
















































































































































































































































































































Choosing a sample-and-hold amplifier 
is not as simple as it used to be 
Sample-and-hold modules, which are particularly useful in high-speed 
data acquisition systems, are now available in unprecedented variety; 
a grasp of how they work makes it easier to pick the right one for a given job 

by Walter Patstone and Craig Dunbar, Teledyne Philbrick, Dedham, Mass. 

D As a naturally analog world goes steadily digital, the 
sample-and-hold amplifiers that often accompany 
analog-to-digital converters also increase in variety. The 
modules now available range from general-purpose 
units to high-speed, high-accuracy versions and cost 
anywhere from $40 to $400. Unless their characteristics 
are understood, it's no longer simple to select the right 
sample-and-hold for a given application. 

Functionally, every sample-and-hold amplifier tracks 
an analog signal and, when directed by an external dig­
ital command, freezes its output at the instantaneous 
value of the input. But the individual parameters of this 
performance vary in importance with the particular ap­
plication. 

And the applications are numerous. Sample-and-hold 
amplifiers are particularly useful where fast-changing 

signals must be multiplexed in data acquisitiQn systems 
or where momentary signals must be captured and held. 
They are frequently used in sampled-data systems to 
decrease system aperture time with a-d converters, and 
in display systems to provide smooth, glitch-free out­
puts from d-a converters. Other applications include 
pulse stretching, data distribution to multiple readouts, 
peak and valley following, and ratio-measurement of 
time-averaged variables. 

The basic circuits 

Probably the simplest form of sample-and-hold am­
plifier is the capacitor-switch combination shown in Fig. 
1. With this circuit, the hold command is given when 
the switch is thrown from position S to position H. But 
though the circuit works effectively with very slowly 

Experience. Authors Walter Patstone (foreground) and Craig S. Dunbar have been working together at Teledyne Philbrick for the past four 

years on the application of circuit modules. One result of their study of applications problems is the model 4853 sample-and-hold amplifier. 
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1. Slmpleat. If speed and circuit loading are not too important, a ca­
pacitor and a switch make an effective sample-and-hold circuit. 

changing signals, it causes too much source and output 
loading to be of much practical use. 

Most practical modular sample-and-holds are de­
signed for noninverting unity-gain operation, but im­
portant new inverting designs are now available. In 
both types, the control inputs are normally operated at 
standard logic levels and are usually TIL-compatible. 
Typically logic 1 is the sample command and logic 0 is 
the hold command. 

The basic noninverting sample-and-hold amplifier 
consists of a resistor, a switch, a capacitor, and an op 
amp (Fig. 2a). When the switch is closed, the capacitor 
charges (or discharges) exponentially to the input volt­
age just as in the simple capacitor example. The output 
of the operational amplifier follows the capacitor volt­
age precisely. Again, when the switch is opened, the ca­
pacitor holds the instantaneous value of the input volt­
age. The advantage of the op~amp follower in this 
circuit is that, once the charge is acquired and the 
switch is opened, output loading will not discharge the 
capacitor. 

In such a circuit, a FET switch would most probably 
be used, and the op amp would have a FET input. How­
ever, the storage capacitor still loads the input sources, 
and this loading, ifR is too low, may make the source 
oscillate or overload it. When the source is overloaded 
at acquisition time, recovery time normally is long. 

Increasing R to prevent these problems will slow the 
response time, and. i.J;lstead, a buffer amplifier can be 
added in front of the capacitor (Fig. 2b ). Here the input 
is isolated from the holding capacitor, and the buffer 
amplifier provides the capacitor charging current. 

This circuit is pretty fast, but since the amplifiers 
work it;tdependently, a summation·· of errors results. 
Consequently, . if ·low-frequency tracking accuracy is 
more important than speed, the feedback loop can be 
closed around both amplifiers, forcing both to track as 
one amplifier (Fig. 2c). 

The other basic type of sample-and-hold amplifier­
the inverting; or integrating, circuit-is shown in Fig. 3. 
Because the capacitor is in the feedback loop, the input 
is isolate.d, and the FET switch operates at ground poten­
tial, minimizing leakage current and switching time, 
while the amplifier is not bothered by a common-mode 
signal. Although this type of circuit does not require a 
buffer amplifier to charge the capacitor or isolate the in-
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put, its input impedance is significantly lower than in 
the buffered noninverting types. Therefore, the signal 
source must have a reasonable drive capability and a 
low output impedance. No problem will arise, however, 
if an op amp is used as a preamp. 

