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within two limits. Applications abound.

THERE ARE MANY occasions in electronics when it 1s neces-
sary to have a circuit that abruptly changes its output stage
when an input voltage, or a quantity that can be represented
by a voltage (such as a current. resistance. temperature or
light level. etc. goes above or below a preset reference value.
Circuits that perform this basic function are known as voltage
comparators.

Voltage comparators have plenty of practical applications
apart from the obvious ones of over and under-voltage switches.
They can readily be made to activate relays, alarms and other
mechanisms when load currents or temperatures or light

domestic and industrial uses. We'll look at some practical
circuits in the next few pages.

Basic voltage comparator

circuits

The easiest wayv to make a voltage comparator is to use a
CA3140 op-amp in one or other of the basic configurations
shown in Figures 1 and 2. The 3140 op-amp has a typical basic

Figure 1. Basic op-amp comparator that functions as an under-voltage switch:
the output is high when Vin is below Vref.
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Figure 2. Alternative op-amp voltage comparator that functions as an over-
voltage switch: the output is high when Vin is above Vref.

sopen-loop) low frequency voltage gain of about 100 dB, so its
output can be shifted from the high to the low state (or vice
versa) by shifting the input voltage a mere 100 uV or so above
or below the reference voltage value. This particular op-amp
can be powered from either single-ended or split supply rails
and provides an output that typically swings to within acouple
of volts of its positive rail value or to within a few millivolts of
its negative (or zero) supply rail value: Unlike many other
op-amps, the 3140 can accept input voltages all the way down

levels exceed. or fall within, preset limits. and have a stack of

Voltage and window comparators

Comparators are circuits in which the output changes
state when the input varies above or below a set limit, or

Ray Marston

to the negative rail value.

The operation of the Figure 1 circuit is very simple. A fixed
reference voltage (Vref) is generated via R2-ZD1 and s
applied directly to the non-inverting input terminal (pin 3 of
the op-amp. and the test or input voltage is applied to the
inverting input terminal (pin 2) via current-limiting resistor
R1. When Vin is below Vref the op-amip output is driven high
(to positive saturation). but when Vin is above Vref'the output
isdriven low (to negative saturation) as shown in the diagram.
The action of the circuit can be reversed. so that the op-amp
output is normally low but goes high when Vin exceeds Vret.
by simply transposing the pin 2 and pin 3 connections of the
op-amp, as shown in Figure 2.

There are a tew points worth noting about the basic single-
supply Figure 1 and Figure 2 3140 voltage comparator cirenits.
The first point is that the ‘reference’ voltage can be given any
value from zero up to within two volts of the positive supply
rail value, so either circuit can be made to trigger at any
desired value between these limits by simply interposing a
preset pot between a fixed voltage-reference source and the
‘Vret' pin of the op-amp.

The second point to note is that the ‘input’ pin of the op-amp
must be constrained to the range from zero volts up to within
two volts below the positive supply rail value. Thus. if vou
want the circuit to trigger at some high value of input voltage.
this action can be obtained by feeding the input voltage to a
simple potential divider before it reaches the actual input of
the op-amp.

The final point to note about the basic voltage comparator
circuits is that they give a non-regenerative switching action.
s0 that the op-amp is driven into the linear (non-saturated
mode when the ‘input’ voltage is within a few tens of microvolts
of Vref. and under this circumstance the op-amp output
generates lots o' spurious noise. In some applications this type
of action may be unacceptable, in which case the problem can
be overcome by feeding a small part of the op-amp output
voltage back to the non-inverting input terminal, so that a
regenerative switching action is ohtained. The feedback signal
introduces a degree ot hysteresis in the voltage switching
levels. the degree of hysteresis being divectly proportional to
the amount of feedback.

Special voltage comparators

Figures 3 to 7 show how the three points mentioned ubove can
be put to practical use to make various types of ‘special’ voltage
comparator circuits; plenty of other variations are possible.

Figures 3 and 4 show how the basic comparator circuits can
be modified to give variable-voltage switching by using a
pre-set pot (PR1) to set the desired ‘reference’ or trigger
voltage at any value in the range 0 — 5V6. and to give
regenerative (‘noiseless’) switching by feeding part of the
op-amp output back to the non-inverting terminal via R3: note
in the Figure 4 circuit that the input terminal is terminated
via R5, to ensure controlled hysteresis.

4
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Figure 3. Variable under-voltage switch with degenerative feedback overcomes
intermediate-voltage problems with Figure 1 and 2 circuits.
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Figure 4. Variable over-voltage switch with regenerative feedback.
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Figure 5. High value {0 — 130 V) under-voltage switch.

Figures 5 and 6 show examples of how the circuits can
be modified to give high-value variable-voltage (0 — 130 V)
triggering by interposing a simple potential divider (R2-R3)
between the input signal and the input of the op-amp: The
Figure 5 circuit gives non-regenerative switching, while the
Figure 6 circuit gives regenerative switching.

Finally, Figure 7 shows how the comparator can be used as a
sensitive audio sine-square converter that can operate from
input signal amplitudes as low as 10 mV peak-to-peak at
1 kHz and which produces decent squarewave outputs from
sinewave inputs with frequencies up to about 15 kHz. [nput
impedance is 100k.
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Figure 6. High value (0 — 130 V) regenerative over-voltage switch.

The operation of the Figure 7 circuit is simple. Voltage
divider R1-R2 and capacitor C2 apply a decoupled reference
voltage to pin 2 of the op-amp and an almost identical voltage
is applied to signal-input pin 3 via isolating resistor R3. When
a sinewave is fed to pin 3 via C1 it swings pin 3 about the pin 2
reference level, causing the op-amp output to change state at

Figure 7. This sensitive sine-square converter needs only a few tens of
millivolts of input signal to produce a decent squarewave output up to about
15 kHz.

the ‘zero voltage difference’ crossover points of the input
waveform and produce a squarewave output. Preset pot PR1 s
used to bias the op-amp so that its output is just pulled low
with zero input signal applied. so that the circuit operates with
maximum sensitivity and stability. Note that, because of the
gain-bundwidth product characteristics of the op-amp. the
circuit sensitivity decreases as the input frequency is increased.

Window comparators

The voltage comparator circuits that we've looked at so far
give an output transition when the inputs go abuve or below a
single reference voltage value. It's a fairly simple matter to
interconnect a pair of voltage comparators so that an output
transition is obtained when the inputs fall between, or outside
of, a pair of reference voltage levels. Figure 8 shows the basic
circuit configuration, which is generally known as a window
comparator or discriminator.

VU (BV) o
2

VIN
out

vL@v) 3

Figure 8. A voltage window comparator or discriminator. The output goes high
when Vin goes outside of the V|_or Vy limits.

The action of the Figure 8 circuit is such that the output of
the upper op-amp goes high when Vin exceeds the six volt V-
‘upper limit" reference value. and the output of the lower
op-amp goes high when Vin falls below the four volt V|, lower
limit’ reference value. By feeding the outputs of the two
op-amps to R4 via the D1-D2 diode OR gate we get the sit-
uation where the final output is low when Vin is within the
limits set by V- and V|, but goes high whenever the input goes
beyond these limits.

The action of the Figure 8 circuit can be reversed, so that its
output goes high only when the input voltage is within the
‘window’ limits, by taking the output signal via a simple
inverter stage. Alternatively, the required action can be
obtained by transposing the two reference voltages and taking
the output via a diode AND gate. as shown in Figure 9.

Window discriminators can readily be made to activate from
any parameter that can be turned into an analogue voltage, in
the same way as a ‘normal’ voltage comparator can. They can
thus be used to activate relays or alarms whenever temper-

'World R4
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- 12V
R2 which thus gives a positive output when the C2 voltage
10k 12 exceeds the value on the junction of R8-R9.
0 '1 Figures 12 to 15 show a variety of ways of using comparator
l circuits as light or temperature-activated switches. All of
. these circuits use a light or temperature-sensitive transducer
Vour tand LDR or cadmium sulphide photocell for light, or a
= F¥o negative-temperature-coefficent thermistor for temperature)
vL{aV) VU (6 V) . h . 5
- | as the sensing element and use the element as one arm of a
°; ; R Wheatstone bridge and the op-amp as a simple bridge-balance
Vin detector so that the "trip’ point of each circuit is independent of
supply line variations. In all cases, the sensing element must
# have a resistance in the range 5k to 100k at the required trip’
Figure 9 An alternative window discriminator in which the output goes high point and PR1 is chosen to have the same resistance value as

Vin
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when Vin falls between the two limits.

'Loao
Rx 100 mv
ATHRip o
6
—o OUT
RS
10K
ov

Figure 10. An over-current switch: the output goes high when the load current
exceeds a preset value. The action can be reversed by transposing pins 2 and
3 of the op-amp.

atures, voltages, currents or hight levels ete. go outside of
preset Iimits, Let's look now at some examples of unalogue-
activated comparator circuits.

Analogue-activated

comparators

Figure 10 shows how a compuarator cireuit can be made to
function as an over-current switch that gives a high output
when the load current exceeds a value preset via PR1: the
value of Rx 1s chosen so that it develops roughly 100 mV at the
required trip current level. A fixed half-supply ‘reference’
voltage is fed to pin 3 of the op-amp via R3-R4 and a similar but
current-dependent voltage is fed to pin 2 via Rx-R1-PR1-R2:in
effect, these two sets of components are configured as a Wheat-
stone bridge, with one side feeding pin 3 and the other side
feeding pin 2. and the op-amp is used as a bridge-balance
detector: consequently. the trip points of the circuit are not
significantly influenced hy supply voltage variations but are
highly sensitive to load current variations.

Note that the action of the Figure 10 civcuit can be reversed.
so that it functions as an undercurrent switch. by simplsy
transposing the connections to pins 2 and 3 of the op-amp. The
circuit can then be used as a lamp or load-failure indicator in
cars or in test gear, etc.

Figure 11 shows the circuit of a sensitive ac over-voltage
switch, which gives a high output when the input signal
exceeds a peak value (6 mV to 111 mV) preset via PR1. The ac
input signal is applied to the input of non-inverting variable
gain amplifier IC1. which has its gain variable from x15 to
x850 via PR1. Note that the input of IC1 1s dc-grounded via
R1-R2. so the op-amp responds only to the positive half-cvcles
of the input signal. Consequently. the output of IC'1 is an
amplified but positively half-wave rectified version of the
input signal; this signal is peak-detected via R5-1)1-C2-R6-R7
and fed to the input of non-inverting voltage comparator 1C2,

— . 12v
2
e f o —<our
'—{H’\/\‘
o { nmoox [3

L

c2 ==
2u2 T

R7 RS A1
K7 33Kk i 0K
— oV

Figure 11 This ac over-voltage switch can be triggered by input signals in the

range 6 mv to 111 mv peak.
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Figure 12 Precision over-temperature switch with transistor/relay output.
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Figure 13 Precision under-temperature switch with VFET/relay output.

the sensing element at the required trip level.

The Figure 12 to 15 circuits also show a variety of ways of
using the output of the op-amp to activate a relay or to
generate an acoustic alarm signal. Thus. the Figure 12 over-
temperature switch has a transistor-driven relay output. while
the Figure 13 under-temperature switch has a VFET-driven
relay output. Similarly, the light-operated switch circuit of
Figure 14 generates a monotone alarm output signal in a
small speaker, while the dark-operated switch of Figure 15
generates a low-power pulsed-tone signal in a small piezo-
electric transducer.
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Figure 14. Light-operated switch with monotone alarm output.

Micro-power operation

All of the 3140-based comparator circuits that we have looked
at so far are continuously powered; they draw continuous
currents of about 4 mA per op-amp and will thus flatten
a small 9 V battery in less than two days of continuous
operation. These circuits are thus not well suited to battery
operation in ‘portable’ applications. In practice, however, all of
these circuits can easily be modified for long-life battery
operation by using a micro-power ‘sampling’ technique: the
principle can be explained with a simple example, as follows.

The Figure 13 under-temperature switch circuit monitors
temperature continuously and draws about 5 mA of quiescent
current (with the relay off). In reality, however, temperature is
a slowly-varying parameter and thus does not need to be
monitored continuously; instead, it can be efficiently monitored
by briefly ‘inspecting” or ‘sampling’ it (by connecting the
supply power and inspecting the op-amp output) only once
every second or so; if the sample periods are very brief (say
300 uS) relative to the sampling interval (one second), the
mean current consumption of the monitor can be reduced by a
factor equal to the interval/period ratio (e.g: by a factor of
33000 by using the sampling technique, so that, for example,
the 5 mA consumption of the Figure 13 circuit can be reduced
to a mean value of a mere 1.6 uA, thus giving years of
continuous operation from a 9 V battery. The 'sampling’ tech-
nique thus enables true micro-power monitor or comparator
designs to be implemented.

Figure 16 shows the basic circuit of a ‘micro-power’ or
sampling version of the Figure 13 under-temperature switch,
which operates the relay when the TH1 temperature falls
below a preset value but which draws a mean quiescent
current of only a few uA. The TH1-PR1-R1-R2-IC1 monitor
network is almost identical to that of Figure 13, but instead of
being continuously powered it is powered via a 300 uS pulse
Jjust once every second via a sample-pulse generator and Q1.
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Figure 15. Dark-operated switch with low-power pulsed-tone output.
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Note that the output of [C1 is fed to temporary ‘memory’ store
R4-C1 via D1, and that the memory store operates the relay
via VFET Q2.

Thus, if the TH1 temperature is outside of the trip level
when the sample pulse arrives, IC1 output will remain low and
nocharge will be fed to C1, so Q2 and the relay will be oft, but if
the TH1 temperature is within the trip level when the sample
pulse arrives the IC1 output will switch high for the duration
of the pulse and thus rapidly charge C1 up via D1 and thence
drive the relay on via Q2; the C1 charge will then easily hold

the relay on until the arrival of the next sample pulse.

The Figure 16 circuit, then, illustrates the basic principles
of the micro-power sampling technique. In reality the
sampling interval and pulse-width used (and thus the re-
duction in mean power consumption}) will depend on the
specific application. If, for example, you wish to monitor
transient changes in light or sound levels and know that these
transients have minimum durations of 100 mS, you may have
to use a 50 mS sampling interval and (say} a 500 uS sample
pulse. in which case the mean consumption of your circuit will
be reduced by a factor of 100.

In some cases you may have to slightly modity the operating
principle of the sampling circuitry to obtain the desired
micro-power operation. Figure 17, for example, shows how the
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Figure 16. This micropower or ‘sampling’ version of the Figure 13 under-
temperature switchdraws a mean quiescent current of only afew microamps.
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Figure 17. This coded light beam detector circuit uses a moditied version of the
micropower ‘sampling’ technique.
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principle may be adapted to make a coded lightbeam detector,
in which the ‘code’ light signal is modulated at 1 kHz for
a minimum duration of 100 mS. Thus, the sample-pulse
generator is designed to produce a minimum pulse width of
1.2 mS sothat it can ‘capture’ at least one full 1 kHz code cycle,
and the sampling interval is set at 60 mS so that part of a tone
burst will always be captured. The sampling circuitry thus
gives a 50:1 reduction in monitor current consumption.

Thus, in the Figure 17 circuit, the sample generator
repeatedly feeds 1.2 mS "inspection’ pulses to the 3140 detector
circuitry via one input of the OR gate and via Q1 to see if any
trace of a coded signal exists. If no trace of a code signal is
detected the output of the op-amp remains low and another
sample pulse is applied 60 mS later, but if a trace of a code
signal is detected the output of the op-amp immediately
switches high and the resulting pulse is ‘captured’ by C1 via
D1 and applied to the remaining input of the OR gate, thereby
temporarily applying full power to the 3140 circuitry so that
the code signal can be properly inspected via the passive signal
conditioning circuitry to see if it conforms to the specified
‘code’ characteristics.

Note that, for a sampling system to be truly efficient, the
actual sample-pulse generator must itself consume negligible
current and may thus have to be a non-standard design. We’ll
show some possible suitable circuits in the next edition of
‘Circuit File'. L
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very versatile chip indeed.

THE 4007UB is the simplest chip in the entire CMOS range. [t
contains little more than two pairs of complementary
MOSFETSs, plus a simple CMOS inverter stage. All of these
elements are, however, independently accessible, enabling
them to be configured in a wide variety of ways, thereby
making the IC the most versatile in the entire CMOS range.
The 4007UB is an ideal device for demonstrating CMOS
principles to students, technicians and engineers. It is some-
times known as the ‘design-it-yourself CMOS chip. and can
readily be configured to act as a multiple digital inverter,
NAND or NOR gate, transmission gate, or as a uniquely
versatile ‘micropower’ linear amplifier, oscillator or multi-
vibrator. We'll look at some practical examples of these
applications later. In the meantime, let’s look at 4007UB basics.
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Figure 1a. Functional diagram of
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Figure 1b. Internal input protection
network (within dotted lines) on each
input of the 4007UB.

Basics: digital operation

Figure 1a shows the functional diagram and pin numbering of
the 4007UB. Each of the three independent input terminals
of the IC is internally connected to the standard CMOS pro-
tection network shown in Figure 1b. All MOSFETs in the
4007UB are enhancement-mode devices; Q1, Q3 and Q5 are
p-channel MOSFETs, and Q2, Q4 and Q6 are n-channel
MOSFETs. Figure 1¢ shows the terminal notations of the two
MOSFET types; note that the B terminal represents the bulk
substrate.

The term ‘CMOS’ actually stands for ‘Complementary Metal
Oxide Silicon field-effect transistors’ and it is fair to say that
all CMOS ICs are designed around the basic elements shown
in Figure 1. It is thus worth getting a good basic understanding
of these elements. Let’s look first at the digital characteristics
of the basic MOSFETs.

; Figure 1c. MOSFET terminal
notations. G = Gate. D = Drain.
S = Source. B = Bulk substrate.

Using the 4007UB ‘FETset’ IC

The 4007UB comprises two pairs of complementary
MOSFETs and a simple MOSFET inverter stage, all
independently accessible, which makes this simple IC a

Ray Marston

The input (gate) terminal of a MOSFET presents a near-
infinite impedance, and the magnitude of an external voltage
applied to the gate controls the magnitude of source-to-drain
current flow. Basic characteristics of the enhancement-mode
n-channel MOSFET are that the source-to-drain path is open
circuit when the gate is at the same potential as the source, but
becomes a near short-circuit (a low resistance) when the gate
is heavily biased positive with respect to the source. Thus the
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Figure 2. Digital inverter made

Figure 3. Digital inverter made from
from n-channel MOSFET.

p-channel MOSFET.

n-channel MOSFET can be used as a digital inverter by wiring
it as shown in Figure 2. With a logic 0 (zero volts) input the
MOSFET is cut off and the output is at logic 1 (positive rail
voltage), but with a logic 1 input the output is at logic 0.

Basic characteristics of the p-channel enhancement-mode
MOSFET are that the source-to-drain path is open when the
gate is at the same potential as the source, but becomes a
near-short when the gate is heavily biased negative to the
source. The p-channel MOSFET can thus be used as a digital
inverter by wiring it as shown in Figure 3.

Note in the Figures 2 and 3 inverter circuits that the on
currents of the MOSFETs are determined by the value of R1
and that these circuits draw a finite quiescent current when
they are in one of their logic states. This snag can be overcome
by connecting a complementary pair of MOSFETs in the
standard CMOS inverter configuration shown in Figure 4a.
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p-CHANNEL
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IN \ Q2 | 0 1
n-CHANNEL
L J 1 0
-
R T

—

ourt
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Figure 4. Circuit (a), truth
table (b) and standard
symbol (c) of the basic
CMOS digital inverter.

