frequency into 60 Hz for devices used in the U. S. A, generates six pulses for every
50-Hz cycle, forcing 555 timer to generate average frequency of 300 Hz. A, provides divide-by-five function on 555 waveform.
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Electronic security lock has
nonvolatile latch memory

by Ray Oakley

Plessay Semiconductors, Irvine, Callf.

Because the outputs of each flip-flop, n, are connected
to the D inputs of the next flip-flop in the line, n+ 1, the
successive introduction of the remaining digits translates
the digit 3 from A to flip-flop D, with the end result that
5 will be in flip-flop C, 7 in B, and 9 in A at the
conclusion of the sequence. The outputs of A to D are
also connected to latches A’ to D’, respectively, and so
by activating switch S; momentarily in order to generate

Nonvolatile quad latches serve as the memory bank in
this electronic security lock, which can be programmed
with any one of more than 65,000 possible four-digit
combinations. The number of combinations that can be
selected for opening the lock can be greatly increased,
simply by cascading the latches and their corresponding
control circuitry.

The desired four-digit combination is stored in the
Plessey MN9102 latches by first entering the number via
the keyboard, which provides a hexadecimal output. 1f
the code were 3579, digit 3 would first be introduced to
the D input of flip-flop A. At the same time, the signal
KEY, which indicates contact closure, is generated. KEY
produces clock signal SRCLK, generated by a monostable
multivibrator, which prevents keyboard bounce and
which clocks 3 into A.

the SAVE signal, the digits can be stored in their corre-
sponding latches.

Data can be retained in the latches for at least one
year in the absence of applied power (+5, —12 volts).
Typically, 10 million save operations can be made before
device performance is affected.

In actual operation, the first digit keyed in is
compared with the 9 stored in A’, at comparator A’’.
Assuming the first digit keyed is a 3, there will be no
output from the A = B port of the comparator. Neither
will there be any output from B’’ or C’’ as the digits 5
and 7 are entered.

As the final digit, 9, is entered, however, digit 3 is
placed in D, 5 moves to C, and 7 is stored in B. All
comparators therefore indicate A = B, and a door
enable signal is generated, thereby activating K, after a
user-selected delay provided by the 14528 one-shot. [J

20V i
TIP32A 5V NONVOLATILE 4-8IT FLIP-ELOP KEY
LATCH COMPARATOR
345> 47kQ
8202 449 1 6 Is
DOOR: _ BC142 W o~ 10 | save f o al. A% L ) I & @
Fl\ﬂuPlthrLE 4 028 % 1 2 A4 s 1 1 O e = 13 _"a4"
Ky m 33721:}7&r 7223229 wﬁségj'r»-z EE@
SWITCH 1 1 25 Lol e
10 k2 oL o Yo R (RN 4 Py L ZG‘AD“ 1 m m E
X A A A=B (OUT)
IN914 == 3}:; % 74C00 E E E E
§
74C221 ONESHOT | i 1
; g : L 6 | SROLK = A=B (IN} : |
T e e MN9102 14585 14042 | |
e ®CLR BCLR %74C00 B B 8 p—"
3125 ms 25 ms |_- &
1 i
Llepy j |
T LN, s MN9102 14585 oz E
EETR ¢ o C
DOOR OPEN l_ - .
a ole 9 " DOOR
c1 P 2 e ENABLE — :
l’ 3255 74C00 S i
ONE - SHOT MNS102 14585 14042 | |
14528 o’ o 0
G
O i
1N914 & K0
PRESET
2.2 uF =
I u

Hardened. Four-digit combination is kept in security lock’s latch memory. Data will be retained in low-cost latches for at least one year in the
absence of applied power. Matching input code entered via keyboard energizes relay K, after user-specified delay.
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LC network adapts PLL for
crystal-overtone operation

by R. J. Athey

National Research Council, Ottawa, Canada

Although Texas Instruments’ popular 74S124 oscillator
serves reliably in most instances as a crystal-controlled
phase-locked loop, problems arise when overtone crystals
are utilized for high-frequency (20 megzhertz and
above) operation. The difficulties may be overcome by
adding an LC network in order to retain adequate
system gain for oscillation at the required overtone and
dampen oscillations at the fundamental frequency. This
technique thereby forces the loop to lock onto the crys-
tal’s third-order output.