The modification of the inverting sample-and-hold 
amplifier shown in Fig. 3b places an inverting buffer 
amplifier in front of the switch but within the feedback 
loop. Since the inverting input is floating, high-input 
impedance is provided. If a FET buffer is used, the cur­
rent required to drive the circuit will be in the picoam­
pere range. However, the addition of the input buff er 
introduces common-mode error, and additional non­
linearity error, besides reducing speed. 

The parameters 

In selecting the proper sample-and-hold for a given 
application, certain specifications are more critical than 
others. The nomenclature for these is not yet standard­
ized, but the following discussion is based on terms gen­
erally accepted in the industry. 

Aperture time is the apparent time elapsed between 
the hold command and the effective opening of the hold 
switch (Fig. 4a). As the diagram shows, the error caused 
by the aperture time increases both with the aperture 
time itself and with the rate of change of the input sig­
nal. In actual practice, properly designed FET switching 
circuits can keep the aperture time, or tum-off time, 
down to a few nanoseconds. 
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2. NonlnverUng circuit. Basic circuit (a) overcomes the capacitor­
switch circuit's sensitivity to output loading. Source loading, how­
ever, remains a problem unless an input buffer amplifier is added (b). 

Putting a feedback loop around both amplifiers improves low-fre­
quency performance but slows the system (c). 



Aperture time, by itself, is not a problem for most ap­
plications; it may be regarded as a timing delay. There­
fore, to the extent that it is repeatable, it may be com­
pensated for by advancing the control timing. Typical 
values of aperture time for high-performance sample­
and-hold range from 5 to 40 nanoseconds. 

Aperture-time uncertainty is the term for the repeat­
ability of the aperture time. It can also be thought of as 
the uncertainty in the sample-to-hold transition time, or 
the difference between the maximum and the minimum 
aperture times experienced with a particular amplifier. 
This parameter is a major factor in determining the 
maximum signal frequency which can be accurately 
sampled. Commercially available sample-and-hold am­
plifiers with maximum aperture uncertainty times of ±1 
nanosecond will permit the sampling of 16-kilohertz sig­
nals to a 12-bit (.01%) accuracy. 

In digitizing a continuously varying audio or video 
signal the aperture uncertainty time must be low to 
minimize jitter and the noise it causes on the recon­
structed signal. Note, too, that in this application the 
delay identified with aperture time is usually unimpor­
tant, and no delay compensation is necessary. 

Acquisition time is the length of time that elapses be­
tween the sample command and the precise instant at 
which the output voltage is tracking the input voltage to 
within a specified accuracy (Fig. 4b). For the switch-ca­
pacitor circuit, acquisition time depends on the charging 
current available from the driving source current. When 
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3. Inverting circuit. When a capacitor is inserted in the feedback 
loop, the inverter effectively isolates the input and minimizes the 
switching time (a). This approach is used in Teledyne Philbrick's 
4853 sample-and-hold amplif)er. Input impedance is low, however, 
unless an input buffer amplifier is added (b). 

149 

the switch is closed, the capacitor charges or discharges 
exponentially with a time constant that is a function of 
the source impedance and hold capacitance. 

The worst-case acquisition time occurs when the 
sample-and-hold circuit must change full scale. There­
fore, specifications are normally written in terms of a 
full-scale voltage step, and the specifi~d accuracy is usu­
ally stated as a fraction of a percent of full scale, for ex­
ample 0.01 % or 0.1 %. Acquisition time in simple circuits 
consists primarily of time constants; in more sophis­
ticated designs, amplifier slew rate and settling time 
have to be included. 

One problem that occurs even in the simplest sample­
and-circuit hold is the presence of voltage spikes associ­
ated with switching transients. These spikes are not only 
annoying in themselves but also constitute a major 
source of circuit error. When the capacitor is switched 
from sample to hold, some charge is transferred to the 
holding capacitor due to the inter-electrode capacitance 
of the switch. This charge, translated into an error volt­
age, is called the hold jump voltage by some manufac­
turers and the sample-to-hold offset by others. In pack­
aged circuits, it's usually possible to trim out the jump 
voltage, but necessary to live with the spikes. 

Related specifications are the sample offset voltage 
(the error voltage encountered in the sample mode, 
which is basically due to the offset voltage of the inter­
nal op amp) and the hold offset voltage (the error volt­
age encountered in the hold mode and composed of the 
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4. Definitions. Aperture time is the delay between the arrival of the 
hold command and the actual opening of the switch (a). Acquisition 
time is the length of time that will elapse before the amplifier starts 
tracking the input signal to within some specified accuracy after it 
has been commanded to do so (b). 
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5. Working within the system. By providing a constant input voltage 
to the a-d converter while the multiplexer is switching channels, the 
sample-and-hold circuit eases the converter's speed constraints. 

hold jump voltage and the sample offset voltage). These 
three voltages are not major sources of error in most ap­
plications because all are trimmable to zero. For driving 
an a-d converter, it is normally sufficient to trim only 
the hold offset to zero. 