(a) b)

Here, with a logic O input applied, Q1 is shorted, so the output
is firmly tied to the logic 1 (positive rail) state, but Q2 is open
and the inverter thus passes zero quiescent current via this
transistor. With a logic 1 input applied, Q2 is shorted and the
output is firmly tied to the logic O (zero volt) state, but Q1 is
open and the circuit again passes zero quiescent current. This

8



‘zero quiescent current’ characteristic of the complementary
MOSFET inverter is one of the most important features of the
CMOS range of digital ICs, and the Figure 4a circuit forms the
basis of almost the entire CMOS family. Figure 4c shows the
standard symbol used to represent a CMOS inverter stage.
Q5 and Q6 of the 4007UB are fixed-wired in this inverter
configuration.

JOI—

Vpp = 15V

Figure 5. Typical gate-voltage to
“—35 drain-current characteristics of an
n-channel MOSFET.
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Basics: linear operation

To truly understand the operation and vaguaries of
CMOS circuitry, it is essential to understand the linear
characteristics of basic MOSFETSs. Figure 5 shows the typical
gate-voltage to drain-current graph of an n-channel enhance-
ment mode MOSFET. Note that negligible drain current flows
until the gate voltage rises to a ‘threshold’ value of about 1.5 to
2.5 volts, but that the drain current then increases almost
linearly with further increases in the gate voltage.

v

Rx
18k TO 100k

‘ Ax
. 4 . 18k TO 100k
VI" ov l
y 3 .
o A ov
Figure 6. Methods of biasing an n-channel 4007UB MOSFET for use as a
linear inverting amplifier.

(@

Figure 6 shows how to connect an n-channel 4007UB
MOSFET as a linear inverting amplifier. R1 serves as the
drain load of Q2 and R2-Rx bias the gate so that the device
operates in the linear mode. The Rx value must be selected to
give the desired quiescent drain voltage; the Rx value is
normally in the range 18k to 100k. If you want the amplifier to
give a very high input impedance, wire a 10M isolating
resistor between the R2-Rx junction and the gate of Q2, as
shown in Figure 6b.

Figure 7 shows the typical Ip to Vi) characteristics of an
n-channel MOSFET at various fixed values of gate-to-source
voltage. Imagine here that, for each set of curves, V(g is fixed
at the Vpp voltage, but that the Vg output voltage can be
varied by altering the value of drain load R, . The graph can be
divided into two characteristic regions, as indicated by the
dotted line, these being the triode region and the saturated
region.

When the MOSFET is in the saturated region (with Vpg at
some value in the nominal range 50% to 1007 of V;g) the
drain acts like a constant current source, with it’s current
value controlled by V. A low Vg value gives a low constant-
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Figure 7. Typical Ig to Vg characteristics of the n-channel MOSFET at various
tixed values of V.

current value, and a high Vg value gives a high constant-
current value. These saturated ‘constant-current’ character-
istics provide CMOS with its short-circuit proof feature and
also determine it’s operating speed limits at different supply
voltage values.

When the MOSFET is in the triode region (with V}y5 at some
value in the nominal range 1% to 50% of Vg) the drain acts
like a voltage-controlled resistance, with the resistance value
increasing approximately as the square of the V;g value.

The p-channel MOSFET has an I} to V))g characteristics
graph that is complementary to that of Figure 7. Consequently,
the action of the standard CMOS inverter of Figure 4 (which
uses a complementary pair of MOSFETSs) is such that it’s
current-drive capability into an external load. and also it's
operating speed limits, increases in proportion to the supply
rail voltage.

15

v

N

Figure 8. Typical voltage transfer characteristics of the 4007UB simple
CMOS inverter.

Figure 8 shows the typical voltage-transfer characteristics
of the standard CMOS inverter at different supply voltage
values. Note (on the 15 V Vpp line, for example) that the
output voltage changes by only a small amount when the input
voltage is shifted around the Vpp and 0 V levels, but that when
Vi, is biased at roughly half-supply volts a small change
of input voltage causes a large change of output voltage.

Voo

10M
Figure 9 Method of biasing the
4 simple CMOS inverter for linear
c2 | operation. Typical gain and band-
o width performance figures are
1 y 30dB and 2.5 MHz at 15 V supply,
- T ov 40dB and 710 kHz at5 V.

Typically, the inverter gives a voltage gain of about 30 dB
when used with a 15 V supply, or 40 dB at 5 V. Figure 9 shows
how to connect the CMOS inverter for use as a linear amp-
lifier; the circuit has a typical bandwidth of 700 kHz at 5 V
supply,or 25 MHz at 15 V. »
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(a)
Figure 10. Wiring three simple CMOS
inverters in series (a) gives the equivalent
of a B-series 'buffered’ CMOS inverter,
which has the transfer characteristics
shown in (b).

Wiring three simple CMOS inverter stages in series (Figure
10a) gives the direct equivalent of a modern B-series ‘buffered’
inverter stage, which has the overall voltage transfer graph
shown in Figure 10b. The B-series inverter, typically gives
about 70 dB of linear voltage gain, but tends to be grossly
unstable when used in the linear mode.

Figure 11. Drain-current transfer
characteristics of the simpie CMOS
inverter.
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Finally, Figure 11 shows the drain-current transfer char-
acteristics of the simple CMOS inverter. Note that the drain
current is zero when the input is at zero or full supply volts, but
rises to a maximum value (typically 0.5 mA at 5 V supply, or
10.5 mA at 15 V supply) when the input is at approximately
half-supply volts, under which condition both MOSFETs of the
inverter are biased on. In the 4007UB, these on currents can be
reduced by wiring extra resistance in series with the source of
each MOSFET of the CMOS inverter; we use this technique in
the ‘micropower’ circuits shown later in this article.

Using the 4007UB

The usage rules of the 4007UB are quite simple. In any specific
application, all unused elements of the device must be dis-
abled. Complementary pairs of MOSFETSs can be disabled by
connecting them as standard CMOS inverters and tying their
inputs to ground, as shown in Figure 12. Individual MOSFETs
can be disabled by tying their source to their substrate (B) and
leaving the drain open circuit.

Vool * ve)

Vool *+ve)

Vool #ve)

Vpol+ve)

Qut

T
Figure 13. 4007UB triple inverter.

Vool = ve)

INVERTER

BUFFER

T

Figure 14. 4007UB inverter plus non-inverting buffer.

Practical 4007UB circuits: digital

The 4007UB elements can be configured to act as any of a
variety of standard digital circuits. Figure 13 shows how to
wire it as a triple inverter, using all three sets of complementary
MOSFET pairs. Figure 14 shows the connections for making
an inverter plus non-inverting buffer; here, the Q1-Q2 and
Q3-Q4 inverter stages are simply wired directly in series, to
give an overall non-inverting action.

The maximum source (load-driving) and sink (load-
absorbing) output currents of a simple CMOS inverter stage
self-limit at 10-20 mA as one or other of the output MOSFETs
turns fully on. Higher sink currents can be obtained by simply
wiring n-channel MOSFETs in parallel in the output stage.

Vopl+ ve)

’J

T

eﬁ
|

Figure 15. 4007UB high sink-current inverter.

Figure 15 shows how to wire the 4007UB so that it acts as a
high sink-current inverter that will absorb triple the current
of a normal inverter. Similarly, Figure 16 shows how to wire
the IC to act as a high source-current inverter, and Figure 17
shows the connections for making a single inverter that will
sink or source three times more current than a standard
inverter stage.

Vool *ve)

Vppl+ ve)

ov

Figure 12. Individual 4007UB complementary MOSFET pairs can be
disabled by connecting them as CMOS inverters and grounding their
inputs.

In use, the input terminals must not be allowed to rise above
Vpp (the supply voltage) or below Vgg (zero volts). To use an
n-channel MOSFET, the source must be tied to Vgg, either
directly or via a current-limiting resistor. To use a p-channel
MOSFET, the source must be tied to Vpp, either directly or via
a current-limiting resistor.

LTC{jT o)
gL

ov

ﬂHﬂH el

_I’( ov

Figure 16. 4007UB high source-
current inverter.

Figure 17. 4007UB high-power in-
verter, with triple the sink- and
source-current capability of a
standard inverter.
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Figure 18. 4007UB two-input NOR gate.

The 4007UB is a perfect device for demonstrating the basic
principles of CMOS logic gates. Figure 18 shows the basic
connections for making a two-input NOR gate. Note that the
two n-channel MOSFETs are wired in parallel so that either
can pull the output to ground from a logic 1 input, and the two
p-channel MOSFETs are wired in series so that both must turn
on to pull the output high from a logic 0 input. The truth table
shows the logic of the circuit. A three-input NOR gate
can be made by simply wiring three p-channel MOSFETSs in
series and three n-channel MOSFETs in parallel, as shown in
Figure 19.
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Figure 20. 4007UB two-input NAND gate.

Figure 20 shows how to wire the 4007UB as a two-input
NAND gate. In this case the two p-channel MOSFETSs are
wired in parallel and the two n-channel MOSFETSs are wired
in series. A three-input NAND gate can be made by similarly
wiring three p-channel MOSFETs in parallel and three
n-channel MOSFETSs in series.

1 OUT/IN
-
12 v

L___Z\

CONTROL

CONTROL 0 - OPEN

1 - CLOSED

Figure 21. 4007UB transmission gate or bilateral switch.

Figure 21 shows the basic circuit for using the 4007UB to
make another important CMOS element, the so-called trans-
mission gate or bilateral switch. This device acts like a near-
perfect switch that can conduct signals in either direction and
can be turned on (closed) by applying a logic 1 to the control
terminal or turned off (open) via a logic O control signal. Here,
an n-channel and a p-channel MOSFET are wired in parallel
(source-to-source, drain-to-drain), but their gate signals are
applied in anti-phase via the Q1-Q2 inverter. To turn the
Q3-Q6 transmission gate on (closed), Q6 gate is taken to logic 1
and Q3 gate to logic O via the inverter. To turn the switch oft,
the gate polarities are simply reversed.

The 4007UB transmission gate has a near-infinite OFF
resistance and an ON resistance of about 600 ohms. It can
handle all signals between zero volts and the positive supply
rail value. Note that, since the gate is bilateral, either of its
terminals can function as input or output.
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Figure 22. 4007UB two-way transmission gate.

Finally, Figure 22 shows how the 4007UB can be wired as a
dual transmission gate that functions like a single-pole
double-throw (SPDT) switch. In this case the circuit uses two
transmission elements, but their control voltages are applied
in antiphase, so that one switch opens when the other closes,
and vice versa; the ‘X’ sides of the two gates are shorted
together, to give the desired SPDT action. >

11




circuit file \_

! FREQUENCY -~ Hz

Figure 23 Typical Ay and frequency characteristics of the linear-mode basic
CMOS amplifier.

Practical 4007UB circuits: linear

We've already seen in Figures 6 and 9 that the basic 4007UB
MOSFETSs and the CMOS inverter can be used as linear amp-
lifiers. Figure 23 shows the typical voltage gain and frequency
characteristics of the linear CMOS inverter when operated
from three alternative supply rail values. This graph assumes
that the amplifier output is feeding into the high impedance of
a 10M/15 pF ’scope probe. The output impedance of the open-
loop amplifier typically varies from 3k at 15 V, to 5k at 10 V, to
22k at 5 V, and it is the product of the output impedance and
output load capacitance that determines the bandwidth of the
circuit, increasing the load capacitance or output impedance
reduces the bandwidth.

As you would expect from the voltage transfer graph of
Figure 8, the distortion characteristics of the CMOS lineuar
amplifier are not particularly wonderful. Linearity is quite
good for small-amplitude signals (output amplitudes up to 3 V
peak-to-peak with a 15 V supply), but the distortion then
increases progressively as the output approaches the upper
and lower supply limits. Unlike a bipolar transistor circuit,
the CMOS amplifier does not ‘clip’ excessive sine wave signals,
but progressively rounds off their peaks.

Figure 24 shows the typical drain-current versus supply-
voltage characteristics of the basic CMOS linear amplifier.
Note that the supply current typically varies from 0.5 mA at
5Vtol25mAatlsV.

In many applications, the quiescent supply current of the
4007UB CMOS amplifier can usefully be reduced, at the
expense of reduced amplifier bandwidth, by wiring external
resistors in series with the source terminals of the two
MOSFETs of the CMOS stage, as shown in the ‘micropower’
circuit of Figure 25. This diagram also shows the effect that
different resistor values have on drain current, voltage gain
and bandwidth of the amplifier when it is operated from a 15V

. ey (=T || UPPER3dB
- V| B[ o [ A o] e
7 MH.
(1 ‘|2imA 20 | _2_‘1__4
8.2maA 20 1 5MHz
= —t
3.9mA 25 300 kHz
i - ——
25mA 30 150 kHz
I 600 uA 40 25 kHz
;)uA T 40 15 kHz
R S =
40uvA 30 2kHz
10 -
10M '] duA 10 1 kHz
Figure 25 ‘Micropower’
4007UB CMOS linear amp-
R lifier, showing method of

reducing I, with measured
performance details.

It is very important to appreciate in the Figure 25 circuit
that these additional resistors add to the output impedance of
the amplifier (the output impedance is roughly equal to the
R1-Av product) and this impedance and the external load
resistance/capacitance has a great effect on the overall gain
and bandwidth of the circuit. When using 10k values for R1.
for example, if the load capacitance is increased to 50 pF the
bandwidth falls to about 4 kHz, but if the capacitance is
reduced to 5 pF the bandwidth increases to 45 kHz. Similarly.
if the resistive load is reduced from 10M to 10k. the voltage
gain falls to unity; for significant gain, the load resistance
must be large relative to the output impedance of the amplifier.

The basic (unbiased) CMOS inverter stage has an input
capacitance of about 5 pF and an input resistance of near-
infinity. Thus, if the output of the Figure 25 circuit is fed
directly to such a load, it will show a voltage gain of about 30
and a bandwidth of 3 kHz when R1 has a value of IM: it will
even give useful gain and bandwidth when R1 has a value of
10M and will consume a quiescent current of only 0.4 uA!'

The CMOS linear amplifier can be used, in either its
standard or micropower forms. to make a variety of fixed-gain
amplifiers, mixers, integrators, active filters and oscillators,
etc. Three typical basic applications are shown in Figure 26.

A particularly attractive linear application is as a crystal
oscillator, as shown in Figure 27a. Here, the CMOS amplifier
1s linearly biased via R1 and provides 180° phase shift, and the
Rx-C1-XTAL-C2 pi-type crystal network provides an additional
180° of phase shift at the crystal resonant frequency, thereby
causing the circuit to oscillate. If you simply want the crystal
to provide a frequency accuracy within 0.1% or so, Rx can be
replaced by a short and C1-C2 can be omitted. For ultra-high
accuracy, the correct values of Rx-C1-C2 must be individually
determined (Figure 27 shows the typicul range of values). In
micropower applications, Rx can be incorporated in the CMOS
amplifier, as shown in Figure 27b. If desired, the output of the
crystal oscillator can be fed directly to the input of an
additional CMOS inverter stage, for improved waveform

supply and has it’s output feeding to a 10M/15 pF CRO probe.  shape/amplitude.
Voo L r S
R2 10M <
| o j 1
R110M INPUT 1
" i Rt 1M -~
INPUT 2
10 F"' R1 1M R3 1M /> 4
!
(r:A) _‘"—‘ IN o A R4 1M our
s I INPUT 4
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5
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Figure 24. Typical 15/Vpg characteristics of the
linear-mode CMOS amplifier.

(@) x10INVERTING AMPLIFIER

{b)  UNITY GAIN 4-INPUT MIXER (c) INTEGRATOR

Figure 26. The CMOS amplifier can be usedina variety of linear inverting ampilifier applications. Three
typical examples are shown here.
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Figure 28. This 4007UB ring-of-three astable consumes 280 uA at 6 V,
1.6mAati10V.

Practical 4007UB circuits: astables

One of the most useful applications of the 4007UB is as
a ring-of-three astable multivibrator. Figure 28 shows the
basic configuration of the circuit. Waveform timing is con-
trolled by the values of R1 and C1, and the output waveform
(A) is approximately symmetrical. Note that for most of
the waveform period the front-end (waveform B) part of the
circuit operates in the linear mode, so the circuit consumes a
significant running current.

In practice, the running current of the Figure 28 astable
circuit is far higher than that of an identically configured
B-series ‘buffered’ CMOS chip such as the 4001B, the com-
parative figures being 280 uA at 6 V and 1.6 mA at 10 V for the
4007UB against 12uA at6 Vand 75uAat10V for the 4001B.
The 4007UB circuit, however, has far lower propagation
delays than the 4001B and typically has a maximum astable
operating speed that is three times higher than that of the
4001B.

The running current of the 4007UB astable can be greatly
reduced by operating it’s first two stages in the ‘micropower’
mode, as shown in Figure 29. This technique is of particular
value in low frequency operation, and the Figure 29 circuit
in fact consumes a mere 1.5 uA at 6 V or 8 uA at 10 V, these
figures being far lower than those obtainable from any
other IC in the CMOS range. The frequency stability of the

R110M

- 2 0V
3%
A ———-1 0V

R110M

i

Figure 30. This 4007UB asymmetrical ring-of-three astable consumes 2 uA at
6V,5uAat10V.

- 80O ms

v

p— €2 9n O . .
010306 Rigure 29 circuit is not, however, very good, the period varying

from 200 ms at 6 Vto 80 ms at 10 V.
Figure 30 shows how the 4007UB can be configured as an
asymmetrical ring-of-three astable. In this case the ‘input’ of

~Liovthe circuit is applied to n-channel MOSFET, Q2. The circuit
consumes 2uA at6 Vor5uAat10V.
v

D1
Ok
G 1N4148

+10V

- 900 ms -

Figure 31. This dual time constant version of the 4007UB astable generates a
very narrow output puise.

Figure 31 shows how the symmetry of the above circuit can
be varied by shunting R1 with the D1-R3 network, so that the
charge and discharge times of C1 are independently control-
led. With the component values shown, the circuit produces a
300 us pulse once every 900 ms and consumes a mere 2 uA at6
V or 4.5 uA at 10 V. Note that these characteristics are similar
to those of the ideal ‘sample-pulse generator’ circuit that was
mentioned at the end of the last Circuit File, on Voltage and
Window Comparators (ETI, November 82, pp 48-51).

Finally, to round off this edition of Circuit File, Figure 32
shows how the current consumption of the above circuit can be
even further reduced, by operating the Q3-Q4 CMOS inverter
in the micropower mode. The table gives details of circuit
performance with alternative C1 and R3 values. This cir-
cuit will give years of continuous operation from a single

battery supply. P

fuean
AT9V

C1/R3
VALUE

47n/10k 1.5uA 300us | 900 ms

out

,  B0msATIOV
200 ms AT 6V
-

1oV
‘[ ___J oV
Figure 29. This micropower ring-of-three symmetrical 4007UB
astable consumes 1.5uAat6V,or8uAati10V.

ov

10n/33k 35uA 160us | 180ms

Figure 32. This micropower version of the 4007UB dual time constant astable
consumes absolutely minimal currents.

13




Light and power from
dc supplies

Generating mains-independent light and power from
batteries is fraught with many unrealised difficulties.
Whether you want dc back-up to operate equipment when
the mains goes ‘off the air' or a wholly independent
240 Vac supply, you should know the problems up front.

THAT'S THE TROUBLE with Electric-
ity Commissions — they've insidiously
crept into our lives and made us quite
dependent on them. For those occasions
when we cannot avail ourselves of their
‘services’, we have to rely on other
sources to provide light and power. The
old kerosene pressure lamp has its
advantages — and disad vantages — but
how on earth do you keep a disk drive
running when the ac mains ‘browns out™?
As storage batteries are ubiquitous. the
12 V car battery in particular, it's
natural that we turn to them to provide

back-up and mains-independent
supplies.
Back-up supplies

For equipment designed to be powered
directly from anominal 12 Vdc source or
from either 12 Vdc or 240 Vac, back-up
supplies are employed to maintain
continuity of supply, the battery being
kept charged from the mains, but the
battery acts to maintain power supply
to the equipment in the event of mains
failure. This sort of system is commonly
installed with burglar alarms, amateur
radio repeaters and geophysical mon-

itoring equipment, for example.