Although the range over which the PLL responds will
be limited to about 1 kilohertz for a 0-to-5-v input
signal, the method affords repeatable results and will
enable use of the 745124 beyond the normal limits
imposed by fundamental-mode crystals. As shown in the
figure, L, and C, are selected to be series-resonant at the
desired overtone frequency. Assuming L, is 1.5 micro-
henries, a C, value of 2 to 20 picofarads will be adequate
for tuning over the range of 38 to 45 MHz required in
this particular application. The Q of both L, and C,
should be reasonably high.

C,, along with R, serves as a gross frequency control.
Unfortunately, the setting of R,C, will be rather critical.
Although the range over which R, is effective as a tuning
element for a given C, is narrow, a miniature carbon
potentiometer will have sufficient resolution for making
adjustments. C, provides an offset for the desired third-
overtone frequency. In general, the circuit will work
satisfactorily for crystals working to 60 MHz. tJ
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Order of oscillation. Addition of L,C, adapts TI's voltage-controlled oscillator for usé as a high-frequency phase-locked loop utilizing an
overtone crystal. LC network eliminates crystal's strong fundamental response, forces loop to lock onto slab’s third-order output.

Tone detector sharpens
digital filter’s response

by Steve Newman
Los Angeles, Calif.

Using digital techniques to set the center frequency and
the passband, this circuit will serve as a precision tone
detector or as a control (transmission) gate for digital
bandpass or band-blocking filters. The circuit elements
can be easily cascaded to provide as great a degree of
selectivity as required.

The general scheme is outlined in (a). Up counters A,
and A, are preprogrammed to generate a carry signal

107




after N or M input pulses of f;,, respectively, where N is
equal to or less than 16 and N is greater than M. The
period of the reference signal f,, which is t,, determines
the time each counter is enabled.

The output of the M counter clocks the presettable
counter A;, while the output of the N counter is connect-
ed to its clear input. Thus if M or more pulses occur
during the time Y., hereafter called t’., the final
counter generates carry pulses periodically (this circuit is
intended to detect tones of fairly extended duration
only). As a result, the output of the missing-pulse detec-
tor, A4, can be forced high.

If, on the other hand, the incoming frequency is
greater than N/t’., presettable counter A; is always
reset before it can produce a carry pulse. Thus A,, which
requires a steady stream of pulses to keep it active, is
forced low. If fi, is less than M/t’.r, A; again cannot
produce a carry pulse because there are no clock pulses
from the M counter. Thus, V,, will be high only for the

case where M/t’ < fi, < N/t'er.

The actual circuit is shown in (b). A, and A, are
enabled at the instant f. moves low. A; and A, assume
the same functions described in (a). If the detection
process must be sped up, A; can be preset so that it
generates a carry for every Pth pulse from A,, in the
range 1 to 15. In general operation, however, A; is not
preset.

At the start of the measurement cycle, f. initiates the
process whereby one shot As presets A, and A; to their
switch-programmed values (switches Sy and Sy are
active low). The reference frequency is selected in
conjunction with Sy and Sx to provide almost any
desired passband.

For example, if a frequency between 9.5 and 10.5
kilohertz (fi,) must be detected, M can be arbitrarily
selected to be 9 and N = 10. A t’r = 0.95 millisecond
is then required (f.r = 526 hertz at 50% duty cycle).
Note the time constant R;C; must be much less than t.

fin ——¢
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Logical boundaries. Tone detector sets limits of desired frequency range digitally. Using counting technique, circuit rejects tones whose
frequencies are t0o high or low. Detector generates output only for 2M/t,.<f,<2N/t., where f,, is input frequency, M and N are the Mth and
Nth pulses that generate a carry from the M or N counters, respectively, and t.r = 1/f., Where t.: is the reference frequency.
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R,C; must just exceed 240/f;, to cover the case where M
= 15 and N = 16, whereupon as many as 240 input
pulses are required to detect the tone. Under these
conditions, however, the bandpass will be only 3% of the
center frequency, f,.