During hold, a small part of the input signal feeds 
through the capacitance of the switch to the output. 
This feedthrough, which is usually a function of the level 
and frequency of the input signal, can be thought of as 
the input-output transfer function of the sample-hold 
amplifier while in the hold mode. Ideally, feedthrough 
should be zero. 

If a data acquisition system contained an ideal 
sample-and-hold amplifier, the basic limitation on its 
throughput (or rate of transmission of data) would be 
the conversion speed of its a-d converter, because the 
multiplexer could be switching to another channel dur­
ing the conversion. However, many commercially avail­
able sample-and-hold amplifiers demonstrate such high 
feedthrough that switching the multiplexer during the 
conversion period would give rise to intolerable errors. 
Some modules therefore use a clamping network to 
limit feedthrough to ±1 millivolt maximum for a ±20-v 
input step. This permits increased throughput for 12-bit 
data acquisition systems. 

Decay rate 

Also while in the hold mode, a typical sample-and­
hold amplifier will exhibit a decay of its output voltage 
over a period of time. This relatively constant output 
drift, termed the decay rate, is usually specified in mi­
crovolts per second. For the simple switch-capacitor cir­
cuit, it is caused by leakage currents through both the 
switch and the hold capacitor. In more complex circuits, 
it should be noted that the decay can be either positive 
or negative, depending on the polarity of the buffer am­
plifier bias current. Further, it is usually sensitive to 
temperature-with FET buffers, at any rate, the bias cur­
rent doubles for each IO~C rise in ambient temperature. 

The importance of the decay rate depends on the 
length of the hold time and the desired accuracy. In 
high-speed applications the hold periods are seldom 
longer than 100 microseconds, so decay rate errors are 

8. Fast and accurate. Philbrick's 4853 is suitable for use with 12-bit 
converters at speeds up to 20 kHz. Input voltage range is ±10 V, in­
put impedance is 2 kn, and aperture time uncertainty is ±1 ns. 

unimportant even when the decay rate is as high as 1 
microvolt per microsecond. 

Perhaps the most difficult and sophisticated appli­
cation for a sample-and-hold amplifier is in a very-high­
speed data acquisition system, like the one outlined by 
the simplified block diagram of Fig. 5. The sample-and­
hold circuitry maintains a constant input to the a-d con­
verter during the conversion period while the multi­
plexer is seeking the next channel to be converted. After 
the first conversion is complete the sample-and-hold 
amplifier samples the next input, and the cycle is re­
peated. Sampling can be synchronized with the other 
system components, or it can be performed asyn­
chronously. 

In such a system, nearly all parameters are important 
except decay rate-that is, acquisition time, aperture 
time, aperture uncertainty time, bandwidth and feed­
through must all be considered in the designer's error 
budget because they all can affect the throughput data 
rate. The feedthroug.h is especially critical in multi­
plexed systems. 

Note that the designer of a data acquisition system 
frequently has a choice of approaches for handling a 
known throughput rate. For example, many appli­
cations allow the use of a sample-and-hold amplifier 
with a moderate-speed a-d converter as an alternative 
to a very-high-speed a-d converter. Use of the moder­
ate-speed combination often results in significant cost 
savings. 

In the fast system, decay rate is not very important 
because the signal is usually not held for any significant 
length of time. The opposite is true of slow applications, 
where the most important parameter would be decay 
rate and all others would be of minor consequence. 

One example of such a slow application is the me­
chanical test system measuring deformation in a tita­
nium aircraft forging that is being subjected to a con­
stantly increasing load. At predetermined points in time 
the sample-and-hold freezes the transducer signal so 
that it can be read out and displayed. Here the decay 
rate should be low enough to keep the reading within 
the desired accuracy right to the end of the maximum 
hold period. D 
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Switching regulators: 
the efficient way to power 
The switching regulator, which offers the advantages of high efficiency, 
small size, and cool operation, can be made to supply a low-noise 
output through careful filter design and prudent semiconductor selection 

by Robert S. Olla, Diablo Systems Inc., a subsidiary of Xerox Corp., Hayward, Calif. 

D Although switching regulators make power supplies 
that are two to three times more efficient than the dis­
sipative type, while remaining cost-competitive, many 
designers believe they are noisy and avoid using them. 
But with today's wide selection of fast-switching low­
noise power semiconductors, reliable switching regu­
lators can easily be built that are almost free of noise. 
What's more, careful filter design will also enhance 
semiconductor performance. For example, a switching­
regulator power supply can provide an output of 2 to 
200 volts at 5 to 50 amperes, holding regulation to 
0.01% and ripple and noise voltage to 1 millivolt. 