The ‘power budget’ of such systems is
carefully considered to provide maxi-
mum service period from the battery
supply when mains is unavailable.
Hence a single 12 V storage battery —
generally a low maintenance type — is
employed. Let's learn a bit about lead-
acid batteries first.

The fully-charged, no-load terminal
voltage of a lead-acid cell is between
2.3-2.4 volts. This drops under load to
about 2.0-2.2 volts. When discharged,
the cell voltage is typically 1.85 volts.
The amp-hour capacity is determined
from a 10-hour discharge rate. The cur-
rent required to discharge the battery to
its end-point voltage of 1.85 V/cell is
multiplied by this time; e.g: a 40 Ah
battery will provide four amps for
10 hours before requiring recharge.
Note however that the amp-hour capac-
ity varies with the discharge current.
The same battery discharged at a rate of
10 amps will not last four hours; on the
other hand if it is discharged at 1 amp it
will last somewhat longer than 40 hours.
The typical discharge characteristics of
a (nominal) 12 V battery are shown in
Figure 1.

Roger Harrison

The ideal initial charging current for
the fully discharged battery (cell voltage
under 2.0 V) should be about 20 amps
per 100 amp-hours of capacity (i.e:
8 amps for a 40 Ah battery). Once the
electrolyte begins to gas rapidly. the
terminal voltage will be around
13.8 volts and rising rapidly. At this
point, the charging current should be
reduced to somewhere between 4-8 amps
per 100 Ah until charging is complete.

At the end of charging. terminal volt-
age may rise to about 15.6 volts or more,
but this decreases slowly after the
charger is removed, the terminal voltage
then usually reading around 14.0 to
14.4 volts (see Figure 2).

Back-up supplies are generally of the
‘trickle-charge’ type or the ’‘battery
condition’ sensing type. Two good exam-
ples are ETI projects 597 — Emergency
Lighting Unit (December 1980) — and
1503 — Intelligent Battery Charger
(August 1981). The ETI-597 trickle
charges a 12 V battery when the mains
is on and provides automatic switchover
when the power drops out. It’s cheap and
simple, but needs to be used for the
batteries to stay in condition so that
they deliver their rated capacity when

15.6 o
w 132 4 w 148 CHARGING RATE
w u REOUCED
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3 126 4 21384 RAPIORGASSING
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11.
Ui 3-HOUR DISCHARGE RATE 126
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Figure 1. Typical discharge characteristics of a 12 V {nominal) lead-acid battery.
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Figure 2. Charging characteristics of a 12 V (nominal) lead-acid battery. The
‘kink' in the curve near six hours is explained in the text.



needed. Back-up supplies of this sort are
only practical where the load on the
supply is not too heavy — generally
20 W or so.

To drive a heavier load, upwards of
50 W for example, it's best to power the
equipment from the battery all the time
and have a charger which senses the
battery terminal voltage, charging the
battery when the terminal voltage falls
to a preset level and turning off when
the terminal voltage rises to the desired
operating level again. This is what the
ETI-1503 does. There is a slight element
of luck involved as to how charged the
battery will be at any one time, but the
lower limit is usually set so that the
equipment will operate for a specified
period. The ETI-1503 can be used with
batteries with a capacity up to 100 Ah.
Such a battery can drive a 10 A load at
the 10-hour discharge rate — which
effectively means it's a good back-up
supply for equipment with a power
budget of up to 120 W mean consumption.
This means that actual consumption
can be greater than that from time to
time provided that consumption falls
below the mean level for an equivalent
period. An amateur VHF or UHF re-
peater is a good example. Whilst listen-
ing’ only — no stations active on the
input channel — consumption is quite
low. When ‘activated’ by a station or
stations, the repeater spends most of its
time transmitting, and consumption
can be four to ten times that during in-
active periods, depending on the power
output of the transmitter employed in
the repeater.

As stated earlier, the major consider-
ation with back-up supplies is the power
budget of the equipment being supplied.
If you anticipate the necessity of operat-
ing the equipment for periods exceed-
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Figure 3. The light output of a fluorescent tube increases with increasing supply frequency in the manner
shown in this graph. The property is exploited in dc-ac square wave inverters for lighting.

ing, say, eight hours, then a battery of
adequate ampere-hour capacity needs
to be used. It is always prudent to choose
a battery with 20-50% more capacity
than strictly necessary.

dc-ac inverters

Like storage batteries, 240 Vac mzins-
operated equipment is ubiquitous! The
huge variety of products have been
designed to be convenient, thus making
themselves necessary. Or so it seems.
Why on earth anyone would want to
take an electric razor on a camping
expedition and expect to power it from
an ersatz 240 Vac supply is beyond this
writer — but then I haven't had a shave
in more than 15 years except when my
appendix was removed and then they
didn’t shave my face!

There are two common approaches to
providing 50 Hz ac power for mains
operated appliances: provide square
wave drive of the appropriate amplitude,
or derive a sinewave (or pseudo sine-
wave) supply of appropriate amplitude.
Both are fraught with hidden difficult-
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Circuit of the ETI-597 'Emergency Lighting Unit', a simpie back-up supply that can be used for other than

lighting applications.

ies. If you want any substantial amount
of power output — like 200 W — you're
in hot water — and probably unable to
boil a billy, to boot!

A square wave dc-ac inverter has the
advantage of simplicity and efficiency
— depending somewhat on the design.
Inverters generally take two forms: self-
excited, usually employing a feedback
winding on the transformer, and driven,
where an oscillator drives a switching
circuit, generally with transformer out-
put. Where the precise frequency of the
ac output is unimportant, self-excited
inverters are employed. Where a stable
50 Hz output is required, a driven in-
verter is necessary.

Lighting is one area where self-excited
dc-ac inverters find application. The
common tungsten filament incandescent
light globe is a poor choice for lighting
where a dc supply is employed. They
have an efficiency of less than a fifth of
that of a fluorescent light of the same
power rating — viz: around 12 lumens/
watt for the tungsten filament lamp
versus better than 60 lumens/watt for a
fluorescent tube. A 20 W fluorescent
tube would provide as much light out-
put as a 100 W incandescent globe!
Those figures are based on 50 Hz ac
supply. Fluorescent tubes actually
improve in efficiency whendriven from a
higher frequency supply. Figure 3 shows
how the light output of a fluorescent tube
increases with increasing supply fre-
quency. Driving the tube from a supply
frequency of 10 kHz or more will result in
a 20% increase in light output.

The circuit of a self-excited inverter
driving a fluorescent tube is shown in
Figure 4. This is taken from Project
ETI-516 of November 1972. It ran at
around 2 kHz and employed a ferrite-
cored transformer. Consumption was
2.5 amps. An incandescent globe to pro- »
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Figure 4. ETl project 516 (Nov. '72!) employed a self-excited dc-ac square wave inverter operating at 2 kHz
to drive a 20 W fluorescent tube — an efficient solution to providing light from a de supply.

vide a similar light output would draw
around 10 amps! Such inverters have one
drawback — the transformer core ‘sings’
owing to the magnetostrictive forces on
the core pieces (which generally come in
two pieces). That can be solved in two
ways — put the inverter in a ‘soundproof
box or operate the inverter at a frequency
above audibility. The first solution was
employed with the ETI-516 inverter, but
is inevitably only partially successful
(though often acceptable). The second
solution will be described next month in
Project ETI-1505.

When it comes to powering 240 Vac-
operated equipment or appliances a
number of considerations have to be
looked at. First, will the equipment
operate from a square wave supply?
Many appliances employing an ac or
ac/dc motor will operate quite happily
from a square wave supply. One of ETI’s
correspondents employed battery back-
up for his computer’s disk drives, supply-
ing these with 240 V, 50 Hz square wave
ac from a driven inverter. The general
arrangement is shown in Figure 5. A
100 Hz oscillator drives a flip-flop, which
drives a pair of HEXFETSs connected in
push-pull across the secondary of a
toroidal transformer. Battery supply was
24 V. The transformer is operated ‘back-
to-front’ here, where input is applied to
the secondary and the load connected
across the primary. Toroidal transform-
ers perform much better in this applica-
tion than : .nventional types as core
losses are lower and primary-to-second-
ary coupling is generally better. Some
losses are involved, the saturation
voltage of the HEXFETSs generally being
the greatest source. Hence the use of a
20-0-20 V winding and not a 24-0-24 V
winding.

The saturation voltage loss in switch-
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ing devices driving a transformer is an
important consideration. One or two
volts lost from a 24 V supply represents
only about 4% to 8% loss, but at 12 V it’s
twice that! Any further losses only
magnify the problem.

A square wave ac supply is inherently
rich in harmonics. These can play havoc
with audio and digital equipment and it’s
often difficult to suppress interference
generated by the supply. Then again,
some equipment — particularly anything
containing a transformer and rectifier,
will produce entirely different perform-
ance from when it’s operated from a sine
wave supply. The problem arises be-
cause the peak and RMS values of a
square wave are the same, whereas the
peak/RMS ratio for a sinewave is 1.414.
To deliver the same work value as a sine
wave supply, the peak output voltage of
a square wave dec-ac inverter is gener-
ally set at 240 V. When driving a motor
or resistive load, the square wave
supply will deliver the same amount of
power as a sine wave supply; i.e: the
same amount of work will be done (all
else being equal). But, where the load or
equipment expects a peak voltage of
340 V (as we have with the ordinary
mains), then a square wave supply of a
nominal 240 V output will not ‘deliver
the goods’ as its peak voltage is only
240V,

So much for that; let’s look at sine-
wave dc-ac inverters. At this stage, I
recommend you read the letter from
reader Barry Brown in the accompany-
ing panel.

Requests of a similar nature arrive
quite commonly, though Mr Brown’s is
a little unusual compared to many we
receive. Where Mr Brown suggests a
dc-ac inverter to operate from a 24 V or
32 V supply, many readers ask for a

Dear Sir,

Despite the financial burden of com-
ponent costs for an ever-expanding range
of new projects, please find enclosed my
cheque for subscription renewal. Would
you consider a three-to-six-month mora-
torium on new projects to enable those of us
who are more enthusiastic about starting
the new than finishing the old to clear some
of the backlog?

No?
Well, to an area with possibly more
appeal — that of small domestic power

supplies. With most homesteads using
32 Vdc power for lighting and almost all
travellers using 24 or 12 Vdc power, a
stable inverter producing 240 Vac at 50 Hz
in the 500 W-1 kW range could be of enor-
mous benefit to many people. With an
increasing range of domestic electronic
equipment becoming available, the only
way for many people to enjoy these pro-
ducts is to crank over the, if available, 240 V
diesel generator. This is great stuff during
the day, especially with auto-start, but can
be a bit distressing when you discover that
your evening music selection is really a duo
for harpsichord and Lister Diesel.

More ambitious, and probably a lot
heavier: a largerinverter capable of starting
a fridge/freezer would win many friends.
Although these devices may have consid-
erable losses in conversion, there are
advantages in using converters for many
applications. Not the least of these would
be the lifetime supply of European carp
likely to be donated by the Darling River
United Naturalists Kangaroo Appreciation,
Research and Development Society
(DRUNKARDS). Such a society, aithough
unformed, could be initiated at the drop of a
cold tinny after publication of a suitable
circuit.

Barry Brown,
Young NSW.
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Figure 5. Example of a "driven’ dc-ac square wave inverter with nominal 240 Vac output. This technique
has been employed by one of our correspondents as a computer back-up supply.
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Figure 6. Class B driven sinewave inverter technique for providing 240 Vac from a dc supply.

1 kW or similarly rated inverter to run
from a 12 V battery. The latter is
impractical. for the following reasons.
Consider this: a sinewave dc-ac
inverter needs to be of the driven type.
Hence it generally consists of an oscil-
lator driving a class B power amplifier
— usually a push-pull type. The theor-
etical maximum efficiency obtainable
with a class B power amplifier is 78%.
With losses and power consumption of
drive circuitry taken into account the dc
power input to ac power output efficiency
of an inverter of this type is generally
around 65-70%. Thus a 1 kW dc-ac
inverter to run from a 12 V battery
would draw in excess of 120 amps at full
load! Few batteries available would
supply that sort of current for long.
With currents of that magnitude,
special arrangements have to be made
for primary circuit conductors. A resist-
ance of 5 milliohms (0.005 ochms) will
result in a power loss of more than
70 watts. Then again, special considera-
tion has to be given to heat dissipation
in the power output stage. The devices
used would dissipate something over
400 W at peak load. No load dissipation
would probably be in the vicinity of
40-50 W, which is no mean amount to

get rid of.

Apart from the weight of a heatsink,
consider the weight of a 1 kVA f(or
1000 W) transformer (assuming a single
transformer is used). We'll leave the
expense to your imagination.

The problems are reduced somewhat
when a much higher dc supply voltage is
available. However, in the latter case
other techniques of dc¢ to ac conversion
present themselves — but that should
be the subject of another article asit's a
whole new ballgame.

Where a 12 V battery supply only is
available, there is a practical limit to
the maximum power of a dc-ac inverter,
and that’s probably around 300 W out-
put. At typical efficiencies, the dc input
power is around 450 W, or close to
35-40 amps current from the battery.

As you would already appreciate, this
brings its own special problems. A
battery to supply that sort of power for
any appreciable or worthwhile period
would need to have a considerable
ampere-hour capacity. Your typical
40-60 Ah car battery would barely
deliver an hour’s worth of power. If the
inverter is installed within the vehicle,
or close by, and you are willing to keep
the engine running during operation,
then the battery will deliver the goods
for quite a period, provided you can "set’
the throttle to suit so that battery
charge is maintained. At this stage, I
might point out that an alternator
coupled to the motor would provide a
more efficient energy conversion.

To gain, say, four to six hours of
operation for a 300 W inverter, you
would need a battery system of more
than 200 Ah capacity.

A more practicable power level for a
sinewave dc-ac inverter would be
around 120 W. Such an inverter would
pull 12 to 15 amps from the battery, a
much more manageable figure.

Having seen the primary side of the
problem, let’s consider the secondary
side — the load. How many appliances
do you have rated at less than 300 watts?
Very few. The humble electric kettle is
rated from 1 kW to0 2.4 kW. Monochrome
TV sets, particularly portables, may
only consume 100 W, but a colour TV
may draw three times that or more. A
‘low power’ (say, 30 W/ch.) domestic
hi-fi will draw around 100 W, depending
on how much equipment is in use and
how loud you like it. Anything more
ambitious has a proportionately larger
consumption. A 300 W dc-ac inverter is
best considered where the full output is
only required intermittently.

Conclusion

As can be seen, many factors have to be
taken into account when considering
obtaining light and power from a
battery supply — whether it be in a
back-up application, for lighting or
240 Vac substitution. The ubiquitous
12 V battery is not up to the job in some
instances — in which case higher
voltage dc systems are better considered @
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Using BiFET and BiMOS op-amps

The availability of BIFET and BiMOS op-amps has
revolutionised circuit design since they appeared on the
scene five or so years ago. While we've used devices like
the CA3140 op-amp in projects we've not got around to
describing practical applications circuitry. This ‘Lab

Notes' fills that gap.

THE AVAILABILITY of BiFET and
BIMOS devices in various packages
with one to four operational amplifiers
per package has revolutionised the
operational amplifier market. Apart
from the relatively expensive hybrid
FET input devices, other FET input
operational amplifiers had been avail-
able for some considerable time, so why
should BiFET and BiMOS devices be so
important?

The first point to note is that amp-
lifiers with FET input stages can offer
far higher input impedances than
devices with ordinary bipolar transistors
in their input stages. For example, the
well-known 741 has an input impedance

The first BIFET products were announced
by National Semiconductor in 1975 (the
LF155, LF156 and LF157 series, where LF
signifies Linear FET device) The main
advantages of these products is that the
junction FET devices used in their input
stages are fabricated on the same silicon
chip as the remainder of the operational
amplifier.  Although hybrid operational
amplifiers with FET input stages had been
available for some considerable time pre-
viously, all of these hybrid devices contained
the junction FET devices fabricated on a
separate siicon chip from the remainder of
the operational amplifier. Such hybrid
devices can be made to have a very good
performance if adequate trouble is taken in
their design. but the extra labour costs in-
volved in the testing of the separate chips
for appropriate matching characteristics
and in connecting the two chips in a single
hybrid package inevitably resulted in a price

of the order of 1M and a maximum input
bias current of 500 nA. The use of bi-
polar transistors to obtain a high input
impedance has been pushed to the limit
in devices such as the LM108, using
supergain input devices to provide a
typical input impedance of 70M and an
input bias current of just under 1 nA.
These values may be compared with
those of some of the economical BiFET
and BiMOS devices, where typical input
impedances are of the order of 1 Terra-
ohm (one million Megohms!) and input
currents are some tens of picoamps (pA)
at room temperature.

Thus if one connects the input of one
of these BiFET or BiMOS amplifiers to

INTRODUCTION TO THE BIMOS AND BIFET OP-AMP

tag far above that of modern BiFET devices.
The general type of construction of a BIFET
device ts shown in Figure 1, the channel
between the source and the drain elec-
trodes of the FET input devices being
fabricated by ion implantation.

NPN JFET

/75/ _
SOURCE / DRAIN GAT
Py

———

ION IMPLANT

Figure 1. Construction of a BiFET device.

Although National Semiconductor pro-
duced the first BIFET products, it was not
long before other manufacturers entered
the BIFET market, and such products are
now available from Advanced Micro
Devices, Analog Devices, Fairchild, Harris

Brian Dance

almost any circuit, it will impose a very
small load on that circuit. This can be a
vital consideration when one is design-
ing such high-impedance circuits as
those used in pH meters or in ionisation
chamber smoke detector circuits. whose
output current is inadequate to drive
devices such as the 741

[fone considers the very early types of
monolithic FET input operational amp-
lifiers (such as the Fairchild uA740),
they do have the desired high input
impedance, but their disadvantage is
that their input offset voltage and its
temperature coefficient are so high that
they do not approach the high standard
of performance required by the modern

Semiconductor, Motorola. Intersil, Precision
Monolithics. Raytheon and Texas Instru-
ments, although National Semiconductor
stilt offer the widest range of BIFET pro-
ducts, details of which can be found in their
Linear Databook.

Very soon after National Semiconductor
had announced the first BIFET products,
RCA introduced their first BIMOS product,
the economical CA3130 operational amp-
lifier. This has some similarities to the
BIFET amplifiers, but employs MOSFET
transistors In the input stage rather than
junction FET devices. RCA soon introduced
further BIMOS devices, one of the best
known type being the CA3140. which can
be used as a pin-for-pin replacernent for the
741 when ahigher performance i1s required.
More recently the CAQ80 series has been
Introduced as pin-for-pin replacements for
the Texas Instruments series of TLO80
BIiFET types

18
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Figure 3. Quadrature oscillator producing two outputs 90 out of phase, using a TL082 dual op-amp —

pinout at right.

professional engineer. Modern BiFET
and BiMOS devices provide a very high
input impedance with relatively good
stability and temperature performance
— although the input impedance of any
of these devices at 25°C is much greater
than over the full temperature range.

In general BiFET and BiMOS
economical devices offer a comparable
performance. If anything, BiMOS
devices tend to offer the lower input bias
currents and BiFET products the lower
noise levels. However, premium devices
of both types are available with
performances far above the average for
the type of device concerned.