If greater selectivity is desired, a pair (or more) of
74193 up counters can be simply cascaded without

upsetting the basic operation of the M and N counter
chains. With two counters in each chain, the range of M
and N can be expanded to 256, whereupon a bandpass of
only 0.2% of f, can be selected. O

D-a converter simplifies
hyperbolic clock

by R. H. Riordan
Cybec Electronics, Bentleigh, Australia

The hyperbolic clock circuit proposed by Baxter [Elec-
tronics, July 5, p. 132], which transforms a time function,
t, into units of 1/t in order to measure rate, can be made
more compact by employing a one-chip digital-to-analog
converter. Using the converter’s monolithic ladder of 255
equivalent resistors in place of Baxter’s discrete network
for scaling provides greater resolution for a circuit of a
given size and is easily modified for applications requir-
ing a decimal output.

Initially, voltage V, is set to zero and the 8-bit binary
counter formed by cascading two C-MOS 4516 chips is
preset to a count of 255. The converter is equivalent to a
fixed resistor R; and a variable resistor R,, where R,/R;
= 256/N and N is the output count of the 4516. The

converter is connected in the reverse of the normal
configuration, so that V,/V, —-R,/R;
~V;3(256/N). But V; = =V, /256,30 V, = V./N.

At first, Vy = 0 and V; = V_/255. Att = 0+,
current generator I, starts to charge capacitor C,, and
V, begins to rise linearly with time. Whenever V, climbs
above V,, comparator A, generates a clock pulse, decre-
menting the counter and causing V, to rise above V,
again. For any given count N, a clock pulse will be
generated at a time t when V| = [)t/C = V/N. Thus,
until the counter reaches zero, the count at any instant
will be proportional to the reciprocal of the elapsed time.

This circuit, as well as Baxter’s, has a potential weak-
ness in that if a single-step cycle does not result in V,
rising above V,, a lock-up condition will occur. This
danger is eliminated if a separate clock signal is provided
for the counter, with A, used only to enable the 4516s.

If decimal timing signals are required, it is a relatively
simple matter to replace the d-a unit and the counter
with their decimal-output equivalents. If a different step
range is required, it can be selected accordingly by
changing only R, and R,. R, and R, are also used to set
the desired count range. O
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R, g 265 Q
etk R DIGITAL OUTPUT
Vs ! Re Rv : V2
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Turnabout. Clock inverts time function, t, in order to measure rate. D-a converter's ladder network, driven by counter, generates stepping
function that is compared to ramp voltage V. at A,. V,'s linear increase and V,'s monotonic rise are almost equal initially, but rates of rise
diverge hyperbolically, so that counter is stepped at 1/t intervais. R, and R, set step size; |, sets scaling factor.
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Switching preamp improves
a-d converter sensitivity

by Peter Bradshaw

Intersil Inc., Cupertino, Calit.

The low-signal resolution of even the best analog-to-
digital converters, including those equipped to eliminate
input-offset disturbances, is limited by the noise gener-
ated at the inputs. But the resolution, and thus the true
sensitivity, of a converter can be inexpensively improved
by an order of magnitude if a switched, differential
amplifier is employed at the input to precancel offset
errors without affecting the normal conversion process.
The technique is illustrated for Intersil’s ICL7106
3'/-digit autozero converter/display driver, which
normally handles signals over the range of 100 millivolts
to 2 volts. In such a converter, the small input noise
voltage trapped on the autozero capacitor during a
conversion sets the aforementioned lower signal-
handling limit. The noise (which is caused by the equiva-
lent noise resistance at the input, not a component of the
signal) can be minimized to a great degree with pream-

expensive solution to the problem.