Besides having lower noise, switching regulators are 
more reliable than dissipative regulators because they 
operate at lower temperatures. This also extends the life 
of the supply, since its components do not age as 
quickly. Other advantages are its smaller size and lower 
weight, while, as fringe benefits, its higher operating fre-
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(a) 

SWITCH 

PULSE 
GENERATOR 

quencies permit inductors and transformers to be less 
bulky and its lower temperatures allow smaller heat 
sinks. 

The basic switching regulator 

As shown in Fig. la, a switching regulator basically 
consists of three sections: a switch, a pulse generator, 
and a filter. The voltage source, Eq, may be any de volt­
age requiring regulation, like a battery or the output of 
a rectifier. Generally, Ei must be at least twice as large 
as the desired output voltage, and the input power must 
be large enough to supply the output power needed. 

The switch is usually a transistor or thyristor power 
device, which is switched between its saturation and 
cutoff regions. The pulse generator does this on/off 
switching by varying its output pulse rate or pulse width 
as a function of line and load conditions. When pulse­
width modulation is used, the generator produces a 
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1. Elemenmry regulator. Block diagram (a) of basic switching regulator outlines the principal circuit sections, which are then detailed in (b). 
Input voltage Ei can be any unregulated de source. Regulator operating frequency is determined by the rate at which the pulse generator 
turns the transistor switch on and off. The filter and commutating diode average the pulses from the switch to some de voltage. 
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2. The right filter. Series-parallel RLC filter works best in regulator 

applications because its inductor and its capacitor can be chosen, 
almost independently, to optimize regulator performance. The induc­
tor influences overshoot, transient response, and load current, while 
the capacitor establishes noise and ripple characteristics. 

nonsymmetrical square wave that has a frequency usu­
ally on the order of tens of kilohertz. 

The filter is perhaps the single most important section 
of the switching regulator. To a large extent, it deter­
mines the regulator's efficiency and transient response, 
as well as ripple and noise voltages. In addition to aver­
aging the pulses from the switch, the filter must remove 
the high-frequency components of these pulses. Regu­
lator output voltage, Ea, can be expressed by: 

Ea = tonEi/(tan +torr) (1) 
with: 

ton + tau = 1 /f (2) 
where fis the pulse generator frequency. 

For regulator applications, the RLC filter (Fig. 1 b) is 
the best choice because it permits high power efficiency 
to be achieved. For instance, even though the transistor 
switch is off, the inductor's induced voltage continues to 
charge the capacitor through the commutating diode, 
thereby increasing efficiency. Moreover, during light 
load demands, the energy stored in the capacitor sup­
plies the load, while during heavy load demands the 
energy stored in the inductor supplies the load. This 
means that both L and C can be chosen for optimum 
regulator performance. (Of course, their values must be 
kept within reasonable limits.) 

Besides storing energy for the regulator, the inductor 
limits the regulator's transient response as well as the 
peak load (capacitor) current. The capacitor, on the 
other hand, primarily determines the regulator's ripple 
and noise voltages. Both the inductor and the capacitor, 
therefore, are critical components and, needless to say, 
must be selected carefully. 

Filter considerations 

The RLC filter that is best for switching regulator ap­
plications can be represented by the series-parallel RLC 
circuit of Fig. 2, where Rs is the source resistance of the 
pulse generator. The circuit must be prevented from os­
cillating because of the power losses that will result. To 
avoid this underdamped condition when there is no 
load: 

Rs2/4L2 must be greater than l/LC (3) 
or, with a load: 

l/4RL2C2 must be greater than l/LC (4) 
If Rs is small and RL large, the circuit will oscillate. 

Since Rs is fixed under light or no-load conditions, the 
first inequality may not be met, making it necessary to 
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3. Special capacitors. Four-terminal capacitors are ideal for regu­
lator circuits, providing good noise filtering and isolation from ground 
loops. The graph shows how a special capacitor exhibits low imped­
ance even at high frequencies, while the impedance of a conven­
tional capacitor increases beyond 1 O kilohertz. These four-terminal 
units can be used at the regulator's input and output. 

find a minimum RL that meets the second inequality. 
Because the load seldom goes to zero, the load alone 
may be large enough to prevent oscillations. If it is not, 
the power supply should be preloaded. 