Half-Hertz oscillator

Figure 2 shows the use of the econom-
ical TLO81 device in a simple 0.5 Hz
square wave oscillator. The TL081 is a

Re= 100k

O . al

TOP VIEW
2 v+[]7
:[::r\?‘D_L—:]s
v s

GENERAL PINOUT  SINGLE OP-AMP

TLO60.TLO61.TLO70,TLO71,TLOBO,TLOBY,
CA3080,CA3140,CA3160.

Figure 2. Half-Hertz oscillator using a TLO81 —
pinout below.

Modern BiMOS and BiFET op-amps come in both can and DIL packages.

single operational amplifier in a dual-
in-line package with the connections
shown in Figure 2; the pin connections
are the same as those of the well-known
741 devices, internal frequency com-
pensation being employed so that no
external compensating capacitor is
required. External offset adjustment
can be made when required by means of
an external variable resistor. The
TLO71 is a similar low-noise device
with the same connections, and is quite
suitable for use in this circuit, but its
low-noise characteristics are not needed.
The TLO061 is a low-power device with
the same connections.

The frequency of oscillation of the
Figure 2 circuit is given by
f = 1/(27RCp), or about 0.5 Hz with the
values shown. The high input impedance
of the circuit enables a relatively high
value of feedback resistor, Ry, to be
employed, so the value of Cp can be
reasonably small for a given frequency
of operation. About nine-tenths of the
output voltage is fed back to the non-
inverting input to provide positive
feedback to maintain oscillation. The
capacitor Cy charges and discharges
through Rp according to whether the
state of the output voltage is ‘high’ or
‘low’ at the time concerned.

The circuit of Figure 2 generates
square waves which are approximately
symmetrical. However, if a circuit
which generates waves with an unequal
mark-to-space ratio is required, it is
only necessary to connect a resistor of
perhaps 10k to 50k in series with a diode
across Rg. The direction in which the
diode is connected determines whether
the output spends the greater part of its
time in the ‘high’ or in the ‘low’ state.

100 kHz oscillator

Figure 3 shows the circuit of a 100 kHz
oscillator providing two outputs which
are 90° out of phase with each other.
Although the TLO81 is perfectly satis-
factory for use in this circuit, it is more
convenient to use the dual TLO82 device
so that this one device is all that is
needed. The connections of the 8-pin
dual-in-line TLO82 device are shown in
Figure 3; it employs internal frequency
compensation, but has no external offset
adjustment facilities. | 4
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Figure 4. Function generator circuit. Sourcing or sinking current from pin 5 of the left hand CA3080 will

vary the frequency.

BiMOS generator

A function generator which produces
square and triangular waveforms is
shown in Figure 4. It employs a CA3140
BiMOS device together with a
CA3080A and CA3080. A particular
feature of this circuit is that a frequency
range of one million to one can be
obtained by the use of a single variable
resistor, or alternatively by the use of
an auxiliary sweeping signal.

A CA3130 device may be employed
instead of the CA3140 shown, but in
this case a frequency compensating
capacitor tabout 56p) must be connected
between pins 1 and 8, since the CA3130

is not internally compensated. The
CA3160, which does not require any
external frequency compensation, is
also suitable for use in this circuit.

The high frequency linearity of the
ramp is adjusted by the 7-60p variable
capacitor connected between the output
of the CA3140 and the output CA3080
device. The triangular wave output
level is determined by the four 1N914
level-limiting diodes in the output
circuit and the network connected to pin
2 of the CA3080.

It is important to minimise lead
length and parasitic coupling capac-
itance in this circuit by careful layout.
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Figure 5. Notch filter using a ‘Twin-T' filter section
on the input of a TLO71 op-amp.

Notch filter

The circuit of Figure 5 shows the use of a
TLO71 low-noise amplifier in a notch
filter circuit. This is the normal ‘twin-T’
filter in the input circuit, in which one of
the ‘T’ sections consists of R1, R2 and C3
and the other part of C1,C2 and R3. It is
designed to reject signals of one particu-
lar frequency (the notch frequency),
whilst passing signals of any other fre-
quency virtually unattenuated.

For optimum performance, when a
sharp notch in the frequency response is
required, the components should have
matched values (to within 1% or 2%).
When the values shown are employed,
the notch frequency occurs at approxi-
mately 1 kHz. An advantage of using a
high input impedance device such as the
TLO71 is that relatively large values
may be employed for R1, R2 and R3 and,
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Figure 6. Baxandall type tone control circuitry, with unity gain (flat
position). Figure 7. Tone control circuit with 20 dB of gain, flat position.
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therefore, for any given frequency, C1,
C2 and C3 can have a relatively low
value. Large value, close tolerance
capacitors are expensive, so the ability
to employ devices of low value is
important.

Tone controls

Two tone control circuits using the
CA3140 are shown in Figures 6 and 7.
Figure 6 is of the Baxandall type, which
provides a gain of unity at the mid-
frequencies and uses standard linear
potentiometers. The high input
impedance of the CA3140 enables low-
value tand therefore cheap) capacitors
to be employed in a circuit which has an
impedance great enough to avoid exces-
sive loading of the stage feeding this
circuit.

Bass/treble boost or cut are about £ 15
dB at 100 Hz and 10 kHz respectively.
Full peak-to-peak audio output is avail-
able up to at least 20 kHz, since the
CA3140 has a relatively high slew rate
(about 7 V/us). The gain falls by about
3 dB at a frequency of around 70 kHz.

The circuit of Figure 7 provides simi-
lar boost and cut facilities, but the gain
of this circuit is about eleven. The input
impedance is basically equal to the
resistor from pin 3 to ground.

220k

o —— ——
off between bandwidth and power con-
sumption which is required). Figure 9
shows the response of the Figure 8
circuit.

Mic preamp

A moving-coil microphone preamplifier
with tone control is shown in Figure 10.
A TLO061 low-power device which is
internally compensated is employed in
this circuit.

Distribution amp

The Texas Instruments series of BIFET
devices is also available with four
separate amplifiers in a single 14-pin
dual-in-line package. Figure 11 shows
the connections of the TL064 low-power
BiFET quad amplifier, together with a
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Figure 9. Response characteristics of the Figure 8
circuit.
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Figure 10. Moving-coil mic preamp with tone controls, using an internally
compensated TL061 device (same pinout as TL0O71).

10k

MIN,

100k
BASS

MAX.

o +Vee

—o0
OuTPUT

47u

2

Figure 8. A two-stage tone control Circuit using TLO60 devices. (Same pinout as TLO70).

A tone control circuit using the TL060
low-noise BiFET devices is shown in
Figure 8. The TLO60 is not internally
compensated and therefore requires the
10p external frequency compensation
capacitor shown connected in the circuit
of each device. Similar circuits can, of
course, be made using the TLO80 devices
at the expense of a higher power level. A
further alternative is the use of TLO66
programmable BiFET device without
any compensating capacitors, but with
a suitable value of the programming
resistor between pin 8 and the negative
line (about 1Kk, depending on the trade-

oma |EQ77

circuit for an audio distribution amp-
lifier using one of these quad devices.
The input stage acts as an input buffer
and the other three stages act as output
buffers, so that no signal from output A
finds its way into any of the other
outputs.

The TL084 and the low-noise TLO74
have the same pin connections (which
are the same as those of the LM324 type
of device), whereas the TLO85 and the
low-noise TLO75 devices are quad types
with connections similar to the RC4136.
There is no TLO65 at present. »
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I o000 ognn
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Z 3
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7
GENERAL PINOUT
QUAD OP-AMP
TLO64.TLO74.TLOBS.

Figure 11. An audio ‘distribution’ amplitier for ‘slaving’ several pieces ot equipment from a single source.

Pinout for the quad op-amp is shown at right.

21



" Lab Notes \

Figure 12. Simple voltage-variable gain amp using
the TLO8O.

Variable gain

The simple circuit of Figure 12 is an
amplifier which provides a variable
gain set by the potentiometer. A TL080
device is employed, so the compensating
capacitor C, is required, since this
device is not internally compensated.

Ice warning

The circuit of Figure 13 employs three of
the four amplifiers of the TL084 device
in an ice warning detector.. It is
especially suitable for use in vehicles to
warn the driver when the temperature
of the thermistor (placed outside the
vehicle) falls below 0°C.

When the temperature of the therm-
istor falls, its resistance rises and the
current flowing through the thermistor
decreases. Thus the inverting input of
the TL084 connected to this thermistor
receives less current from the positive
supply line and its output voltage tends
to rise. This output voltage is fed to the
TLO084 output amplifier and produces a
voltage across the LED, which lights,
providing the required warning.

+15V

+15V

ouTPUT

15V

Figure 14. Low-level light detector using FPT100 or
similar phototransistor.

Light detector

The circuit of Figure 14 is a low-level
light detector preamplifier using the
low-power TLO061 device with a TIL601
or similar phototransistor. The variable
resistor can be used to balance the out-
put at any particular value of light level.
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33k THEAMISTOR 15k
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Figure 13. An ice warning indicator.

Sine shaper

The circuit shown in Figure 15 uses a
CA3140 as a voltage follower device in
combination with diodes from the
CA3019 array to convert the triangular
signal from a function generator into a
sinewave output, which has typically
less than 2% harmonic distortion.

The circuit is best adjusted using a
distortion analyser, but a fairly good
adjustment can be made by comparing
its output signal on an oscilloscope with
that from a good sinewave signal
generator. The initial slope is adjustd by
R1, followed by an adjustment of R2.
The final slope is established by adjust-
ing R3, thereby adding additional
segments that are contributed by these
diodes. Repetition of the adjustments
may be necessary, since there is some
interaction between the adjusting
potentiometers.

Wien bridge

A CA3140 BiMOS amplifier is used in
the circuit of Figure 16, together with a
CA3019 diode array, to form a Wien
bridge oscillator. The zener diode
shunts the 75k feedback resistor and, as
the output signal amplitude increases,
the zener diode impedance rapidly

\ decreases so as to produce more feed-

back, with a consequent reduction in
gain. This action stabilises the output
signal amplitude. This combination of a
monolithic zener diode and the bridge
rectifier tends to provide a zero temp-
erature coefficient for this regulating
system.
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Figure 15. A triangle-to-sine waveshaping circuit employing a CA3140 op-amp

and a CA3019 diode array.
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Fiqure 17 A multi-range voltmeter with high impedance input plus multi-range low-current meter.

As the output circuit contains no
RC time constant, there is no lower

frequency limit for operation. If
C1 C2 lu tpolycarbonate) and
R1 = R2 = 22M, the operating frequency

can be about 0.007 Hz. At high fre-
quencies, as the frequency is increased
the amplitude of the signal must be
reduced to prevent slew rate limiting
from taking place. An output frequency
of about 180 kHz will reach a slew rate
of about 9 V/us when the output voltage
amplitude is about 16 V peak-to-peak.

Meter

The high input impedance of BIFET and
BiMOS devices has led to their use in
many voltmeters of high input resist-
ance and also in meters to measure very
small currents.

The circuit of Figure 17 was designed
by Texas Instruments for the measure-
ment of voltages in the range £0.6 V to
+600 V, where the source resistance
may be quite high, and to measure cur-
rents from 6 nA to 6 uA. The instrument
was required to accept inputs of either
polarity and be inexpensive, robust and
reliable. It also had to have a long
battery life, so a TL061 low-power
operational amplifier device was
selected. An inexpensive centre zero
meter is considerably cheaper than a
liquid crystal display and would provide
adequate accuracy for the purpose.

When the switch is in one of the posi-
tions A to D inclusive, the instrument is
set for the measurement of voltages.

The amplifier has a non-inverting gain
of 10 and range selection is achieved
by a simple potential divider network
with a fixed input impedance
1000 megohm. A panel-mounted ‘centre
zero’ control is included in the circuit to
facilitate corrections for the mechanical
movement of the meter zero and for the
change in the operational amplifier
input voltage offset (for example, with
temperature).

In the current measuring mode of
switch positions E to H inclusive, the
amplifier operates as a current-to-
voltage converter. For the most sens-
itive range of 6 nA, a transimpedance of’
1 Gigaohm is required to produce a full-
scale deflection of the meter. Rather
than use a resistor of such a high value,
a resistance multiplier arrangement
was devised with a 100M feedback
resistor for the most sensitive range.

The two diodes across the input of the
operational amplifier in conjunction
with R6 provide protection against any

——

of

————— i = . e

gross overloading of the instrument. A
suitable arrangement incorporating a
fullwave rectifier into this circuit would
allow alternating input signals to be
measured, but arrangements would
have to be made to allow for frequency
roll-off of the response at high
frequencies.

3 pA meter

A CA3160 and a CA3140 are used in the
circuit of Figure 18 to construct a pico-
ammeter with +3 pA full scale de-
flection (one picoamp = 10 '2 amps).
Pins 2 and 4 of the CA3160) are connected
to ground, so the input pin 3 between
them is effectively 'guarded’. If slight
leakage resistance is present between
terminals 3 and 2 or 3 and 4, there
would be zero voltage across this leak-
age resistance and this would reduce
the leakage current by a large factor.

It is preferable to operate the CA3160
with its output pin 6 near the ground
potential, so as to reduce the dissipation
by reducing the device supply current.
The CA3140 serves as a x100 gain stage
to provide the required plus and minus
output voltage swing for the meter and
feedback network. A 100:1 voltage
divider network consisting of a 9k9
resistor in series with a 100 ohm resistor
sets the voltage at the 10 kMohm re-
sistor to £30 mV full-scale deflection.
This 30 mV signal results from +3 V
appearing at the top of the voltage
divider network, which also drives the
meter circuitry.

It is possible to switch the 9k9 and
100 ohm network in the output circuit so
that current ranges from 3 pA to 1 nA
can be handled using the single 10kM
resistor.

The writer has seen circuits using
BiMOS devices published for use in
measuring currents down to 100 femto-
amps (0.1 pA), but obviously extreme
care is required to ensure the insulation
is adequate when such small currents
are being measured. »

SO00R

= 500-0-500 uA

Figure 18. This circuit will measure very low currents — full-scale deflection is * three picoamps!
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Voltmeter

A further voltmeter circuit covering the
range 10 mV to 300 V is shownin Figure
19. which also uses a CA3160 device.
The range switch SW1 is ganged be-
tween the input and output circuitry to
enable the proper output voltage for
feedback to terminal 2 through the
10k resistor to be selected.

This circuit is powered by a single
8.4 V mercury battery, the power supply
current being somewhat less than
500 uA plus the meter current required
to indicate a given voltage. Thus the
supply current rises to about 1.5 mA at
full-scale deflection.

Figure 19. Example of a multi-range voltmeter measuring from 10mV to 300 V.

in obtaining a CA3160 may use a
CA3130 with a frequency compensation
capacitor of about 56p between pins 1
and 8.

The aim of this article has not been to

BIFET and BiMOS devices (of which
there are large numbers), but rather to
give an indication of the wide selection
of circuits that can be made with just a
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Digital car alarm

Ian Robertson

The gim in developing this alarm unit was to provide the
most comprehensive system yet developed for home
construction. To this end, the circuit includes most of the
features found in better known commer¢ial alarms, with
the added bonus of converting into a wiper delay system
when the alarm is not in use.

A MAJOR DIFFERENCE between this
and other alarm circuits is the use of
digital rather than analogue methods.
The circuit uses a master oscillator feed-
ing a divider chain to obtain-the many
time delays needed. Indeed the arrange-
ment is in many ways similar to an
electronic organ circuit.

An advantage of the digital technique
is that all the delays maintain a fixed
ratio to one another. They do not vary,
as an analogue circuit will, due to com-
ponent tolerance, leakage, temperature,
etc and, by adjusting a single potent-
iometer in the master oscillator, all
timing functions can be varied simul-
taneously. This means it is sufficient to
check the accuracy of a single delay
period to have, in effect, checked the
accuracy of all delay periods. Further,
by running the oscillator at, say, ten
times normal frequency, a complete test
that would normally take two minutes,
will take under fifteen seconds.

With any alarm of this complexity the
time and skill needed to carry out the
installation within the car should not be
underestimated. Fortunately there are
a number of optional features in the
system, and even if these are not used,
the alarm will still be very effective.
This gives each constructor the means
whereby he can make the initial instal-
lation as simple or as complex as he

wishes, while retaining the option of

fitting the missing items at a later date.

Features

The following is a list of the main
features in the svstem. Each item gives
only a brief description. Greater detail
will be found elsewhere in the text.

Flashing indicator

In operation whenever the alarm is set.
Intended to deter a potential burglar,
the indicator also reminds the owner to
disable the system upon entering the
car.

Battery detector

Sensitive to the drop in voltage
occurring whenever the load on the
clectrical system changes. Normally
opening a door, operating the brake,
switching the headlights on, or a number
of similar actions, will trip the detector.

Two delayed trigger inputs

Used in addition to (or in place of) the
battery detector. These inputs are
particularly useful in cars equipped
with electric clocks, where the battery
detector cannot always be successfully
used. Suitable trigger inputs are the
roof light, boot, bonnet and glove box
lights. However, these must be powered
from a circuit that remains energised at
all times, even when the ignition is
switched off.

Four instantaneous trigger inputs

These are suitable for the protection of

driving lights, cassette player, radio,
etc. In use a wire is clamped under one
of the mounting bolts of the item to be
protected. Should this wire become

detached from the chassis, as it will if

the protected item is removed, the horn
will sound immediately.

Hidden switch option
Normally the alarm is cancelled by
operating the ignition switch, however

with this extra switch in circuit, a thief

must locate both switches before he can
cancel the alarm. The hidden switch
will also prevent children, or curious
adults, setting the alarm while the car
is parked.

Alarm relay

The alarm section is fitted with a two
pole relay. One contact set is used to
operate the horn while the other con-
tacts may be used to flash the headlights
or disable the ignition circuit or perhaps
operate a second horn installed in the
boot. It helps to have a second line

of defence should the horn be faulty or
disconnected.

Alarm timing

® Time to exit vehicle: 15 seconds

® Time to enter vehicle: 15 seconds

® Duration of horn: 96 seconds

e Horn pulse rate: one second on. one
second off

¢ Indicator pulse rate: half second on.
half second off.

Wiper option

Whenever the alarm is not in use. the
circuit converts into a wiper control
unit. The output from this section is
once again via a relay. it has a single
changeover contact and will suit most
wiper systems.

Wiper timing

The wiper control switch settings are:

¢ Continuous wipe (CW), normal slow
speed wiper operation

e Single wipe (SW), single operation
every 2,4, 8, 16, 32 or 64 seconds.

e Multiple wipe (MW), dual operation
every 8, 16, 32 o1 64 seconds.

Operation

The heart of the alarm is an cight stage
binary counter (ICs B & C) clocked by a
1 Hz master oscillator, By this means a
delay of 256 seconds will occur when-
ever the counter is taken from zero
count to maximum count. Shorter delays
are available by using the various out-
puts, Q1 through Q8. In fact. any delay
between one second and 256 seconds can
be obtained by suitably decoding the
'Q outputs.

Below is a list of the outputs that
have been decoded and also their main
functions:
e Zero Interrupts the clock pulses.
freezes the counter, holds
the indicator off. Pressing
the set pushbutton advances
the counter. 1 4
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e 1tol5 Time allowed to leave the
car without triggering the
alarm. During this period
the indicator remains on.

* 16 Interrupts the clock pulses,
freezes the counter, flashes
the indicator. Counter re-
started by a signal from the
battery detector or the
delayed trigger inputs.

Circuit of the car alarm system. The dashed line

indicates the electronics located in the diecast
box | used to house the unit.
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¢ 32to 127 Alarm  relay  operates.
pulsing the horn at one sec-
ond intervals.

e 128 Returns the count to 16
where it may be retriggered
should further interference
to the car be detected.

In addition to the above. if at any time
one of the instantaneous trigger inputs
becomes detached from the chassis. the
counter will set to 32 and the sequence
will begin with the horn sounding
immediately.