As shown, an alternative approach is to use the
liquid-crystal-display backplane (BP) drive output of the
ICL7106 to synchronously switch one half of the low-
cost LM348 quad operational amplifier via analog
switches so that, over a switching cycle, the input of the
converter sees no instantaneous change in the magnitude
or polarity of sample voltage V.. Offset voltages, includ-
ing that of the op amp, on the other hand, are virtually
canceled because an equal but opposite noise component
(average value is near zero) is applied to the IN HI (and
IN LO) ports of the converter over a given interval. In this
case, the switching (BP) signal is set at about 60 Hz, but
this can be varied by suitable selection of the RC compo-
nents at pins 38 and 39 of the ICL7106. In this configura-
tion, excellent performance is obtained for input signals
from 10-20 mv full scale.

Most dual (matched) op amps will be suitable for the
switching task, but it is important that both the positive
and negative slew rates of the device be reasonably close.
Op amps having significant crossover distortion (such as
the LM 124/324) should not be used.

The CD4053 or the Intersil IH5046 will serve well as
the analog switches. In the case of the 4053, 1Y devices
will be required. Only one double-pole, double-throw
switch is contained in each 5046, however, and so two of

plifiers having low offset voltage, but this can be a rather these devices would be required. O
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Precanceled. Switching the signal-handling op amp at 60-hertz rate virtually eliminates input-offset errors of converter, thereby improving
sensitivity. Converter's input sees no instantaneous change in V,, during switching cycle, and normal conversion process is not affected. But
offset voltage at input is alternately fed to (+) and (—) ports; thus equivalent noise voltage over cycle is near zero.
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Ramp generator has separate
slope and frequency controls

by Henrique Sarmento Malvar
Department of Electrical Engineering, University of Brazilia, Brazil

Isolating with four analog switches the frequency-deter-
mining portion of the circuit from that controlling the
charging and discharging of its RC integrator, this ramp
generator achieves independent selection of slope ratio
and repetition rate. Such a unit is useful in a music
synthesizer, where timbre must be changed without
affecting a note’s fundamental frequency..

Analog gates T, and T, are initially switched on, and
therefore V. is applied via operational amplifier A, to
the integrator built around A; (see figure). Thus, — V.

appears at the inverting input of A,, and its positive-
going output reaches voltage Vy in T, 2VyC
(R, +R,)/V.seconds, where Vy = V.Rs/Rs.

At this time, A; switches on and A, goes off. T, and T,
are thus disabled, and T; and T, are brought high so that
+ V. is applied to the integrator. The output at A, thus

falls linearly toward —Vy, where time T, =
2VHC(R;+ R4/ V..
The frequency of the ramp is given by:

= Rgvc/[chsvcc(Rl+R2+R3+R4)] = ch

where k is a constant (in the approximate range of |
kHz/v) that can be adjusted with potentiometer P,.
Because R+ R; is a constant, it is seen that an adjust-
ment in potentiometer P, will affect the slope ratio, but
not the frequency. With the values shown, the slope ratio
can be selected from 1/11 to 11. The slope ratio is given
by Ti/T, = (Ri+R;)/(R;+R.).

Va

Vec =75
8.2k
100 kS2 LINEAR
50 kS2
Ry
10k
2 i0
CD4016
7 T T2 14
~15V +15V
I 13 4q 5|6 8 12 I
+ O
v FREQUENCY o)
c CONTROL
i HG
20k MV

8.2kQ2
—— WA—+75V

Ay — Ag: LM339

Vg

Separation. T.ansmission gates T,~T. separate the portion of the ramp generator that determines the frequency from the circuitry that sets
the charge and discharge times of its integrator, sc that the up/down slope ratio and frequency can be independently selected. The
inexpensive circuit, which costs less than $10 and works in the audio range, is a useful timbre control in music synthesizers.
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empirically with the actual motor to be used. P, is first