The transient overshoot of the regulator can be found 
from classic inductor and capacitor relationships: 

dt = L(di)/eL = C(dv)/ic 
where di = ic = capacitor current, dv is capacitor volt­
age, and eL is inductor voltage. The change in capacitor 
voltage is the transient overshoot: 

LiE0 = dv = L(Lii)2/CeL 
For increasing loads: 

LiEo = L(Lii)2 /C(Ei - Ea) (5) 
For decreasing loads: 

LiE0 = L( Lii)2 I CE0 ( 6) 
Similarly, the regulator's transient response, or recov­

ery time, can be computed. For increasing loads: 
tr = 2LLii/(Ei - Ea) (7) 

For decreasing loads: 
tr = 2LLii/E0 (8) 

Since the load current increases in a linear fashion, the 
value of inductor L can be expressed as: 

L = (Ei - Eo)tan12(Ipk - Io) (9) 
where Ipk is the peak load current and I0 is the rated 
load current. Other considerations (besides value) for 
selecting inductor L include core size, core shape, core 
material, gap size, and the number of wire turns. For 
predictable and stable results, L should have a fairly 
linear inductance. 

Choosing the filter capacitor is equally important for 
a well-designed switching regulator-a poor selection 
will result in a regulator that is plagued with noise prob­
lems. The capacitor's value depends on the output 
ripple voltage permitted: 

C = (Ei - Eo)/4'7T2f2LEr (10) 
where C is expressed in farads, L in henries, f in hertz, 
and Er is the maximum allowed peak-to-peak ripple 
voltage. The capacitor's voltage rating should be at least 
1.2 times larger than E0 • 

There are even special four-terminal capacitors that 
are intended mainly for switching regulator appli-



cations. They are low-inductance devices exhibiting ex­
cellent high-frequency characteristics. Figure 3 com­
pares the impedance of a four-terminal capacitor with 
that of a quality two-terminal aluminum electrolytic ca­
pacitor. At high frequencies, the four-terminal device is 
clearly superior for regulator applications because of its 
lower impedance. Also, four-terminal capacitors pro­
vide good isolation from ground loops and good noise 
filtering for both the source and output voltages. 

Picking the semiconductors 

Choosing a commutating diode for the filter is a rela­
tively simple task-a matter of simply looking through 
manufacturers' data sheets. In addition to safely han­
dling all peak currents, the diode must have a short re­
covery time, a small forward voltage drop, and a peak 
inverse voltage rating that is at least twice as large as 
the input voltage. 

The diode's recovery time is important because of its 
influence on output noise. After the switching transistor 
shuts off, the diode conducts, charging capacitor C. 
When transistor Q turns on again, diode D is still in its 
conducting state and shorts Q to ground for a little 
while. This double conduction dissipates power in both 
transistor Q and diode D and is a prime source of noise. 

Like selecting a commutating diode, choosing a 
switching transistor also involves going through manu­
facturers' data sheets. The transistor must provide suf­
ficient peak and average current-handling capabilities, 
as well as a safe collector-emitter breakdown voltage 
rating. (This voltage is generally 1.2 times larger than 
Ei-) Additionally, the transistor's saturation voltage 
should be as small as possible when collector current is 
at its maximum. 

Switching time is the most important transistor speci­
fication. Maximum efficiency is achieved when the tran­
sistor is either saturated or in cutoff. However, since 
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450 µF 
(35 V) 

+ 

2N5867 
(MOTOROLA) 

R 

lo 

transistors cannot switch instantaneously, a consider­
able amount of power (say 10%) can be dissipated dur­
ing the switching time. Keeping switching times small 
compared to the period of the switching frequency will 
minimize these switching losses. 

The switching frequency should be high enough to 
keep the values of inductor L and capacitor C small, but 
not so high that transistor Q and diode D become ex­
pensive. Typical operating frequencies range from 10 to 
50 kilohertz. The source voltage should be from two to 
five times larger than the output voltage, keeping in 
mind any high-voltage constraints that apply. 

Design procedure 

Designing the simple regulator circuit of Fig. 4 will il­
lustrate how to use the equations just given. For this ex­
ample: fa = 5Eo = 25 volts, Eo = 5 v, I0 = 2 amperes, 
and f = 20 kHz. 