Similarly, any interruption to the
power supply will set the counter to
32. This item is included to prevent
cancelling of the alarm by simply
removing the battery lead for a few
seconds.

The conversion of the circuit from an
alarm to a wiper system is under the
control of the car ignition circuit:

e With the ignition and hidden switches
OFF the alarm is activated. the wiper
disabled

® With the ignition and hidden switches
ON the wiper is activated, the alarm
disabled. Or more simply, the alarm is
enabled when the car is not in use. the
wiper when the car is in use.

The basic requirement of any wiper
control system is to pulse the wiper
motor for approximately one second.
then follow with a delay (variable
before the next one-second pulse. The
length of the pulse is not critical. once
the wiper has started to move the
normal parking contacts will take over
and complete the wipe cvcle. Should the
pulse be longer than required for a single
wipe of the screen then more than one
wipe will occur, and this is the method
used to obtain dual wipes in the multi-
wipe switch setting.

This circuit operates by allowing the
counter to free run, while feeding the
signal from a Q output (selected for the
delay required) via a one-second pulsing
network to the wiper relay. This gives a
chain of one-second pulses separated by
a switched delay interval. The pulse is
extended to four seconds in the multi-
wipe setting.

Circuit description

Readers should refer to the various logic
and circuit diagrams to clarify points
raised in the following description.

All system timing is developed around
the eight stage binary counter (ICs B
& (1. Two 74C193 up/down counters are
used. However. in this circuit the down-
count facility is not used. This proved
to be the simplest way to obtain
asynchronous load and clear inputs.
Other counters | considered either
lacked these inputs or they were of the
syvnchronous tyvpe.



The counters are clocked by the 1 Hz
master oscillator (ICs F3 & F4). Thisisa
standard CMOS two-gate squarewave
oscillator where the frequency can be
adjusted over a wide range by the 500k
preset.

Selective decoding of the counter
outputs is carried out by the gates
shown above the counter (main circuit);
decoded are 0, 16,> 32 and 128.

Normally the counter will free run
unless the clock pulses are interrupted
by gates E1 & E3, and this will occur at
counts 0 and 16. If the count is stopped
at zero it may be restarted by a pulse
from the set push button, if stopped at 16
may be restarted by a pulse from the
battery detector, trigger high or trigger
low inputs.

Any counter greater than 32 will
operate the horn via the horn relay and
gate H1. Note also that gate H1, and
therefore the horn, is pulsed on and off
by output Q1 on counter B.

Various gates below ICs C and B are
used to clear and load the counters.
These inputs, as mentioned earlier, are
synchronous and may be operated at
any time, even during periods when the
clock is halted. The way these inputs
have been used needs explanation.

Turning the ignition on resets both
counters, and this in turn interrupts the
clock and holds the alarm in the standby
position.

A signal from one of the four instant-
aneous trigger inputs will set the
counter. In this instance a count of = 32
will be loaded, causing the horn to sound,
and continue to sound, while the counter
steps through to 128. In a similar man-
ner, the capacitor on the load terminal
of C will force the output to = 32 for each
power up of the circuit.

Reaching a count of 128 resets the
counters to 13 which involves clearing
counter C while loading 13 into counter
B. Loading 13 will silence the horn while
giving three counts for the electrical
system to settle before the battery
detector is rearmed at a count of 16.

Most input signals are buffered by the
LM3900 quad op-amp. Keep in mind
that this device compares input currents
whereas the conventional op-amp com-
pares input voltages. Using resistors to
convert voltages to currents, standard
operational amplifier circuitry can be
realised, but note when testing that
both inputs are clamped to within 0.5 V
of negative by the base-emitter junction
of the input transistors.

Nonetheless, the circuit operation is
straightforward with K1 handling the
accessory switch inputs (positive or
negative ground systems), K2 buffers
the set push button, while the hidden
switch feeds both K1 and K2. The low
value (10k) resistors used in the switch
circuit can override any other input
signal and will prevent the alarm being

set in position S2 or cancelled in
position S1.

A short RC delay network is fitted in
one line from the output of K1, which
resets the counters each time the acces-
sory switch is turned off, thereby
ensuring the alarm sequence will start
from zero and overcome a problem that
occurs if the ignition is switched off with
the wiper running.

Section K3 functions as the battery
drop detector while also functioning as
the trigger high/low input buffer.
Figure 10 shows the battery detector in
a simpler form. Both inputs are fed from
a common voltage, but the lower value
resistor feeding the inverter input
drives the output low. .

If a negative pulse occurs on the bat-
tery line it will be coupled into the
inverting input by the 100n capacitor.
This will reverse-bias the inverting
input resulting in the op-amp output
going high and developing a pulse to
advance the counter one count. In the
final circuit a diode is included in series
with the op-amp input, this means the
diode and not the inverting input is
driven negative, and prevents possible
damage to the IC.

Delayed trigger inputs TL and TH
operate in a similar fashion. Note that
in this instance the TL input feeds a
negative pulse into the inverting input
while the TH input is somewhat dif-
ferent as it feeds a positive pulse into the
non-inverting input. The result how-
ever, is the same — a positive pulse at
the output of K3.

The instantaneous trigger inputs (T1
and T4) are quite different. Normally,
the four inputs are held at earth
potential so that, should any input be
detached, a pulse will enter the NOR
gate via the appropriate RC network. A
negative-going pulse occures at the out-
put of the gate, loading 32 into the
counter, thereby enabling the horn
sequence. Unused inputs can in practice
be left floating, as they respond to the
change in voltage not the voltage level.

An important feature is the indi-
cating light. This may be a LED or lamp
and is operated by a two transistor driver
stage, under the control of gate E2. The
indicator may be off, illuminated or
flashing and the sequence is as follows:
e Off when wiper operation selected
o Off for standby mode, counter zero
e Flashing when armed, count of 16
¢ llluminated for all other counts.

‘The ICs are supplied via a series pass
transistor and the function on this stage
is not primarily as a regulator. The
intention is to limit the voltage fed to
the ICs to below the rated maximum of
15 V. In order to limit dissipation in the
series transistor a 12 V zener is used.
This means that the transistor is hard
on with a nominal 12 V rail and will not
start to regulate until the input voltage

is some volts above this value.

Conversion into a wiper control unit
requires that the counters free run,
and to obtain this the load and clear
inputs must be overridden and the gates
decoding 0 and 16 must be blocked. This
is under the control of the ignition
switch. A logic ‘0’ on the output of K1
sets the circuit as a wiper control and a
logic 1’ at this point sets the alarm
function.

The free-running counter will give a
squarewave signal from the various ‘Q’
outputs. The period in seconds given
at each stage is two at Q1, four at Q2,
eight at Q3, extending through to 256
at Q8. By means of an RS flip-flop
(cross-coupled gates, G1 and G2) the
squarewaves are converted into an
asymmetrical wave having one second
ON periods and switch-selectable OFF
periods.

Diagram 12 shows Q3 with a period of
eight seconds setting the RS flip-flop,
while the inversion of Q1 resets the
same flip-flop every two seconds. The
resulting output, one second on seven
seconds off, is clearly shown.

On the multiple wipe setting the flip-
flop is reset by the inversion of Q3, not
Q1, and this will give a pulse four
seconds long in lieu of the previous one-
second pulse. Depending on the speed of
individual wiper motors two or three
wipes will occur during this period.

Construction

Construction is fairly straightforward,
however there are two forms this may
take. The first is to build only the alarm,
the second is to built the alarm/wiper
combination. There are points for and
against either approach and these are
covered in the installation notes. In the
construction there is little difference
between systems, although in units
without the wiper option, one relay,
two switches and a couple of minor
components can be omitted.

(Note that this article is not intended
as an ETI constructional project and
thus no pc board details are given.)
Testing
A completed unit should operate with a
minimum of adjustment, however I
recommend setting up the test circuit
(Figure 9) to check out the alarm before
fitting it into the car.

Simple faults may be located with a
multimeter, but for more elusive faults
an oscilloscope will be required.

The 12 V for testing may be obtained
from the car’s own battery, in situ, or
more conveniently from a battery on the
work bench. Alternatively a bench
power supply may be used with the
restriction that it may not test the bat-
tery detector circuit in all respects.

Steps for testing using Figure 9 are:

o Set preset potentiometers to approxi-

mately mid-way S
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¢ With the power and accessory switches
on, all other switches off, check that
the indicator light, alarm relay and
wiper relay are all oft’

Move the wiper switch to continuous
wipe (CW) and the wiper relay will
pick up and remain up

Move to the single wipe position (SW)
and the relay will pulse at an interval
determined by the second wiper
switch. By adjustment of the 1M
oscillator preset, the interval can be
matched to the times marked on the
switch. Reducing the resistance of the
preset too far ifrequency increasing)
will stop the oscillator

The multiple wipe setting tMW) is
similar to the single wipe setting,
however the relay pulse will be longer
tfour seconds) and switch settings
2 and 4 will give the same timing as
position 8

Turn the wiper and accessory switches
off and the indicator. alarm relay and
wiper relay should be off

e Momentarily operate the push button.
This will set the alarm, and light the
indicator for aperiod of 15 s (exit time)
After the exit time the indicator will
flash at one second intervals showing
the alarn is set

The alarm may now be triggered by
means of the battery detector, opening
a car door if the car battery is being
used. or with a bench supply moment-
arily reducing the voltage by about
three volts. If a bench battery is being
used. connect a load, say a 15 W lamp,
across the battery terminals. For cor-
rect operation the 470k sensitivity
preset may need adjustment as
maximum sensitivity is obtained with
maximum resistance in circuit. Slowly
rotate the preset until the indicator
latches on, back off 1 mm. reset circuit
{using accessory switch and the push
button) and then try again

The 15 s entry delay will occur, fol-
lowed by the horn relay pulsing at one
second intervals for a period of just
over one and a half minutes. The
circuit will reset with the indicator
flashing

The alarm may also be triggered by
either the TH or TL switch and these
operate in the same manner as the
battery detector

e At any point during the above
sequence, closing the accessory switch
should cancel the alarm, forcing the
relay and indicator off

Close the instantaneous trigger switch
(T1). Reset the alarm using the acces-
sory switch and push button. Opening
switch T1 will cause the horn relay
to operate, pulsing for the normal
1'> minute horn period

Momentarily opening the power
switch will also cause the horn relay
to operate
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e Other switches can be added for a
more detailed test. Add the hidden
switch, PG, T2, T3, T4 switches and
with either an ohmmeter or lamp,
check the alarm relay contacts, wiper
relay contacts and also the indicator
output.

Installation

The alarm may be installed with or
without the wiper components. The
combined alarm/wiper system must be
mounted within reach of the driver,
and this can mean the unit is more
accessible if the car is broken into.
By foregoing the wiper control the
electronics may be hidden, and by using
extended leads, the push button and
indicator may still be fitted in the dash.
[, however, advise against mounting the
wiper switches outside the alarm as the
circuit could be effected by noise pulses
introduced by the connecting cables.

Keep the wattage of the indicator
down and use a high output LED or a
low power lamp. Each time the indicator
turns on it attempts to trip the battery
detector. This in turn is set less sensi-
tive, and if taken too far the system may
not respond in an emergency. The roof
light must be not less than four times
the wattage of the indicator.

In mounting the alarm, each con-
structor must determine the most
suitable position in his car.

Wiring should be carried out in stages,
starting with the basic circuit (Figure 1
or Figure 2) followed by the optional
items (Figure 3 to Figure 8). As each
stage is fitted, the circuitry may be
tested and the faults found. Testing
stage by stage is possible with this
alarm circuit because careful design has
eliminated the need to bridge unused
terminals to override the redundant
function.

Care is required to select the correct
horn circuit as this should match the
existing wiring whilst also taking into
account the current demand of the
horn(s) to be driven. The wiring must
suit the currents involved. As a guide
the cables used for the relay contacts
talso the 0 V and BAT circuits) should
have approximately the same area as
the horn wiring already fitted in your
car, The remaining runs can be any
standard hook-up wire and the size can
be chosen for mechanical rather than
electrical reasons.

During the alarm installation it is
easy to overlook the part played by the
wiring, for it is often the wiring and not
the alarm that is most vulnerable. Take
particular care to conceal the cable runs
and to ensure all connections are sound
and will not cause intermittent opera-
tion at a later date.
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Figure 1. Basic alarm system, negative ground,
with variations to the horn circuit.
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Figure 7. PB and IND terminals:
external pushbutton and indicator. Figure 8. Wiring a hidden switch.

Figure 9. Basic test circuit. Figure 10. Simplified battery-drop detector.
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Included are a number of diagrams

¢ T1 to T4 Instantaneous

CIRCUIT TO LIMIT
START UP CURRENT
OF CLOCK MOTOR

inputs are

< Figure 13. Clock circuit modification
to prevent tripping of alarm.

fitted to inputs that are

and these show how to wire the optional clamped under driving actually used (Figure 5).
features. lights, cassette, radio, etc ® A3 & A4 Spare contacts on alarm
e TH & TL Delayed inputs for con- and will sound the horn as relay may be used for a

nection to the roof light
circuit may also be fed from
any number of additional
points. Possible switch posi-
tions are rear doors, tail-gate
or glovebox (Figure 3 & 4).

soon as the connection is
broken. A transistor in-
verter stage will be neces-
sary in vehicles with a posi-
tive ground system, however
this stage should only be

number of auxiliary func-
tions. The contacts have a
current limit of 10 A and
larger currents require a
horn or lamp relay to be
fitted (Figure 6).

(continued on page 50)
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Integrated switching regulator

As we are already aware, switching power supplies are
replacing linear supplies in many applications because of
their higher efficiency, reduced size and generally lower
cost. National Semiconductor has introduced a switching
regulator building block, the LH1605.

THIS NEW regulator contains the
power switching transistor, catch diode,
and control circuitry to enable you to
build an efficient switched mode power
supply (SMPS). It has an adjustable
output from 3 to 30 volts, a current capa-
bility of 5 amperes and is available in
an 8-pin TO-3 package.

The features of the regulator are:

1. Output adjustable from 3t0 30 V.

2.5 A output current

3. Step-down operation

4. High efficiency

5. Frequency of operation adjustable
to 100 kHz

6. Maximum input voltage 35 V

7. Minimum input-output voltage dif-
ferential =5V

8.TO-3 package.

The internal construction and the
base connections of the integrated
circuit are shown in Figure 1.

Application details

The LH1605 is a step-down positive dc to
dc switching converter with built-in
control circuits, power transistor and
catch diode. Few additional external
components are required to provide an
SMPS of 5 A capability. In the simplest
design form, a timing capacitor (Cp)
determines the operating frequency, an
LC filter provides a low ripple dc output
voltage and a single resistor sets the
level of the output voltage. (R,).

The value of R, may be calculated
from the formula:

R, =2kQV, - 25V

25V
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INPUT

STEERING
DIODE
(ANODE)

|3

osc o

.
TIMING
CAP.C;

O
ERROR
AMPLIFIER

HER INPUT

|2

Figure 1. Block diagram and base connections of the LH1605.

A typical circuit is shown in Figure 2.
R, is made adjustable to allow the out-
put voltage to be varied. Capacitor C1 is
included to improve noise rejection by
bypassing the reference (pin 2).

Operation

A basic step-down switching regulator
circuit is shown in Figure 3,

Transistor Q is the switching element
which has the ‘on’ and ‘off times control-
led by a pulse width modulator (PWM).

O
| EXT.CAP.
(VREF)

CASE IS GROUND

TOP VIEW

When @ is on power is drawn from the
input and supplied to the load. The
capacitor (C) charges and a voltage is
developed across the inductor L. The
diode (D) has a positive potential at its
cathode, because Q is saturated, and is
therefore held in reverse bias (off).
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| OUTPUT

~——
COMMON POINT QUTPUT
IN ou
+ 5 8 l—ee
LH1605 3
7 4 2
1000 _L CASE

10u

50V CL
g

COMMON POINT CONNECTIONS TO GROUND

NOTE: SINGLE POINT GROUND FOR INPUT AND OUTPUT

Figure 2. Typical circuit applications.

When @ is off, the magnetic field
stored in the inductor collapses. The
polarity of the voltage across L reverses,
forcing the diode into forward bias {on).

The energy stored in the inductor is
released and the inductor current
passes through the loop formed by the
diode, inductor, and capacitor/load,
thereby maintaining an output current.

The control circuit error amplifier
(EA), samples the output voltage and
automatically increases the ‘on’ time of
Q if the output voltage decreases.
Likewise it increases the ‘off’ time of Q if
the output voltage increases.

This automatic action constantly
compares the output voltage with a
reference voltage and provides the
necessary correction by varying the
conduction time of Q.

With this type of circuit, the output
can be calculated from the formula:

Vout = Vin X t‘on
T

where t = Q conduction time in
seconds and T = period of one cycle of
PWMde. t,, +t -

Design procedure

The design of a complete voltage
regulator with the LH1605 is relatively
straightforward. However, prior to
designing an operational circuit we
must be aware of five circuit par-
ameters. These are:

1.Maximum and minimum input

voltage.
2. Required output voltage.

3.Maximum and minimum load
current.

4. Maximum allowable ripple
voltage.

5. Desired switching frequency.

LOAD m;npur

T+

1H1605 INSIDE DOTTED LINE

Figure 3. Basic switched-mode power supply.

Using the following parameters a
design example can be given.

Vi, (max) = 15V
in = 10V
out = 5V
I[,(max) = 3A
[,(min) = 1A
Output ripple {dv, =20mV
Operating frequency = 25kHz

The values of the output L and C can
be calculated, but firstly the ‘off time is
required.

tor = 1= Vou

in {(max)

- <<

26.7 usecs

il

The minimum equivalent frequency of
the switching transistor at minimum
input voltage is:

f(min) = 1- JYout
_Vin(min)
toff
10
26.7 us
= 18.7kHz

The allowable peak to peak ripple
current through L is:
Al o=2x] 0
=2x 1A
=2A

The inductance L can now be calculated.

L =V

out
Al
=5x26.7us
2A
= 67uH

The value of minimum output capa-
citance is given by:

C = Ai

8x f(mim X Avo
2A
8x 18.7kHzx20 mV

= 688 uF (minimum)

Because of the high value of ripple
current, the capacitor must have a low
equivalent series resistance (ESR):

ESRmax= Av,
Al
= 20x1073
2
= 0.01 ohms
100k ]
: [ N T
=] | [
2 1ok } \l 1]
E T T
@« 1
: ‘ T
3 Ht—
g JrT%
" LU L
100 1000 10 000

Cy— TIMING CAPACITOR (pF)

Figure 4. Frequency vs. timing graph.

Using the frequency/timing capacitor
graph in Figure 4, a 0.001 uF (1 nF)
capacitor used as the timing component
will provide an operating frequency of
25 kHz. >
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The output voltage of 5 V can now be
programmed by calculating the value of
Rs.

Rs= 2kQ V_ -25
25

2kQ) 5-25
25

2k

The completed circuit is shown in
Figure 5.

I

c
1000u
16V

l ¢ ¢

NOTE: Vjy _ Vour DIFFERENTIAL MUST BE 5 V MINMUM

Figure 5. Example circuit values.

Choice of inductor core

The power handling capability of the
inductor is reflected in the type of core
material chosen. LI must be calculated
to determine the minimum useable
inductor core without core saturation.
L is the inductance previously calcu-
lated and I is the dc output current. It
equals [ogay) + Al

There are two popular core materials
available —

1. molypermalloy

2. ferrite.

Ferrite potcores have the advantage
of ease of winding and self-shielding
against inherent magnetic fields.
Molypermalloy cores are capable of
higher flux density for a given core size.

Once the core is selected from the
manufacturer’s catalogue, the number
of turns for the winding (N) can be
calculated:

N =1000y/L
L1000
N = number of turns, L. = inductance
required. L9 = inductance (mH/1000
turns) for the core, given by the manu-
facturer.