-hi ' adjusted experimentally so that the motor will provide
One Chlp power ampllﬂer slightly fewer than the desired number of revolutions per
cO ) peed minute. R; is then increased until a minimal loss in speed

ntrOIS dc mOtor Ss is observed for a substantial increase in motor load. Note
by Kuang-Lu Lee and Dennis Monticelli that excessive positive feedback via R will cause insta-
National Semiconductor Corp., Santa Clara, Calif, bility. Because the adjustments of P, and R; interact, it

will be necessary to readjust both until the best settings
are obtained.

Circuits for regulating the speed of small dc motors need The circuit’s performance for a small motor is shown
not be expensive or complicated now that one-chip power in (b). Note its superior performance with respect to a
operational amplifiers are available. In fact, using the popular configuration that drives the motor from a
power device (such as the LM13080) in a simple nega- constant-voltage source. a
tive-feedback configuration provides better regulation
than many speed controllers now on the market. In
addition, common-mode rejection of power-supply tran-
sients is large.

As shown in (a), the circuit’s reference voltage is
established by D, and R, and filtered by Rs and C,. D,
simply serves as a common-mode level shifter for the
inputs of the op amp. Negative feedback around the op
amp provides the contolled-voltage drive to the motor.
Thus:

Vinotor = (Vpy+ InR3)(R2/R}) + Vi,

where Vi, is the forward voltage drop of diode D and 1,
is the current through the motor.

As the motor load increases, I,, increases, and this
results in a corresponding increase in V... T0 accom-
modate large changes in load, Vo varies considerably.
The amp therefore needs a 10-volt source voltage to
provide sufficient swing, current, and power dissipation
for most small motors. Powered by such a source, the
LM13080 will handle up to 2 watts in free air and can
deliver 0.5 ampere. 200 300 400

The optimum settings for potentiometers P, and R; MOTOR CURRENT, Iy, (mA)
are those that provide stable regulation. They are found

SPEED-CONTROL CIRCUIT /

E
[=]
w
[*¥)
a
o
pule
[=}
=
=]

CONSTANT-VOLTAGE DRIVE, 2 V
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Rz
10Q/2wW +

10k

Vumotor

+ o
—_—
Im
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(a)

Speedy solution. One-chip power Op-amp circuit (a) makes simple, low-cost speed controf for small dc motors. Circuit affords excelient
common-mode rejection. Controller's rpm-vs-load performance (b) is superior to that of circuits utilizing a constant-voltage drive.
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Peak-reading millivoltmeter
responds instantaneously

by William J. Mund|
Department of Psychology, Concordia University, Montreal, Quebec, Canada

Requiring but a single pulse or cycle of a sine, square, or
triangular wave in order to determine its peak value, this
millivoltmeter-microammeter will serve as a respectable
substitute for an oscilloscope, oscillographic recorder, or
other instrument that must deliver an instantaneous
response. Such a low-cost unit is extremely useful in
biomedical applications, where the amplitude of certain
electrophysiological variables of small magnitude has to
be closely monitored.

The millivoltmeter processes either negative-going
pulses or the negative portion of the incoming waveform.
The signal voltage first passes through the LM307 input

amplifier and through the LM301 range amplifier (see
figure). The level shifter that follows imparts a positive
offset to the signal to compensate for the voltage drop of
charging diodes D, and D,, which transfer the peak
value of the wave to holding capacitors C; and C,. The
voltages on C, and C, are then alternately applied to the
input of the LM301 summing amplifier; any change in
the amplitude of the input signal will thus be instantly
reflected at the output.

Capacitor switching is achieved with a quad analog
switch (LF13202), which in turn is driven by a toggled
4027 flip-flop that is triggered by the input signal and
the LM301 amplitude discriminator. The 500-ohm
potentiometer is used to set the input trigger voltage at
any point near zero, a necessary condition for detecting
small input voltages.