Before calculating component values, some other im­
portant circuit parameters must be found. From Eqs. 1 
and 2, the on-time of transistor Q can be computed: 

ton + toff = l/f = 11(20 X 103) = 5 X 10-5 seconds 
ton = Eo(ton + ioff)/fa = Eo(l/f)/Ei 
ton = (5)(5 X 10-5)/(25) = 10-5 seconds 

Another important consideration is the regulator's peak 
current, which is usually 5% to 20% greater than I0 • The 
smaller the peak current becomes, the larger the tran­
sient response is. In this case, let the peak current be 5% 
larger than Io, so that 0.05(2 A) = 0.1 A. The change in 
load current becomes: 

~IL = 2(lpk - Io) 
ML = 2(2.1 - 2) = 0.2 A 
The value of inductor L can now be computed from 

Eq.9: 
L = (Ei - Eo)ton/2(Ipk - Io) 
L = (25 - 5)(10-5)/(0.2) = 10-3 H 

The value of capacitor C can also be computed. Using 

Vo L 

1 mH 

c 
1,200 µF + 

D 
1 N5802 
(UNITRODE) 

+ RL 
2.5 ~ 

4. Typical design. Once the desired regulator characteristics are known, values for the filter's inductor and capacitor can be computed 
quite easily. The transistor and the diode are selected from manufacturers' data sheets. Capacitor Cs limits input ripple. 
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5. Complete circuit. Basic regulator of Fig. 4 is shown here with its associated timing and pulse-generating circuitry. The block diagram il­
lustrates how the over-all regulator works. The multivibrator determines switching frequency, and the error amplifier adjusts the pulse width 
of the modulator to maintain regulator output voltage at the desired level. The output resistor divider provides the sensing voltage. 

Eq. 10 and restricting output ripple to a typical value of 
1 millivolt yields: 

C = (Ei - Eo)/4'1T2f2Er 
c = (25 - 5)/4(9.85)(4 x 108)(10-3)(10-3) 
C = 1,200 microfarads 
Once L and C are known, the circuit's stability can be 

determined. To account for the source impedance as 
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well as all lead resistances and their associated losses, 
let: 

Rs= 2ohms 
The load resistance is: 

RL = Eollo = (5 v)/(2 A) = 2.5 ohms 
Now the circuit's quality factor can be checked with the 
inequalities of Eqs. 3 and 4. For the no-load condition: 
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CRs2 /L must be greater than 4 
(1.2 x I0-3)(22)/(10-3) = 4.8 
4.8 is greater than 4 

Since this inequality holds, the regulator will not oscil­
late when there is no load. With a load present: 

L/RL 2C must be greater than 4 
(10-3)/(2.5 2)(1.2 x 10-3) = 0.13 
0.13 is not greater than 4 

which is an oscillatory condition, although the circuit 
will not oscillate under full load or even half load. If it 
were to operate with no load, then the last inequality 
would have to be solved for a minimum RL. 

The regulator's transient response can be calculated 
by assuming that load current increases from half load 
to full load (from 1 to 2 A). From Eq. 7, the recovery 
time for an increasing load is: 

tr = 2L~i/(E; - Eo) 
tr = 2(10-3)(1)/(25 - 5) = I0-4 seconds 

For decreasing loads, Eq. 8 applies: 
tr= 2L~i/Eo 
tr = 2(10-3)(1)/5 = 4 X 10-4 seconds 

Overshoot can be found from the same conditions just 
used to compute the transient response. For increasing 
loads (Eq. 5): 
~Eo = L(~i)2/C(E; - Eo) 
~Eo = (lQ-3)(1)2 /(1.2 x 10-3)(25 - 5) = 40 mv 

For decreasing loads (Eq. 6): 
~E0 = L(~i)2/CE0 
~E0 = (10-3)(1)2 /(1.2 X I0-3)(5) = 160 mv 
As shown in the figure, a capacitor, Cs, is placed 

across the input to keep the source voltage free of high­
frequency ripple. If this ripple voltage is to be held to 

50 mv or less, as is usually the case, then: 
Cs = lpktonlEr 
Cs = (2.1)(10-5)/(50 X 10-3) = 420 µF 
A type 2N5867 pnp power transistor can act as the 

switch for the regulator. Its collector-emitter breakdown 
voltage is 60 v, its maximum saturation voltage is 1 v, 
its average collector current is 5 A, and its switching rise 
time is 0. 7 microsecond. When no switching signal is 
present, resistor R will tum off the transistor. 

A high-efficiency fast-recovery diode, a type 1N5802, 
makes an excellent commutating diode for the regu­
lator's filter. It offers a peak inverse voltage rating of 
50 v, handles average currents of 2.5 A, withstands peak 
currents of 35 A, has a forward voltage drop of 0.875 v, 
and switches in only 25 nanoseconds. 

The complete regulator 

All the components for this basic regulator circuit are 
now determined. A complete switching regulator, one 
that includes all the necessary pulse-generating and 
timing circuitry, is illustrated in Fig. 5, along with its 
block diagram. It includes the basic regulator just de­
signed. 