For example, in the design exercise,
the desired value of L was 67 uH:

Peak I2 = (3A + 2A)2
=25A
Therefore:

LI2 67uHx25A

1.68 millijoules

{[]
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The permalloy core chosen has a
nominal inductance of 120 mH per 1000
turns. Therefore:

N = 1000 V67 uH
120 mH
= 24 turns

Heatsinking

There will be significant self-heating
due to internal power dissipation, even
at moderate output power. The junction
temperature must be kept as low as
possible under operating conditions
(maximum temperature 150°C). Good

Vour heatsinking is essential and a mica
arsa Washer complete with ‘thermal’ paste is

recommended, along with a TO-3 styled
heatsink.

Short circuit protection

The LH1605 will be permanently
damaged if under a short circuit con-
dition for longer than 10 milliseconds,
and it is therefore desirable to add
current limit protection to the circuit. A
current limit circuit is shown in Figure 6.

R
TOL
TORg w—
(COMMON POINT O/P)
TOPIN2
LH1605

Q1 = 2N5086
Q2 = 2N2222

ll'—{b

Figure 6. Short circuit protection.

The value of R is determined by the
current limit you éecide to set. It can be
calculated from the formula:

where [ = short circuit current.

The voltage developed across Ry by
the short circuit current (600 mV) will
turn transistor Q1 on. The increase in I,
of Q1 will develop a voltage across the
10k resistor, making the base of Q2
more positive with respect to the
emitter. Q2 will turn on, pulling the
reference of the control circuit (pin 2)
down towards ground. The error amp-
lifier suddenly sees too high an output
voltage. This shuts the series pass
transistor offin the LH1605 by reducing
the switching time, thereby reducing
the output voltage to the level of the
reference.

A complete power supply with
current limiting at 3.25 A is shown in
Figure 7.

Evaluation kit

A complete evaluation kit including the
printed circuit board, inductor, and
specification sheet is available from:
National Semiconductor
Cnr. Stud Road & Mountain Highway
Bayswater
Vie. 3153.
The evaluation kit, SR1605, is fully
assembled and ready for immediate use.
It is designed to accept any unregulated
input voltage from 10 to 25 V and
provide a 5 V 3A output.
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Figure 7. 5 V SMPS with short circuit protection.




Instrumentation

techniques

Tim Orr

measurement techniques, and by adopting a modular

approach it will be possible to construct a wide range
of electronic measurement systems. First of all, though,
we'll look at some of the units involved and try to clear up
some of the confusion about them.

The Decibel

The decibel (dB) is a convenient way of expressing
signal gain or loss in a system. When a signal passes
through several amplifiers or filters the signal level may
alter; the overall system gain is the product of all the in-
dividual gains. However, it is easier to add a series of
numbers than to multiply them and so it is easier to con-
vert the signal gains into a logarithmic equivalent which
can then just be added or subtracted. This is equivalent to
multiplying and dividing in the linear world. The calcula-
tion of gain in dBs is shown Table 1. The chart shows a
range of dB values and their equivalent multiplier. These
multipliers are often abbreviated by engineers (see rule of
thumb), just to make life easy.

The following sections describe several electronic

TABLE 1 |

l |
| dB MULTIPLIER RULE OF THUMB
MULTIPLIER |
| +80 x 10,000 10,000
+70 x 3162 3.000
| +60 x 1000 1,000 |
| +30 x 316.2 300
+40 x 100 100 i
[ +30 x 316 30 ‘
+20 x 10 10 I
+18 x7.94 8 l
+12 x 3.98 E)
+10 x3.16 3
+ b x 1.99 )
| + 3 x 141 1.4
0  1.00 10 l
l -3 x().708 0.7
-6 x0.501 0.5
-10 x{. 316 0.3 {
= (A4 *0.251 0.25
-18 ¥ 0.126 0125
I

=20 x0.100 It
30 ~0.032 0.03
- 40 x 0010 0.01 |
- 50 x0.0032
60 = 0.001
l 70 < .00032

(001 [
1.0003 ‘
0000

v
ViN Ay —OVour Ay —Qilv N‘-.on IN dBs 20LOG¢VVO—UT)
I
L __] IN

S -

80 #0001

0dBm IS USED AS A VOLTAGE MEASUREMENT.

0dBm IS A SINEWAVE LEVEL THAT DISSIPATES
1 MILLIWATT OF POWER INTO A 800R LOAD
° [Vep R{BOOR)
Vpp?
THE POWER DISSIPATED - ——
8xR

. FOR1mW. Vpp2 =8 x Rx 103

Vpp =8 x 600 x 103 =48
Vpp = 21909V

0dB IS EQUIVALENT TO 2.1909 Vpp o 0.7746 Vs
THIS IS USUALLY ROUNDED OFF TO 2.2 Vpp or 0.775 Ve

Fig. 1 Everything you ever wanted to know about the dBm!

The dBm

The dBm is used to describe a signal level and not
signal gain and loss as for the dB (Fig. 1); it is widely used
in audio and telecommunication engineering. For exam-
ple, microphone amplifiers often have their equivalent in-
put noise voltage expressed in dBm. If, say, this noise is
— 124 dBm and a microphone is being used that delivers a
signal level of —40 dBm, then the signal-to-noise ratio at
the output of the amplifier is 124 — 40 = 84 dB. Not exact-
ly a difficult calculation! Table 2 shows a chart of dBm
signal levels. The dBm is meant to be used for 600 ohm im-
pedances; however the same signal level across any load
is referred to as the dBU.

TABLE 2
| dBm V RMS Vp.p
| +20 V75 AL\
+18 6Vi6 17V47 |
| +12 3v08 8\V76 [
l +10 2V45 6V95
+6 1V55 J\V39 |
+3 1V094 LA |
| 0 775 mV LAY
[ ) 549 m\ V56
6 188 m\ V1
| 10 245 m\ 695 MV
8 197 m\ 353 m\
18 G976 M\ 27T N
| 20 77 m\ 220 m\
30 245 m\ 69 5 mv
30 75 my 22\
| 50 245 m\ 6.9% m\
60 775 u\ 22\
70 245 uv 695 UV
80 775 uN 220 0\
90 245 uV 695 uV
1O 775 u\ DAY
10 2.45 uV 6.95 uV
120 775 nV 220
130 245 nV

695 n\V
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1 14
INPUT !WV Vin *Vee +2v
3
v “Vee
5k6
g 40 4
RA2V0 i ADS36A

{ANALOG 10
DEVICES)

<% RV1
220k

dB OUTPUT

-3mV/dB 24k +_L
== 10 1V2 BAND GAP
36k LM313 OR
NT
NG EQUIVALE
FACTOR

ADJUST 1k0°*

dB OUTPUT{6V = 60dB)
+0V1/d8 or +1V0/10dB

*USE ATEL LABS Q81 IF POSSIBLE. THIS HAS A T OF +3500PPM/°C.
IT COMPENSATES FOR DRIFT IN THE ADS36A

Fig. 2 Circuit for a dB meter using an Analog Devices IC.

Measuring Decibels

The AD536A is an RMS-to-DC converter chip, which
is made by Analog Devices. It contains an absolute value
circuit, a squarer/divider and a current mirror. With these
elements it can compute a true RMS value or a log (dB)
equivalent of the input signal. The circuit in Fig. 2 has a
useful operating range of 60 dB. PR1 sets the scale factor of
the meter. Insert a 1 V peak-to-peak sine wave and then
change it to 100 mV peak-to-peak; this is to a change of 20
dB and so the preset PR1 should be adjusted for a 2 V
change in the output voltage. RV1 sets 0 dB by inserting a
current that cancels the log output current from the
squarer/divider. This can be used to measure absolute
voltage in dBm by setting zero at an input voltage of 775
mV RMS. Alternatively it can be used to compute a dB
ratio. Insert a signal, set zero and then change the input
signal level — the resulting output change will represent
the dB change in input level. Note that the input of the
ADS536A can accept DC signals, but a small DC offset on
the input signal will add a large error to low level readings,
For the computation of dBs for AC signals it is best to AC.
couple the input with a 4u7 capacitor.

RMS To DC Conversion

The AD536A calculates the true RMS value of the in-
put signal by converting it to an absolute value. It is then
squared, averaged and then square rooted. The result is a
DC voltage that is equal to the RMS value of the input
signal (Fig. 3). Most moving coil AC voltmeters are

LT N/ o v
3
Vee! "2V oo 9]
4
*Vee (+12V) o____t|__
0 AD536A
(ANALOG 10
DEVICES)
6 9
7 8 min
24k

AAAA—
s 1
2u2 = 2u2
& T
—0 Vgpms OUT(DC)

Fig. 3 The same chip can be used for an RMS to DC
converter.
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ORIGINAL SINEWAVE FULL WAVE RECTIFIED EQUIVALENT DC VALUE

A\ Vep

v = —
RMS * 7> PV

VRms = 0.707 Vp = 0.363 Vp,

Fig. 4 Sine wave level measurement.

calibrated for sine wave operation anly; the peak voltage
of the sine wave is multiplied by 0.707 to produce the RMS
value (Fig. 4). This type of meter will give wrong readings if
noise, square waves, triangle waves or any non-sinusoidal
signals are measured, as in Fig. 5. To measure any non-
sinusoidal waveform a true RMS converter is needed,
otherwise the reading could be wrong by a factor of 5!

WAVEFORM RMS | CREST FACTOR®

™ '

- SINEWAVE 0.707 Vp I VZ-1414
+
Ve [

SYMMETRICAL o
SQUAREWAVE P l U

|
L
Vp v |

' TRIANGLE P o517V = 1732

‘AV} ANG 75 0S Ve J V3
? 3070 4.0
T2V [RUEIRMS DEPENDS ON THE SPECTRUM
Y NoIsE
|
i
v
 spike TRUE RMS L0
DEPENDS ON SHAPE!
1
Vp
*THE CREST FACTOR - ——
VRMS

Fig. 5 Measuring different waveforms.

Noise Annoys

All electronic components generate noise, and the
combined effect of all the noise components in a system
gives rise to the phenomena of a noise floor. This is a
background noise signal that is forever present. The
measurement that is often used to describe the noise per-
formance of a system is called the signal-to-noise ratio
which is expressed in dB. This is the ratio between the nor-
mal operating signal level and the residual noise level with
the signal removed. Measurement of the signal is relatively
straightforwaid; a sine wave signal can easily be measured
with an AC voltmeter, to give the RMS value. The noise
measurement is more difficult. First, the noise level will
probably be very low and so it will need amplification. Se-
cond, we will only be interested in noise within a certain
bandwidth. Noise outside our selected bandwidth will
make the noise reading seem larger than it really is.
Therefore we will need to band-limit our amplifier. For
audio applications a bandwidth from 20 Hz to 20 kHz is
often used.

Finally, noise is a random process and it has a con-
stantly varying ratio between its peak and RMS voltage. A
simple rectifying and smoothing process will give an er-
roneous reading and a true RMS-to-DC converter is need-
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|

|

|
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Fig. 6 (Above) A low noise 60 dB
amplifier and 20 Hz to 20 kHz filter.

Fig. 7 (Right) Measuring noise in op-
amps.
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ed for correct readings. Thus by using a band-limited
amplifier with a true RMS converter it is possible to ac-
curately measure the residual noise level. A suitable
amplifier and filter for audio work is shown in Fig. 6. The
NE5534 op-amps are low noise devices, so they will con-
tribute very little noise to the output signal. The amplifier
has a voltage gain of 60 dB and so the output reading must
be attenuated by the same amount; Table 1 shows the
equivalent is x 1000, so millivolts turn into microvolts.
This calculation assumes a flat noise spectrum.

Figure 7 is a circuit that measures the equivalent input
noise of op-amps. The circuit has an overall gain of 100 dB
(x 100,000) and so the DVM reading must be attenuated
by this factor; additional filtering may be included to
remove hum or to produce an A-weighting.

The noise often has an A-weighting frequency
response applied to it before measurement (Fig. 8). This
curve is similar to the trequency sensitivity of the human
ear and so by A-weighting the noise measurement it
becomes a subjective quantity. It also improves the ap-
parent noise performance figure. Usually when you make
a noise reading there is a mains hum component that is ac-
tually bigger than the noise. This can be removed with a
400 Hz high pass filter as in Fig. 10. This filter also removes
some of the energy of the noise below 400 Hz, but even so

"

10

-20 4

GAIN {dB)

-30-

—40

=1 T T T T )
20 100 1000 2000 10000 20000
FREQUENCY (H2)

T
200

Fig. § The IEC ‘A’ weighted curve.

the noise reading is still useful. Sophisticated digital
multimeters often give you the choice of 400 Hz high-
pass, 30 kHz and 80 kHz low-pass and A-weighting filters;
sometimes they also have the facility for true RMS, dBm
and dB ratio measurements.

Noise in op-amps is specified in nV/JHz. The
equivalent input noise voltage is:

E E, x VvBANDWIDTH

(E, x 141) nV for a 20 kHz bandwidth
where Ei is the equivalent input noise voltage in V

RMS
E. is the input noise in nV/V/Hz.

IN T

The calculation assumes a flat noise spectrum.

330n 330n 10k 47n
- —

600R _‘l
USE A HIGH
IN 600R %8 1«8 100k ouT IMPEDANCE

2HT METER
|
L i . -

SOURCE

Fig. 9 An IEC ‘A’ weighting circuit.
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[ o s0m _o
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Fig. 10 A 400 Hz two pole high pass filter. ®
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THE ‘SQUARE WAVE’ generator is
one of the most basic circuit blocks used
in modern electronics. It can be used for
‘flashing’ LED indicators, for gener-
ating audio tones, or for ‘clocking’ logic
or counter/divider circuitry, etc. The
generators themselves may produce
either symmetrical or non-symmetrical
waveforms, and may be of either the
free-running or the ‘gated’ type.

Square wave generator circuits are
quite easy to design, and may be based
on a wide range of semiconductor tech-
nologies, including the humble bipolar
transistor, the op-amp, the 555 timer
chip or on CMOS logic elements, etc. In
this month’s edition we’ll confine our
discussion to designs based on the tran-
sistor, the op-amp and the 555; next
edition we’ll continue the subject by
showing 22 different CMOS-based
square wave generator circuits!

Transistor astables
One of the easiest and cheapest ways of
generating repetitive square and rect-

two-transistor astable multivibrator
circuit shown in Figure 1. A major ad-
vantage of this rather old-fashioned
transistor circuit is that it can quite
happily operate from supply voltages as
low as 1.5 volts or, with a slight modifi-
cation, from supply voltages up to
several tens of volts.

The Figure 1 circuit acts essentially
as a self-oscillating  regenerative
switch, in which the on and off periods of
the circuit are controlled by the C1-R1
and C2-R2 time constants. If these time
constants are equal (C1=C2 and
R1=R2), the circuit acts as a square
wave generator and operates at a fre-
quency of approximately

1/(1.4C1R1)
Thus the frequency can be decreased by
raising the values of C1-C2 or R1-R2, or
vice versa. The frequency can be made
variable by using twin-gang variable
resistors (in series with 10k limiting
resistors) in place of Rl and R2.

Outputs can be taken from either
collector of the Figure 1 circuit, and the

circuit file

angular waveforms is to use the basic,

Clock or square
wave generators

How to use transistors, op-amps and 555 timers to make a
variety of square wave or ‘clock’ generator circuits.

OUTPUT 2

OUTPUT 1

Q2
2N3%04
BC108

cc
[+)]
COLLECTOR
i A °

2N3904
BC108

= ov

——Ll— Ve
Figure 1. Circuit and relevant waveforms of basic 1
kHz transistor astable muitivibrator.

two outputs are in antiphase. The
operating frequency of the circuit is sub-
stantially independent of supply rail
values in the range 1.5 to 9 volts. The
upper supply voltage limit is set by the
fact that, as the transistors switch
regeneratively at the end of each half-
cycle, the base-emitter junction of the
transistor is reverse-biased by an
amount roughly equal to the supply
voltage. Consequently, if the supply
voltage exceeds the reverse base-
emitter breakdown voltage of the iran-
sistor (typically about 9 volts), the
timing operation of the circuit will be
upset. This snag can be overcome by
using the circuit modification shown in
Figure 2.

Here, a 1N4148 diode is wired in
series with the base input terminal of
each transistor and effectively raises
the reverse base-emitter breakdown
voltage of each transistor to about 80
volts. The maximum supply voltage of

Ray Marston

the circuit is then limited only by the
collector-emitter breakdown character-
istics of the transistors, and may be
several tens of volts. In practice, the
‘protected’ circuit of Figure 2 gives a
frequency variation of only 2% when the
supply voltage is varied from 6 V to
18V.

The leading edges of the output wave-
forms of the Figure 1 and Figure 2
circuits are slightly rounded. The lower
the values of Rl and R2 become relative
to collector resistors R3 and R4, the
worse this rounding becomes. Con-
versely, the larger the values of R1 and
R2 relative to R3 and R4, the better the
wave shape will be. The maximum per-
missible values of R1 and R2 are equal
to the products of transistor current
gain (say 90) and the R3 (or R4) values
(1k8 in this case), so the maximum pos-
sible values of R1 and R2 are 162k in the
Figure 1 and Figure 2 circuits.

The rounding of the leading edges of
the basic astable circuit occurs because
the collector voltage of each transistor is
prevented from rising immediately to
the positive rail voltage as the transis-
tor turns off, because of loading by its
cross-coupled timing capacitor. This
deficiency can be overcome, and
excellent square waves obtained, by
effectively disconnecting the capacitor
from the collector of its transistor as it
turns off, as in the 1 kHz generator of
Figure 3. Here, D1 and D2 are used to
disconnect the timing capacitors at the
moment of regenerative switching. The

main time constants of the circuit are
+ve Aarouav

R4
1k8

Q2
2N3904
BC108

ov

Figure 2. This version of the 1 kHz astable has
frequency correction applied via D1 and D2
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OUTPUT 1

QUTPUT 2

Figure 3. This version of the 1 kHz astable has waveform correction applied via D1 and D2 and produces

excellent square waves.
again determined by C1-R1 and C2-R2.
The effective collector loads of Q1 and
Q2 are equal to the parallel resistances
of R3-R4 and R5-R6 respectively.

Operation of the basic astable multi-
vibrator relies on slight imbalances of’
the transistor characteristics, so that
one transistor turns on slightly faster
than the other when power is first
applied. If the voltage to the circuit is
applied by slowly increasing it from zero
volts, both transistors may turn on
simultaneously, in which case oscilla-
tion will not occur. This snag can be
overcome by using the sure-start circuit
of Figure 4, in which the timing resist-
ors are connected to the transistor
collectors in such a way that only one
transistor can ever be turned on at a
given moment.

L.

100n

1 ve
. 2 3709V

OUTPUT 1 QUTPUT 2
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2N3904
BC108

Q2
2N3904
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Figure 4. The 1 kHz astable with ‘sure-start’ tacility.

ov

The transistor astable circuits we
have looked at so far are designed to
give a symmetrical output waveform,

-ve 15709V

OUTPUT 1

P

Figure 5a. Basic variable M/S ratio astable operating at about 1100 Hz.

with a 1:1 mark-to-space ratio. A non-
symmetrical waveform can be obtained
by simply making one set of astable
time-constant components larger than
the other. Figure 5a shows the con-
nections for making a fixed-frequency
(about 1100 Hz) variable mark-to-space
ratio waveform generator, in which the
ratio can be fully varied over the range
1:10to 10:1.