As C, is charged, C; is discharged, and vice versa.
Thus the stored voltage on C, or C; is constantly and
quickly updated without the need for a discharge cycle.
Note that the zener diode at the input to the summing
amplifier prevents it from overdriving the output meter.

AMPLITUDE AND
RANGE SWITCH
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—AA———0 1,000 mV
20k2+1% oy QUAD ANALOG SWITCH
—AA————0 500 m LF 13202 LF356H
50 kS2* 1% ( ) 3%
+—MA———0 200 mV LEVEL |
‘ 100 KS2 +1% SHIFTER P
INPUT AMPLIFIER $—AA———0 100 mV e
200k2+1%  50my ™
y 3 3 D,
T [ »H—
5pF, 12
1t -
5KkS2£1% LM301AH 6 0
AAA— o —— :
o N
|
LM307H 8.2k ¥ maorm LF356H 3
Siy 10k$2 0k
: ) 7 14 c, +1% 1%
5.6 k) MD- - T= <— 4,700 pF
— 15
OFFSET
-15y
= 50 kQ _t‘;De 9> LM301AH
AMPLITUDE DISCRIMINATOR % 74C08
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% 74008
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ot L 47K A 500k
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1kQ ’ CD4027 L S
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M
DI0DE = 1Sy 100-4A 2082
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1. Quick update. This meter requires only one negative pulse or half cycle of sine-, square-, or triangular-wave input to determine peak
current or voltage amplitude. The applied signal charges capacitors C, and C; alternately, so that either can update immediately without the
need for a separate discharge cycle. The meter's range is 0 to 1V or O to 100 uA. The output meter reflects instantaneous changes.
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The output microammeter may be calibrated in milli-
volts through the use of its associated 20-kilohm and
500-kilohm potentiometers. Switch S; must be closed in
order to measure sinusoidal waveforms.

Although this meter has been used mostly for meas-

urement tasks below 100 hertz, it will work over a wide
range of frequencies and thus is suitable for general-
purpose audio-rate applications. As shown, the meter is
useful for square waves to 8 kilohertz, sine waves to 10
kHz, and pulse widths down to 15 microseconds. O

Talking meter voices
dc voltage readings

by William S. Wagner
Northern Kentucky University, Highland Heights, Ky.

A relatively low-cost ($150) speech-synthesis module,
combined with an interface and a small program written
for Motorola’s 6800 microprocessor, will convert a dc
input signal of 0 to 5 volts into a plain-English output
with a resolution of 0.1 v. Thus the meter will be very
useful to visually handicapped technicians.

The system is configured in much the same manner as
the audible voltmeter previously described, which gener-
ates a set of short and long tones corresponding to the

voltage measured.' But in this instance, the S16001-A
speech-synthesis module (from Telesensory Systems
Inc., 3408 Hillview Ave., Palo Alto, Calif. 94304) serves
as the output device. As a consequence, the software
necessary to perform the voltage-to-audio conversion is
much less, because it is handled by the synthesizer’s
internal circuitry.

As shown in the figure, the 0-to-5-v dc test voltage is
compared with the output of the 6-bit 1406 digital-
to-analog converter at the inputs of the 741 operational
amplifier. If there is a voltage difference, the digital
input to the 1406 is adjusted, under program control,
until the voltage difference is minimized. The binary-
coded-decimal word at the output of the 6820 peripheral
interface adapter then represents the digital equivalent
of the voltage measured. This word addresses the speech-
synthesis module, which generates the corresponding
voice response. Typical outputs will be heard as “three

+5V
27k
9 It 12
15 5
4
14 6
MC6800 3 7
MC6820
MICRO- 2 8 MC1406 3
COMPUTER 'ﬁ PIA F—l““”
1" 9 100 pF
14
10 10
2| 3] 4] 5| e] 7 j 3
_ 27k
6 X LEVEL TRANSLATORS AR R ==
1
9 I(IIITIZ |J IAT
5y T TSI
SPEECH SYNTHESIS 5V
s MODULE 1k
S16001-A 21 NU-
LOUD SPEAKER 1Ng14
NG 6 al
741 P
L 100 pF 3+/]4/
1
AN
1MQ