As indicated, there are five major sections: an astable 
multivibrator, an error amplifier, a pulse-width modu­
lator, a power switch and driver, and a filter and com­
mutating diode. The multivibrator, which employs an 
IC timer; determines the regulator's switching fre­
quency. The error amplifier is an integrated voltage 
regulator that contains its own precision internal refer­
ence; it establishes a feedback path from the output. 
Like the multivibrator, the modulator makes use of an 
IC timer, but this one is wired as an adjustable mono­
stable multivibrator. The power switch is a comple­
mentary Darlington pair. Four-terminal capacitors are 
used at both the regulator's input and output. 

The block diagram sums up how the regulator works. 
The multivibrator triggers the pulse-width modulator 
approximately every 50 µs, turning the switch on and 
off. The modulator's pulse width is determined by the 
output of the error amplifier. The filter averages the 
voltage output from the switch to some de level. 

The voltage divider formed by resistors Ri, Rz, and 
R3 samples the output voltage. This voltage is then 
compared, by the error amplifier, with a reference volt­
age, permitting an error voltage to be generated. The 
error voltage increases the modulator's pulse width if 
the output voltage is low with respect to the reference 
voltage. If the output voltage is higher than the refer­
ence voltage, the error voltage decreases pulse width. 

Capacitor C3 bypasses the resistor divider for ac volt-
ages, resulting in lower output ripple. D 
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Impedance-sensitivity nomograph 
aids design of trimming networks 
Adding a fixed-value impedance to a trimming network makes the circuit 
less sensitive to the variable component's value so that the stability 
of the variable resistor, inductor, or capacitor is not so critical 

by Lawrence R. Odess, Motorola Israel Ltd., Tel-Aviv, Israel 

D Most circuits require final adjustment to meet speci­
fied design parameters. This adjustment is often accom­
plished by varying one or more of the circuit's imped­
ance values. Unfortunately, variable-impedance 
components-like potentiometers, trimmer capacitors, 
and variable inductors-are usually considerably less 
stable than comparable fixed-value components, with 
respect to temperature, humidity, and time. And those 
variable components that provide good stability tend to 
be rather costly. 

To utilize a variable impedance without degrading 
circuit stability, the circuit's sensitivity to the value of 
the variable component must be minimized. This can be 
done by adding an extra fixed-impedance component to 
the trimming network for the circuit. The technique is 
useful for all three types of trimming networks-resis­
tive, inductive, and capacitive. 

Generally, a trimming network consists of a fixed im­
pedance as well as a variable impedance. The imped­
ance ratio of these two components determines the net­
work's trimming range and sensitivity. Typical 
trimming networks for the three kinds of passive com­
ponents are shown in Fig. I. 

The addition of a second fixed impedance to any one 
of these trimming networks results in the circuit of 
Fig. 2. It is less sensitive to the value of the variable im­
pedance, and the arrangement can be used for a resis­
tive or capacitive trimming network. 

T·r-
R, ~ I L,.~ 

(a) 

The sensitivity function-the sensitivity of the total 
network impedance to the variable impedance-for any 
one of these trimming networks can be defined as: 

S(ZT,Zv) = (~:)(~~:) 
where Zv is the actual value of the variable impedance, 
and ZT is the total network impedance. For the network 
of Fig. la, the sensitivity function becomes: 

S(RT, Rv} = (Rvl RF}l[J + (Rvl RF}] 

This function reaches a maximum when Rv is adjusted 
to its highest value (Rv = Rv). Similarly, both the in­
ductive and capacitive trimming networks of Fig. 1 are 
most sensitive when the variable component is at its 
maximum value. 

On the other hand, the sensitivity function for the 
network of Fig. 2 reaches a maximum value at a specific 
setting of the variable impedance. The total impedance 
of this circuit can be written as: 

ZF2Zv ZF2 
ZT = ZFl + ---- = ZF1 + 

ZF2+Zv k+J 
where: 

k = ZF2/Zv 

Differentiating ZT with respect to Zv yields: 

(dZTldZv} = ZF22/(ZF2+Zv}2 = k 2 /(k+J}2 

0 
(b) 

l : I 
(c) 

1. Conventional configurations. These standard trimming networks are highly sensitive to the value of the variable resistor (a), inductor (b), 
or capacitor (c). The variable component, therefore, can be expensive if the network must provide reasonably good stability. 
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2. A better arrangement. Two fixed-value impedances, rather than 

just one as in the circuits of Fig. 1 , reduce the sensitivity of this trim­
ming network to the value of the variable impedance. Less-expen­
sive less-stable adjustable components can then be used. 