The leading edges of the output wave-
forms of the above circuit may be
objectionably rounded for some applica-
tions when the mark-to-space control 1s
set to its extreme positions. Also, the
circuit may be difficult to start if the

Op-amp generators

Good square waves can be generated by
using a fast op-amp, such as the LF351,
in the basic relaxation oscillator con-
figuration shown in Figure 6. This
circuit requires the use of dual power
supplies and, because of the slew-rate
limitations of op-amps, its output
waveform rise and fall times are not as
good as those obtained from transistor,
555, or CMOS astables. The op-amp
circuit has, however, some distinct
advantages over these alternative types
of square wave generator; specifically,
it has excellent frequency stability and
the waveform can be varied over a wide
range by altering any one of its four
passive component values.

The basic operation of the Figure 6
cirucit is fairly easy to follow. The out-
put of the op-amp alternatively
switches between the positive and nega-
tive supply rail values and thus applies
a positive or negative ‘reference’ voltage
to the non-inverting terminal of the op-
amp, this reference voltage being a
fixed fraction or ratio (determined by
the R2-R3 ratios) of the supply voltage.

”;7ov

Figure 6. Basic op-amp relaxation oscillator.

supply voltage is applied to the circuit
slowly. Both of these snags can be over-
come by using the connections of Figure
5b, in which the circuit is fitted with
sure-start and waveform-correction
diodes.

Suppose initially that C1 is discharged
and the op-amp output has just switched
positive. In this case C! will charge
positively via Rl until its voltage
reaches the positive reference value on
the non-inverting terminal of the op-

ouTPUT 1| —4
R1
10k

RAV1 100k

>

—@ OUTPUT 2

A2
10k

® ov

Figure 5b. iImproved version of variable M/S ratio astable with waveform
correction and sure-start facility.
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Figure 7. (a) Simple 500 Hz to 5 kHz squarewave
generator and (b) an improved version.
amp. at which point the op-amp voltage
(and thus the reference voltage) will
start to fall and thus initiate a regenera-
tive switching action in which the out-
put switches abruptly to the negative
rail voltage. C1 will then start to charge
in a negative direction via R1 until its
voltage reaches the new (negative)
reference value on the non-inverting
terminal, at which point the op-amp
output will again switch regeneratively
high and initiate a new action in which
the whole sequence repeats itself.

The action of the op-amp circuit is
such that a symmetrical square wave is
developed at the output of the op-amp,
and a non-linear triangle waveform is
developed across Cl; each waveform
swings symmetrically about the zero
volts line. Note that the operating fre-
quency is virtually independent of the
supply rail voltages, but can be varied
by altering the R1 and C1 values, or by
altering the R2-R3 ratios.

Figure 7a shows the practical circuit
of a simple 500 Hz to 5 kHz op-aump
square wave generator in which the
frequency variation is obtained by
altering the attenuation ratio of the
R2-RV1-R3 potential divider, and
Figure 7b shows how the circuit can be
improved by using PRI to preset the
frequency range of the RV frequency
control to a precise minimum value, and
by using RV2 as an output amplitude

_/circuit file \_

control.

Figure 8 shows how the above circuit
can be modified to make a general-
purpose square wave generator that
covers the range 2 Hz to 20 kHz in four
switched decade ranges. Note that pre-
set controls PR1 to PR4 are used to
precisely set the minimum frequencies
of the 2 Hz — 20 Hz, 20 Hz — 200 Hz,
200 Hz — 2 kHz, and 2 kHz — 20 kHz
ranges respectively. without calling for
the use of precision components.

Finally, Figure 9 shows how the basic
relaxation oscillator circuit can be mod-
ified so that it provides both a variable
frequency and a variable mark-to-space
ratio output. The mark-to-space ratio is
variable via RV 1, and the circuit action
is such that C1 alternately charges posi-
tively via R1-D1 and the left-hand side
of RV1 and charges negatively via
R1-D2 and the right-hand side of RV1.
The mark-to-space ratio is variable over
the range 11:1 to 1:11, and the fre-
quency is variable over the approximate
range 650 Hz to 6.5 kHz via RV2: vary-
ing the mark-to-space ratio setting
causes only slight interaction with the
frequency control.

Note that the Figure 6 to Figure 9
circuits can be used with virtually any
types of op-amp, but that the maximum
usable frequency and the quality of the
output rise and fall times depend on the
slew rate of the op-amp that is used; the
LF351. for example, gives a perform-
ance about ten times better than the 741
in these respects. Also note that
although we've shown the circuits as

D3 D2

IN4148 RV1 1N4148

1N914 100k 1N914
M/SRATIO

R1
10k

RV3

]
B

10n

(FREQUENCY)

1 RANGE = 650 H2 TO 6.5 kHz
M/S RANGE = 111 TQ 1:11

1.

Figure 9. Variable frequency, variabie M/S ratio
generator.

being powered from 9 volt split supplies,
they can in fact be powered from any
split supplies in the range 5to 18 V.

555 astables

The IC known as the ‘555 timer’ makes
an excellent square wave generator
when used in the astable mode. The
device is readily available, inexpensive,
and is housed in an 8-pin dual-in-line
(DIL) plastic package. It can be powered
by any supply in the range 4.5 to 15
volts, has a low-impedance output that
can source (supply) or sink (absorb) load
currents up to 200 mA and. when used
in the astable mode, generates output
square waves with typical rise and fall
times of about 100 ns. The 555 astable
has excellent frequency stability, can
span the frequency range from near zero

PR3 PR4
100k 10k
SET SET
200 Hz 2kHz
R4
18k
4
SWib

(LEVEL)

=

(FREQUENCY)

aut

y

Figure 8. Four-decade
single calibrated frequency scale.

(2 Hz to 20 kHz) square wave generator. The presets enable the circuit to use a
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Figure 10. (a) Basic circuit of a 1 kHz 555 astable with design formulae. (b)
Approximate relationship between C1, R2 and f for the 555 astable when R2 is

large relative to R1.

to about 100 kHz, and its frequency and
mark-to-space ratio can be accurately
controlled with two external resistors
and one capacitor.

Figure 10a shows the practical circuit
of a basic 1 kHz 555 astable, together
with the formulae that define the
timing of the circuit. The circuit opera-
tion is such that C1 first charges
exponentially via the series RI-R2
combination until eventually its voltage
rises to two-thirds of the supply voltage,
at which point a regenerative switching
action takes place and C1 starts to
discharge exponentially via R2 until
eventually its voltage falls to one-third
of the supply voltage. At this point a
second regenerative switching action
takes place and C1 starts to re-charge
towards two-thirds of the supply voltage
via R1-R2, and the whole sequence
repeats. C2 is used in this circuit (and
those that follow) to decouple the in-
ternal circuitry of the 555 chip from the
effects of supply line transients.

Note that the operating frequency of

the above circuit is virtually inde-
pendent of the supply voltage value, and
that both the mark-to-space ratio and
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the frequency are determined by the'

R1-R2-C1 values. Also note that if R2 is
large relative to R1, the operating fre-
quency is determined mainly by the R2
and Cl1 values and that an almost

symmetrical output waveform s
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Figure 11. This variable frequency generator
covers 1.4 kHz to 15 kHz.

generated. The graph of Figure 10b
shows the approximate relationship be-
tween frequency and the C1-R2 values
under the above condition. In practice,
the R1 and R2 values can be varied from
about 1k to 10M.

The basic Figure 10a circuit can be
modified in a number of ways. Figure

10k 100

10 100 ALY

ASTABLE FREQUENCY — Hz
11, for example, shows how it can be
made into a variable frequency square
wave generator by replacing R2 with a
fixed and a variable resistor in series.
With the component values shown, the

+ve STOISV
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Figure 12. This two-LED flasher operates at just
under 1 Hz, The LEDs flash alternately.
frequency can be varied over the
approximate range 1.4 kHz to 15 kHz
via RV1.

Figure 12 shows how the circuit can
be used as a two-LED ‘flasher’ unit, in
which one LED turns off as the other
turns on, and vice versa. The circuitp

R4
68k

R2
470R

LED2

glows red!

THE VERY LATEST

This great new book from ETl is so
‘hot off the press’ that the cover literally

TOP PROJECTS VOL. 8

Our ‘Top Projects’ series have always been very popular with hobbyists, containing as they do
a collection of the best projects from the past year or so's issues of ETI Magazine. Here we
have 25 projects, ranging from the ETI-1501 Negative lon Generator, to the ETI-499 General
Purpose 150 W MOSFET Power Amp Module, from the ETI-574 Disco Strobe to the ETI-469
Percussion Synthesiser, from the ETI-735 UHF Tv Converter to the ETI-563 NiCad Fast
Charger. Also included are the ETI-599 Infrared Remote Control Unit, the ETI-567 Core
Balance Relay, the ETI-259 Incremental Timer, the ETI-156 100 MHz High Impedance
instrument Probe, the ETI-328 LED Oil Temperature Meter for cars, the ETI-257 Universal
Relay Driver Board, the ETI-492 Sound Bender, the ETI-1503 Intelligent Battery Charger, the
ETI-729 UHF Masthead Amp & more, & more.

Top Projects Vol. 8 is available at newsagents, selected electronic suppliers or directly. by mail
order, from ET! Book Sales, 15 Boundary St, Rushcutters Bay NSW 2011, for $4.95 plus 90¢
post and handling.
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Figure 16. Gated astable with

gate signal applied to C1 via
A Q.
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operates at a frequency of just unde;‘)
1 Hz.

Figure 13 shows how the circuit can
be modified so that its mark and space
periods are independently variable over
the approximate range 15 us to 1.5 ms.
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Figure 13. Astable with mark and space periods
independently variabie over about 15us to 1.5 ms.

Here, timing capacitor C1 alternately
charges via RI-RVI-D1 and discharges
via RV2-R2-D2.

Figure 14 shows how the circuit can
be modified so that it acts as a fixed-
frequency square-wave generator with
a mark-to-space ratio or duty cycle that
ts fully variable from 1% to 99% via

v
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Figure 14. 555 astable with duty cycle variable
from 1% to 99%. Frequency is almost constant at
about 1 kHz.
RV1. Here, C1 alternately charges via
R1 and the top half of RV1 and D1, and
discharges via D2-R2 and the lower half
of RV1. Note that the sum of these two
timing periods is virtually constant, so
the operating frequency is almost inde-
pendent of the setting of RV1.

The 555 astable circuit can be gated
on and off (enabled or disabled) either

by applying a gate signal to pin 4 or by
disabling or enabling the main timing
capacitor via a transistor switch.
Figure 15 shows how the circuit can
be gated via the pin 4 (reset) terminal.
The characteristic of this terminal is
such that if the terminal is biased above
a nominal 0.7 volts, the astable is
enabled, but if it is biased below
0.7 volts by a current greater than
100 uA (by taking pin 4 to ground via a
resistance less than 7k, for example) the
astable is disabled and its output is
grounded. Thus in the Figure 15 circuit
the astable can be turned on by applying
a high or logic 1 signal to pin 4, or off by
applying azeroor logic O signal to pin 4.
Finally, to complete this month’s look
at square wave generator circuits,
Figure 16 shows how the 555 astable
can be gated on and off via a transistor
wired across the main timing capacitor,
C1l. Here, with zero gate drive applied,
Q1 is cut off and the astable is free to
operate in the normal way, but when a
high gate signal is applied, Q1 is driven
on and discharges C1. thus disabling
the astable. Note that the output of this
circuit is driven high when the astable
is disabled in this way. ®

““Look, don’t CIRCUIT TECHNIQUES
VOL. 1.

Where else can you find a collection of
articles that tells you how to use op-amps,
how to design active filters, where and how to
use 555 timers, gives you a practical guide to
such widely used semiconductors as diodes,
LEDs, zeners, voltage regulators, VFETs,
Power MOSFETs and CMOS 1Cs? But that's
not all this book has to offer! What about
designing potcore inductors, using the 3080
transconductance amp or crystal oscillator
circuit techniques?

ONLY $4.75

Newsagents, selected electronics suppliers or direct
from ETl Magazine, 15 Boundary St, Rushcutters Bay
NSW 2011, Please add 90 cents for post and handling it
buying by mail order.
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STOP

Wasting time, effort, energy, solder.

This book will
save you SO
much you'll
wonder what you
did before we
published it!

CIRCUIT
TECHNIQUES

voL2  ~$4.75

describes the theory and practical usage of semiconductors and other
devices — from voltage and window comparators to the design of your own
digital test equipment. Other features show how to use BiFET and BiMOS
amps, integrated switching regulators and instrumentation techniques.
There’s two major features on clock and square wave generators — and for
computer users the book explains how to cope with the ubiquitous but tricky
RS232 interface.

Save yourself trouble. Don’t dig through device application notes in search
of a circuit to modify, start off on the right foot with Circuit Techniques Vol. 2.
You’ll probably get closer to where you want to be with fewer hassles. It's
an invaluable reference for every electronics enthusiast, experimenter,
technician or engineer.

GCIRCUIT

The how, what, which, where,
why and how much anthology
of electronic components,
circuits and techniques.

Available from newsagents, selected electronic sup-
pliers or direct from ETI Magazine, 15 Boundary St.
Rushcutters Bay NSW 2011. Please add 65 cents for
post and handling if buying by mail order.
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More clock generators

In the last article, Ray covered clock or square wave
generators using transistors, op-amps and 555s. This
time he covers the use of CMOS gates and the 4046B

VCO chip.

INEXPENSIVE CMOS logic ICs such as the 4001B and the
4011B can easily be used to make very inexpensive but highly
versatile square-wave or ‘clock’ generator circuits. They can
be designed to give symmetical or non-symmetrical outputs,
and can be of the free-running or the gated types; in the latter
case. they can be designed to turn on with either logic 0 or
logic 1 gate signals, and to give either a logic 0 or a logic 1
output when in the ‘off’ mode. You can even use these ‘cheapo’
circuits as simple voltage-controlled oscillators (VCOs) or as
frequency-modulated oscillators.

If you want really good VCO operation from a square-wave
generator. with excellent linearity and versatility, you can
turn to the slightly more expensive 4046B CMOS IC. We'll
look at some applications of this chip later, but let’s start by
looking at some basic two-gate CMOS square-wave generator
or astable circuits,

Basic two-gate astable circuits

The simplest way to make a CMOS astable circuit is to wire
two CMOS inverter stages in series and use the C-R feedback
network shown in Figure la. This circuit generates a decent
square wave output and operates at about 1 kHz with the
component values shown. The frequency is inversely propor-
tional to the C-R time constant, so can be raised by lowering
the values of either C1 or R1. C1 must be a non-polarised
capacitor and can have any value from a few tens of pF to
several uF, and R1 can have any value from about 4k7 to 22M;
the operating frequency can vary from a frequency of 1 Hz to
about 1 Mhz. For variable frequency operation, wire a fixed
and a variable resistor in series in the R1 position.

NOTE: IC1 = 4001BOR 40118

ouT +ve
=2 [T
ov
Figure 1(a). Circuit of the basic two-gate CMOS astable. This operates at 1 kHz
with the component values shown.
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Figure 1(b). Ways of connecting a two-input NAND (4011B) or NOR (4001B)
gate for use as an inverter.

Note at this point that each of the ‘inverter’ stages of the
Figure la circuit can be made from a single gate of a 4001B
quad two-input NOR gate or a 4011B quad two-input NAND
gate by using the connections shown in Figure 1b. Thus each of

Ray Marston

these ICs can provide two astable circuits. Also note that the
inputs to all unused gates in these ICs must be tied to one or
other of the supply-line terminals; the Figure 1a astable (and
all other astables shown in this feature) can be used with any
supplies in the range 3 to 18 V; the zero volts’ terminal goes
to pin 7 of the 4001B or 4011B, and the "+ve’ terminal goes
to pin 14.

The output of the Figure 1b astable circuit switches (when
lightly loaded) almost fully between the zero and positive
supply rail values, but the C1-R1 junction is prevented from
swinging below zero or above the positive rail levels by built-in
clamping diodes at the input of ICla. This characteristic
causes the operating frequency of the circuit to be somewhat
dependent on supply rail voltage. Typically, the frequency
falls by about 0.8% for a 10% rise in supply voltage; if the
frequency is normalised with a 10 volt supply, the frequency
falls by 4% at 15 V or rises by 8% at 5 V.

Also, the operating frequency of the Figure la circuit is
influenced by the ‘transfer voltage’ vulue of the individual
IC1a gate that is used in the astable. and can be expected to
vary by as much as 10% between individual ICs. The output
symmetry of the waveform also depends on the ‘transfer
voltage’ value of the [C and, in most cases. the circuit will give
a non-symmetrical output. In most ‘hobby' or other non-
precision applications, these defects of the basic astable circuit
are of little practical importance.

Jl—
LLIFY)

o

NOTE:IC1 = 40018 OR 40118

rve
out
_-l U I—J L ov
Figure 2. This ‘compensated’ version of the 1 kHz astable has excellent
frequency stability with variations in supply volitage.

Some of the defects of the Figure 1a circuit can be minimised
by using the ‘compensated’ astable of Figure 2. in which R2 is
wired in series with the input of IC1a. This resistor must have
a value that is large relative to R1, and its mnain purpose is to
allow the C1-R1 junction to swing freely below the zero and
above the positive supply rail voltages during circuit opera-
tion and thus improve the frequency stability of the circuit.
Typically, when R2 is ten times the value of R1, the frequency
varies by only 0.5% when the supply voltage is varied between
5 and 15 volts. An incidental benefit of R2 is that it gives a
slight improvement in the symmetry of the output of the
astable.

The basic and compensated astable circuits of Figures 1 and
2 can be built with a good number of detail variations. as
shown in Figures 3 to 6. In the basic astable circuit. for
example, C1 alternately charges and discharges via R1 and
thus has a fixed symmetry. Figures 3 to 5 show how the basic
circuit can be modified to give alternate C1 charge and dis-
charge paths to thus allow the symmetry to be varied at will.
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MARK  SPACE
- - -

NOTE: IC1 = 40018 OR 40118

Figure 3. Moditying the astable to give a non-symmetrical output: MARK is
controlled by the parallel values of R1and R2; SPACE is controlled by R2 only.

The Figure 3 circuit is useful if you need a highly non-
symmetrical waveform, equivalent to a fixed pluse delivered
at a fixed ‘timebase’ rate. Here, C1 charges in one direction via
R2 in parallel with the D1-R1 combination, to generate the
mark or pulse part of the waveform, but discharges in the
reverse direction via R2 only, to give the space between the
pulses.
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Figure 4. This astable has independently variable MARK and SPACE times.
Figure 4 shows the modifications for generating a waveform

with independently variable mark and space times; the

mark time is controlled by R1-RV1-D1, and the space time
is controlled by R1-RV2-D2.
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Figure 5. The mark/space ratio of this astable is fully variable from 1:11 to 1M1
via RV1; frequency is almost constant at about 1 kHz.

Figure 5 shows the modifications to give a variable
symmetry or mark/space ratio output while maintaining a
near-constant frequency. Here, C1 charges in one direction via
D2 and the lower halfof RV1 and R2, and in the other direction
via D1 and the upper half of RV1 and R1. The M/S ratio can be
varied over therange 1:11to 11:1 viaRV1.
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Figure 6. Simple voltage-controlied oscillator (VCO) circuit.
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Figure 7. Special effects VCO which cuts off when V;, falls below a preset
value.
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Finally, Figures 6 and 7 show a couple of ways of using the
basic astable circuit as a very simple VCO. The Figure 6
circuit can be used to vary the operating frequency over a
limited range via an external voltage. R2 must be at least
twice as large as R1 for satisfactory operation, the actual value
depending on the required frequency shift range; a ‘low’
R2 value gives a large frequency shift range. and a ‘large’ R2
value gives a small frequency shift range. The Figure 7 circuit
acts as a special-effects VCO in which the oscillator frequency
rises with input voltage, but switches off completely when the
input voltage falls below a value preset by RV1.