>
10 mi
0-5V dc

SIGNAL INPUT _T_

76 7404

LEVEL TRANSLATOR

Voicing voltage. This system, based on a microprocessor and a
speech-synthesis module, converts a 0-to-5-volt dc input into a
plain-English output for the visually handicapped. Resolution of the
measurements is 0.1 V. The cost of the system is under $200.

114



68J0 TA

R PROGRA

Address Mnemonic Address Mnemonic Address Mnemonic
0000 LDX 7F04 0028 TAB 0059 LDX FFFF
0003 STX 8000 00zC ORAB 20 005C DEX

0006 LDX FFO4 002E STAB 8000 005D BNE FD
0009 STX 8002 0031 LDX 0055 005F DECA -
000C LDB FF 0034 DEX 0060 BNE F7
O00E CLRA 0035 BNE FD 0062 PULA
000F STAB 8002 0037 ANDB OF 0063 ANDA OF
0012 LDX 0055 0039 STAB 8000 0065 TAB

0015 DEX 063C LDAA 02 0066 QRAB 20
0016 BNE FD 0C3E LDX FFFF 0068 STAB 8000
0018 TST 8000 0041 DEX 0068 LDX 0055
0018 BPL 06 0042 BNE FD 006E DEX

001D DECB 0044 DECA 006F BNE fD
001E ADDA 01 0045 BNE F7 0071 ANDB OF
0020 DAA 0347 LDAB 33 0073 STAB 8000
0021 BRA EC 0049 STAB 8000 0076 LDAA 04
0023 LDS 00BO 004C LDX 0055 0078 LDX FFFF
0026 PSHA CO4F DEX 007B DEX

0027 LSRA (050 BNE FD 007C BNE. FD
0028 LSRA 0052 ANDB 1F 007E DECA
0029 LSRA 0054 STAB 8000 007F BNE F7
002A .LSRA 0057 LDAA 02 0081 JMP 000C

RN 1]

point seven,” “one point oh,” and “oh poir:t nine.”

The 66-instruction program is fairly simple. The first
four steps initialize the system. The instructions
contained between addresses 000C and 0021 make up
the digital-voltmeter portion of the routine, where the
aforementioned comparison and minimization of volt-
ages at the inputs of the 741 op amp take place.

At minimization, the BCD word is stored in accumula-
tor A at location 0024, which is the second location of
the speech-synthesis section of the program. The analog
equivalent of the most significant digit of voltage is then
voiced at location 0039.

After a short delay to allow time for the word to be
read, the word “point” is brought to the module’s snput
register at 0047 and announced at location 0054. Follow-
ing a second delay, the least significant digit of voltage is
similarly presented to the output register at 0068 and
transmitted at location 0073. The program then returns
to the digital-voltmeter section of the routine. O

Refsrences
1. William 8. Wagner, "'Digital voltmeter has audible output,” Electronics, March 29, 1979,
p. 120.
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Delay circuit replicates
pulses of variable width

by John H. Davis
Warm Springs, Ga.

Unfortunately, the simple and well-known circuit used to
provide true pulse delay—whereupon the first of two
one-shots connected in series sets the delay time desired
and the second is set to generate a pulse having the same
width—cannot be used if the input pulse width is vari-
able. Fortunately, however, pulses of variable width can
easily be handled by adding only a quad NOR gate and a
few RC differentiators to a modified circuit, as shown
here.

Differentiator R,C, provides a positive-going spike
from the rising edge of the input pulse to be delayed, in

for the desired delay interval selected by potentiometer
Ra. When the Q output returns to its high.state, the RS
flip-flop at the output, formed by two NOR gates, is set
and the I port moves high.

One-shot A; is triggered by the falling edge of the
input pulse through differentiator R,C,, and thus its Q@
output goes low for a time (set by Rs) equal to A,’s delay

returns to its low state. As long as 7a; = 7a2, the time
during which I is high will always be equal to the width
of the input pulse, assuming the delays are equal to or
exceed the input pulse width. Pulses that are very much
shorter than the set delay time will be reproduced less
accurately.

This circuit provides delays over the range of 1
through 20 microseconds, but it is a simple matter to
change timing components to achieve times into the
millisecond region. Note that the maximum delay that
may be set will be limited to the shortest repetition
period in the pulse train and in practice should be set to a
value less than this to allow for the one-shots to recover.

The circuit is equally suitable for implementation with
positive or negative logic. Adjustment is simple. With
positive logic, R, should be set for the desired delay. A
train of pulses of nominal width is then introduced at the
input, and the I port is monitored with a scope while Ry
is adjusted so that the pulse width at the output is equal
to that at the input. The circuit will then automatically
be calibrated for input pulses having any width. The
calibration procedure is similar with negative logic,
except that then it is easier to adjust R first.

Alternatively, both one-shots may be set for equal
delay, but in practice this procedure will cause inaccura-
cies for very narrow input pulses. In any case, it will be
advantageous if circuitry can be configured to program
R4 and Rp simultaneously, so that the circuit has only

interval. When A,’s Q output returns high, the NOR latch one control. O
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Delayed duplication. Parallel-connected one-shots and NOR gates provide set delay and maintain width of pulse, independent of its value.
Low-cost unit will thus be useful for automatically synchronizing blanking pulses in TV systems and for similar applications.

116




Frequency discriminator has
ultra-sharp response

by S. J. Collecott, csiro Division of Appiied Physics,
National Measurement Laboratory, Sydney, Australla

Most rudimentary circuits for discriminating between
two frequencies or two bands of frequencies sacrifice
selectivity to simplicity. But this simple circuit, which
uses just a frequency-to-voltage converter and a couple
of general-purpose comparators, can differentiate
between two frequencies separated by only a few hertz.

In this application, the circuit rejects all frequencies
below 2.1 kilohertz, while passing others, although it is a
simple matter to modify the discriminator to handle
signals at any frequency. Input signals are introduced
into the LM311 comparator (A;), which operates as a
zero-crossing detector. Its output is then applied to one
input of a dual NAND gate and A,, the LM2917 frequen-
cy-to-voltage converter.

The converter, which drives the noninverting input of

kilohertz applied at its input. Thus, when fi, is less than
2.1 kHz, the output of the converter is less than 2.1 volts,
and A; (whose noninverting input is biased at 2.1 v by
diodes D,-D3) is low. Therefore, output gate A, is
disabled. If fi, moves above 2.1 kHz, A; will go high and
enable A,, thereby permitting fi, to appear at the output.

The sharpness of the cutoff, which is determined by
the transfer function of A,, is approximately 1 Hz. The
response time of the circuit is adjusted by C; and RsC,.
These components act to control the integration time at
the output, ensuring that a steady dc voltage is attained
after a nominal number of periods of fi,. If a fast
response time is desired, Rs and C, should be deleted.

The circuit is made to handle signals at any frequency
by applying a variable control voltage at pin 3 of Aj, in
lieu of the D,~D3 and R combination. And the discrimi-
nator can be used in other modes, to reject high frequen-
cies, for example, or as a bandpass discriminator.

The discriminator that rejects high frequencies may
be realized by simply reversing the inputs to A,. For
bandpass applications, A; is replaced by a dual compara-
tor, where the low- and high-cutoff frequencies are set
by control voltages on the inverting and noninverting
inputs of the comparators, respectively. A4 must then be

comparator A;, generates an output of one volt for each replaced with a triple-input NAND gate. g
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Cycle cutoff. Frequency-to-voltage converter and comparators com
function of LM311 determines sharpness of cutofi, in this case b