Gated astable circuits

All of the astable circuits of Figures 1 to 5 can be modified for
gated operation, so that they can be turned on and off via an
external signal, by simply using a two-input NAND (4011B)
or NOR (4001B) gate in place of the inverter in the ICla
position, and by applying the input gate control signal to one of
the gate input terminals. Note, however, that the 4001B and
the 4011B give quite different types of gate control and output
operation in these applications, as shown by the two basic
versions of the gated astable in Figures 8 and 9.

l_cu__ _-l'_l—‘ e
n
GATE | o

GATE

IC1 = 4011B
100k

Figure 8. This gated astable has a normally low outputand is gated on by a high
{logic 1) at the input.

ov
Figure 9. This version of the gated astable has a normally high output and is
gated on by a low (logic 0) at the input.

Note specifically from these two circuits that the NAND
version is gated on by a logic 1 input and has a normally low
output, while the NOR version is gated on by a logic 0 input
and has a normally high ouput. R2 can be eliminated from
these circuits if the gate drive is direct-coupled from the ouput
of a preceding CMOS logic stage, etc.

Note in the basic gated astable circuits of Figures 8 and 9
that the output signal terminates as soon as the gate drive
signal is removed; consequently, any noise present at the gate
terminal also appears at the outputs of these circuits. Fig-
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Figure 10. Semi-latching or 'noiseless’ gated astable circuit, with logic 1 gate
input and normally zero output.

ures 10 and 11 show how to modify the circuits to overcome
this defect. Here, the gate signal of IC1a is derived from both
the outside world and from the output of IC1b via diode OR
gate D1-D2-R2. As soon as the circuit is gated from the outside
world via D2 the output of IC1b reinforces or self-latches the
gating via DI for the duration of one half astable cycle, thus
eliminating any effects of a noisy outside world gate signal.
The outputs of the ‘semi-latching’ gated astable circuits are
thus always complete numbers of half cycles.

‘Ring of three’ clock-generator circuits

The two-gate astable circuit is not generally suitable for direct
use as a ‘clock’ generator with fast-acting counting and divid-
ing circuits, since it tends to pick up and amplify any supply
line noise during the "transitioning’ parts of its operating cycle
and thus to produce square waves with ‘glitchy’ leading and
trailing edges. A far better type of clock generator circuit is the
‘ring of three’ astable shown in Figure 12.

IC1 = 4001BOR40MB

Figure 12. This 'ring-of-three’ astable makes an excellent clock generator.

The Figure 12 ‘ring of three’ circuit is similar to the basic
two-gate astable, except that its ‘input’ stage (ICla-IC1b) acts
as an ultra-high gain non-inverting amplifier and its main
timing components (C1-R1) are transposed (relative to the
two-gate astable). Because of the very high overall gain of the
circuit, it produces an excellent and glitch-free square wave
output, ideal for clock-generator use.

R1680k

Figure 13. This ‘ring-of-three' astable is gated by a logic 1 input and has a
normally low output.

Figure 15. Ring-of-three gated by a logic 0 input and having a normally low
output.
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Figure 11. Alternative semi-latcjhilng gated astable, with logic 0 gate and
normally high output.

The basic ring-of-three astable can be subjected to all the
design modifications we've already looked at for the basic
two-gate astable; e.g: it can be used in either basic or
compensated form and can give either a symmetrical or non-
symmetrical output, etc. The most interesting variations of
the circuit occur, however, when it is used in the ‘gated’ mode,
since it can be gated via either the IC1b or IClc stages. Fig-
ures 13 to 16 show four variations on this ‘gating theme.

Thus the Figures 13 and 14 circuits are both gated on by a
logic 1 input signal, but the Figure 13 circuit has a normally
low output, while that of Figure 14 is normally high. Simi-
larly, the Figures 15 and 16 circuits are both gated on by a
logic O signal, but the output of the Figure 15 circuit is
normally low, while that of Figure 16 is normally high.

4046B VCO circuits

To close this look at CMOS square wave generator circuits,
let’s look at some practical VCO applications of the 4046B
phase-locked loop (PLL) IC. Figure 17 shows the internal block
diagram and pinouts of this chip, which contains a couple of
phase comparators, a VCO, a zener diode and a few other bits
and pieces.

For our present purpose, the most important part of the chip
1s the VCO section. This VCO is a highly versatile device; it
produces a well-shaped symmetrical square wave output, has
a top-end frequency limit in excess of | MHz, has a voltage-to-
frequency linearity of about 1% and can easily be scanned’
through a 1 000 000:1 range by an external voltage applied to
the VCO input terminal. The frequency of the oscillator is
governed by the value of a capacitor (minimum value 50p)
connected between pins 6 and 7, by the value of a resistor
(minimum value 10k) wired between pin 11 and ground. and
by the voltage (any value from zero to the supply voltage in
use) applied to VCO-input pin 9.

IC1 = 4011B
GATE

Figure 14. This gated ‘ring-of-three" astable is gated by a logic 1 inputand has a
normally high output.

+ve

IC1 = 4001B R1680k

Figure 16. Ring-of-three with normally high output and logic 0 gating.
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Figure 17. Internal block diagram and pinouts of the 40468.

Figure 18 shows the simplest possible way of using the
4046B VCO as a voltage-controlled square wave generator.
Here, C1-R1 determine the maximum frequency that can be
obtained (with the pin 9 voltage at maximum) and RV1 con-
trols the actual frequency by applying a control voltage to
pin 9. The frequency falls to a very low value (a fraction of a
Hz) with pin 9 at zero volts. The effective voltage-control range
of pin 9 varies from roughly 1 V below the supply value to
about 1 V above zero, and gives a frequency span of about
1 000 000:1. Ideally, the supply voltage to the circuit should be
regulated.
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Figure 18. Basic wide-range VCO,

spanning near-zero to roughly
5 kHz.
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We've said above that the frequency of the Figure 18 circuit
falls to near-zero when the input voltage is reduced to zero.
Figure 19 shows how the circuit can be modified so that the
frequency falls all the way to zero with zero input, by wiring a
high-value resistor (R2) between pins 12 and 16. Note here
that when the frequency is reduced to zero, the VCO output
randomly settles in either a logic 0 or a logic 1 state.

Figure 20 shows how the pin 12 resistor can alternatively be
used to determine the minimum operating frequency of a
restricted-range VCO. Here, f , is determined by C1-R2
and f_ . isdetermined by C1 and the parallel resistance of R1
and R2.

Figure 21 shows an alternative version of the restricted-
range VCO, in which f___ is controlled by C1-R1 and {;, is
determined by C1 and the series combination of R1 and R2.
Note that by suitable choice of the R1 and R2 values, the
circuit can be made to ‘span’ any desired frequency range from
1:1 to near-infinity.

Finally, it should be noted that the VCO section of the 4046B
can be disabled by taking pin 5 of the package high (to logic 1
level) or enabled by taking pin 5 low. This feature makes it
possible to gate the VCO on and off by external signals. Thus
Figure 22 shows how the basic VCO circuit can be gated via a
signal applied to an external inverter stage. Alternatively,
Figure 23 shows how one of the internal phase comparators of]
the 4046B can be used to provide gate inversion, so that the
VCO can be gated via an external voltage applied topin3. @
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Figure 19. Modification of the Figure 18 circuit
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Figure 22. Gated wide-range VCO using an external gate inverter.

Figure 20. Restricted-range VCO, with frequency
variable from roughly 72 Hz to 5 kHz via RV1.
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Figure 21. Alternative version of the restricted-range
VCO. Maximum frequency is controlled by C1-R1,
minimum by C1-(R1+R2).
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Beating the RS232 blues

A serial interface should be the simplest way to connect
two pieces of computer gear together. Unfortunately,

RS232 complicates matters.

ONLY TWO pieces of wire are needed to
allow one computer device to talk to
another, and three if you want a two-
way conversation. So you would think
that hooking together computer equip-
ment with serial interfaces would be
easy — provided, of course, that the
various equipment manufacturers had
adopted a standard for their interfaces.
And herein lies a problem.

The ‘standard’ which was adopted for
serial interface was one known as
‘RS232’. RS232 is a standard of the
American Electronics Industries
Association, and was originally intended
for the interface between ‘Data Term-
inal Equipment’ (DTE — in other words
a computer ‘dumb’ terminal) and ‘Data
Communications Equipment’ (DCE —
equipment which facilitates communi-
cation to a remote computer, like a
modem).

The standard specifies the electrical
characteristics of the interface signals,
along with the shape and pin assign-
ments of the connectors to be used. In
addition there are certain other conven-
tions which go along with this standard,
like the commonly used data rates and
formats.

Now, although it’s possible to borrow
the electrical and timing conventions
from this standard, many aspects are
ambiguous. As mentioned above, RS232
specifies two different ‘sexes’ of equip-
ment, terminal equipment and com-
munications equipment, each with their
own sex of connector, and their own
connector pin assignments. But the
standard is now being applied also to
computers, printers, plotters, digitising
tablets, speech synthesisers and so on,
which don’t fall conveniently into the
category of either sex. Consequently
any particular piece of equipment has a
more or less arbitrary sex assignment.

Furthermore, RS232 contains specifi-
cations for using its connectors and
signals for a large number of different
applications. Since today’s equipment
needs only the simplest of such arrange-
ments, most of RS232’s features are not
used, and in fact merely add to the
confusion as manufacturers arbitrarily
select the few features they need for
their interface.
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OK, the fact that the interface is
somewhat arbitrary on any particular
piece of equipment would be compen-
sated if the equipment manual told you
how it worked. Not the case. In fact the
description of how the RS232 interface
works is almost universally the worst
described part of the manual, ranging
from extremely ambiguous to downright
wrong.

This month I am going to describe the
theory of how RS232 is supposed to
work. In a following issue I will describe
a test unit which will patch any two
devices together, and monitor what they
are saying. You may wish to build one,
or borrow the principles to understand
how to test an interface by some altern-
ative method.

The basics of a serial
interface

There are many possible waysto make a
serial communications ‘channel’; RS232
is just one method. Let us examine
serial interfaces in general, and see how
RS232 implements the various features
involved.

I should point out here that many of
these features are not strictly a part of
RS232, but are conventions which are
used with it. The best way to declare
something as a ‘convention' is by
referring to data on the ICs used to
implement RS232 serial interfaces,
namely the ‘'UART which formats the
data (such as the National 5303 and
similar), and the ‘line driver’ and
‘receiver’ which actually send and
receive the electrical signals on the
serial cable (National LM1488 and
1489 respectively).

Suppose we are dealing with the
simplest type of interface, one in which
there is a "sender’ and a receiver’, such
as may be the case where a computer
sends data to a line printer. Two wires
connect the two devices, one wire being
‘Ground’ or zero volts, the other wire
carrying the data.

Ones and zeros

The first task is to decide how to repre-
sent the binary ‘one’ and ‘zero’ as

Graham Wideman

voltages. A TTL logic IC regards a vol-
tage less than 0.4 V as a logic zero, and a
voltage greater than 2.8 V as a logicone.
A TTL output is not, for various reasons,
suited to sending data down a long wire,
so RS232 does things differently. A
‘zero’ is represented by a ‘high’ voltage
between +3 V and +12 V (for some
reason also called ‘space’), while a ‘one’
is represented by a ‘low’ voltage between
~3 V and -12 V (also called ‘mark’).
The range between —3 V and +3 V is
undefined.

Next we must decide in what order
and with what timing the bits are to be
sent down the wire. RS232 calls the unit
of data transmission a ‘character’, even
though the data sent may not actually
represent a character. A particular
device may be set to transmit or receive
5, 6, 7 or 8-bit characters, with seven
being the most common (because seven
bits will represent the entire ASCII set
of 128 characters), and eight the next
most popular. These characters are sent
least significant bit first. Using the
scheme as I have so far described it, the
letter ‘B’, which is ASCII 42 hexadeci-
mal, or 66 decimal, would appear on the
line as (see also Figure 1)

High low high high high high low
(7-bit code)

2 4
o ol fo o 11

S I O S D

Figure 1. The letter ‘B’ (hex 42) represented as a
sequence of voltage levels, as used by RS232
devices.

o 1

How does the receiver know when a
particular character starts? We could
use a third wire to signal that a charac-
ter is starting on the second wire. This is
a form of ‘synchronous’ communication,
and is not used with any personal com-
puter equipment. Instead RS232 has a
way of telling the receiver that a charac-
ter is starting. It works as follows.

Start bit

Suppose the receiver receives the above
letter ‘B’. Normally the communications
line sits at ‘mark’ or low. Along comes



bit one, which is a high, and immedi-
ately the receiver knows a character is
coming in. Now, assuming that the
receiver and sender are set so that they
agree as to how long each bit is, the
receiver will be able to recognise a high,
then a low, then another low and so on,
until the whole ‘B’ has been received.

However, suppose that instead the
letter “A’ was sent, which is 41 hex, and
therefore is represented (also see Fig-
ure 2) as:

Low high high high high high low

1 4

Figure 2. The letter "A’ (hex 41) represented in
RS232 voltage levels.

This time, by the time the receiver finds
out something is happening, it’s already
on the second bit! And what if you had a
character composed entirely of lows?

The way around this problem is to
prefix every character with a 'start’ bit,
which is invariably high.

Stop bit

This still leaves one problem. Suppose
we send several hundred charactersin a
row. It would be unreasonable to expect
that the sender and receiver agree as to
the time-per-bit to such great accuracy
that they would still be in step after so
many bits. To overcome this each char-
acter is suffixed with one or two (accord-
ing to how the devices are set) 'stop’ bits,
which are always low. After each
character we always have a low-to-high
transition which can be relied upon to
keep the two devices in step.

Notice that there is nothing particu-
larly special about the start and stop
bits. They look like any other bits,
except that there is always a low-to-high
transition at least once per character,
and it's between these two bits. I point
this out because it means, for example,
that if you are sending serial data to a
printer, if the signal is momentarily dis-
connected (transmission continuing but
reception interrupted) then upon recon-
nection the printer will probably not be
able to interpret the incoming stream of
highs and lows. The printer will be
confused until the next pause in trans-
mission, unless the combination of
received characters enables the printer
to determine where the stop-start
location is.

Transmission speed:
‘Baud Rate’

Naturally, both sender and receiver
must be set to the same nominal com-
munications speed. This speed is
measured in bits-per-second, a unit also

known as the baud. (One bit per second
is one baud.) Commonly used rates are:
110 and 133 (for Selectric terminals, for
example), 300 baud (modems communi-
cating via telephone), 600, 1200, 2400,
4800 and 9600 baud. Some devices also
communicate at 19200, 38400 and
even 76 800 baud, but such are rare.

Parity

An embellishment which is occasionally
seen is the use of ‘parity’ as an error
checking method. In a seven-bit code,
for example, an extra bit may be added
after the last bit (but before the stop bit).
The sender counts the number of ‘one’
bits in the character, and if the answer
iseven it sets the parity bit to ‘one’, if not
it is made ‘zero’. (This is the even parity
convention. There's an equally little-
used odd parity convention which
makes the parity bit ‘one’ for an odd
total.)

When the receiver gets the character
it does the same arithmetic and compares
its answers to the parity bit received
with the character. If it has the same
answer it knows all is well; if the answer
is wrong an error has occurred some-
where. For example, suppose an ‘A’ is
transmitted (seven-bit, even parity).
This would be represented as in Fig-
ure 3.

010000011 1111110 xx...

T"o’ATA 111

WAITING DATA
START stop
PARITY DL
EVEN
(THERE MAY BE
NO WAITING)

Figure 3. Representation of the letter ‘A’ in seven-
bit even parity code. Note that a ‘1’ is a low voitage
and a ‘0’ is a high. The line normally sits at low
or'1’,

Now if one of those bits were accident-
ally changed somewhere along the way,
there would be either one or three 'I’s,
which is an odd number and does not
agree with the parity bit. tAnd of course
if the parity bit was accidentally
changed, it wouldn’t agree properly
either.) You can probably see that this
scheme cannot show where the error
occurred or how to fix it, nor does it
signal double errors. It is basically a
low-overhead warning device.

In fact parity is generally ignored,
since most personal computer equip-
ment is not operated in electrically
noisy environments where such errors
are likely to occur, and in any case such
equipment has no convention for
requesting that the sender resend the
faultily received data. (Often the receiv-
ing device may be set to expect the
parity bit but not use it.) However, L have
included this description so that you
know what parity is when the equipment
has a switch to select or deselect its use.

Lots of options!
As you can see, even thus far there are
plenty of options to choose from. In a
typical device many of these options
may be switch selectable, usually mini-
ature DIP switches inside the box, or
perhaps soldered jumpers. In some
cases, such as terminals and computers,
some of these features may be program-
med from the keyboard or from software.
So there are plenty of ways in which
your two little darlings won’t be able to
talk to each other! But wait, there's
much more!

How many duplexes?

Although not strictly of direct concern
in the RS232 interface, some equipment,
particularly terminals and modems,
provide a 'Full/Half Duplex’ switch.

‘Full Duplex’ means that when the
terminal transmits a character to the
remote computer the computer immed-
iately echoes the character back to the
terminal, whereupon it appears on the
terminal’s screen (or paper, if a tele-
type). If there is no echo then the char-
acter you typed will not appear on the
terminal’s screen. This is a kind of
insurance method to let you know that
the computer is listening.

In ‘Half Duplex’ set-ups it is assumed
that the computer will not echo the
characters from the terminal, and thus
the terminal puts the typed characters
on the screen whether or not the compu-
ter is awake.

The surprise comes if you have your
terminal (or modem) set to Half Duplex,
and the computer you are talking to
echoes the characters. Then if you type
‘FRED’ you'll see ' FFRREEDD’.

Not so fast!

A commonly needed feature is the
ability to tell the sending device to slow
down. 1 don’t mean to send at a lower
baud rate, but rather to pause for a
moment. A typical situation where this
occurs is in slow printers. When the
carriage reaches the end of the line the
printer must tell the sender to wait until
the carriage returns before sending
more characters.

Such a signalling system is known as
‘handshaking’. Typically this is imple-
mented by adding an extra wire to the
interface cable. The receiver maintains
this wire at a ‘high’ signal level while
it's OK for the sender to send, pulling it
‘low’ to tell the sender to halt the flow of
data. Sometimes an interface will have
handshaking lines both ways, so that
either device can halt the other.

A complete two-way interface would
consist of two data wires, two handshak-
ing wires and ground — a total of five
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wires. Most RS232 hook-up problems
occur because one piece of equipment
needs some of these signals which the
other does not provide, or because the
wires in each piece of equipment are not
connected to the corresponding pins in
the interfacing connectors.

Not so fast type two

A quick note here that on some intelli-
gent printers handshaking is carried
out using a method called ‘X-on, X-off.
Instead of a separate handshaking wire,
the printer has a data output wire
(normally printers only receive data). If
the printer wishes to halt the sender the
printer sends a control character to the
sender (usually control-S, hex 13, which
is also known as ‘Direct Control 3). Sub-
sequently sending the same character
will restart the data. Note that this is
the same character which you use in
CP/M (and Apple) to stop and start a
continuous display to the screen from
the keyboard.

Handshaking and buffers, etc

How necessary is handshaking in
practice? A major sore point in the small
computer industry has been the need for
handshaking in printers. The Epson
MX-80, for example, was available at
one time with a serial interface known
as 8l41. This interface could only
remember a maximum of two characters
as they arrived from the computer.
Since the 'line-feed' time exceeds the
time of two characters, even at the
slowest baud rates it was necessary for
the interface to signal a halt after each
line. The Exidy Sorcerer and the stand-
ard Apple printer interface board do not
have any handshaking inputs, and con-
sequently it would be impossible to
make this combination of equipment
work serially. (This particular problem
rarely comes up since the MX-80 has a
parallel input which is usually used.
The Sorcerer has a parallel output, and
the Apple has available for it a parallel
printer board. I am simply showing how
close to the surface such problems are
swimming.)

A solution to this dilemma which is
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