The sensitivity function can now be computed: 

S(ZT, Zv) = [Zv/(ZFl + ZF2/(k+1J}](k2/(k+1}2) 

which can be reduced to: 

S(ZT, Zv} = k/[(k+1}[(k+1}(ZF1/ZF2) + 1)] (1) 

The maximum value of this sensitivity function can 
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be found by differentiating Eq. 1 and then equating the 
differential to zero: 

ZF2[1 + (ZF1IZF2} - (ZF1ZF212'v2}) = 0 

where 2'v is the value of variable impedance that max­
imizes the sensitivity. The equation can be rewritten as: 

ZF1 + ZF2 - ZF1k2 = 0 

where k is the value of impedance ratio that maximizes 
the sensitivity. This equation becomes: 

ZF2/ ZF1 = k2 - 1 (2) 

Substituting for ZF2IZF1 in Eq. 1 yields an expression 
for the maximum sensitivity: 

S(ZT, Zv} = (k-1}/(k+1} (3) 
or: 

S(ZT, Zv) = 1- 2/[(1 + ZF2/ZF1}1-2 + 1) 

Figure 3 shows how the sensitivity function varies 
with impedance ratio k for two different ratios of fixed 
impedances ZF1 and ZF2. The upper curve is for a fixed 
impedance ratio (ZFIIZF2) of 1:8 and the lower curve 
for a ratio of 1: 1. 

The two fixed impedance values can be chosen so 
that the sensitivity does not exceed a desired value. 
Solving fork in Eq. 3 gives: 

PEAK: 

.------+- PEAK : s = 0.5 
k=3 

s = 0.17 
k = 1.4 

Oi.-~----....._ __________ .._ ______ ....._. ________ .._ __ ~--~_..-------.._------_._----------" 

0.1 0.5 2 5 10 20 50 
IMPEDANCE RATIO, k = ZF2/Zv ---

3. A look at sensitivity. Variation of the sensitivity function of the network of Fig. 2 is plotted for two different ratios of the fixed impedances, 
ZFI and ZF2· The peak value of sensitivity, S, occurs at impedance ratio k, which is not necessarily the maximum value of impedance ratio k. 
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4. Design aid. Nomograph helps to determine the fixed-component values needed to limit the maximum sensitivity of the improved network. 
The value of impedance ratio k can also be read from the same right-hand axis. The left-hand and center axes can be used for impedances 

(resistors and inductors) or admittances (capacitors). Units for values must be consistent within the same determination. 
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k = (1 +SJ!(J - SJ 
where S is the maximum value of S(ZT, Zv)· Substitu­
ting this result into Eq. 2 yields: 

ZF2/ZF1 = 4S!(1 - Sp 
which determines the ratio of fixed impedances needed 
to limit sensitivity to the desired value. 

Comparing sensitivities 

Since the variation of sensitivity with impedance ratio 
k is fairly flat at peak value S over a wide range of k, 
the maximum value of sensitivity is a good figure of 
merit for comparing the various trimming networks. 
(The network that provides the smallest maximum sen­
sitivity is the most desirable.) 

To compare the networks of Fig. 1 with the network 
of Fig. 2, the trimming range must first be computed. 
For the resistive network of Fig. la: 

RTmaxlRTmin = (RF+Rv)IRF = 1 + (RvlRF) (4) 

and the maximum sensitivity is: 

SR= Rvl(RF+Rv) = (RvlRF)/[1 + (RvlRF)] (5) 

For the impedance network of Fig. 2: 

ZTmax ZF2Zv/ (ZF2 + Zv) 
= ZF1 + 

ZTmin ZF1 
or: 

ZTmin 
where: 

ZF2 [ 1 ] 
= 1 + ZF1 (1+n) 

n = ZF2/Zv= kmin 

(6) 

which is less than 1 for most practical cases. For equal 
ranges, Eqs. 4 and 6 are equal: 

RvlRF = (ZF21ZF1)[1!(1 +n)] 

Substituting for ZF2/ZF1 (Eq. 2) yields: 

RvlRF = (k2 -1)!(1 +n) 

Maximum sensitivity S'R (Eq. 5) can now be expressed 
in terms of the impedance ratio, k: 

( k;z - 1) ( k - 1 )( k + 1) 

SR= (k2- 1) + (1 +n) k2+n 

Dividing this last equation by Eq. 3 gives the ratio of 
the maximum sensitivity of the resistive network (SR) to 
that of the impedance network (Sz): 

SR (k+1)2 2k+l-n 
- = = 1 +--A--
S'z (k2+n) k2+n 

Since k is usually greater than 1 and n is usually less 
than 1, then: 

(2k + 1) is greater than n 
and: 

SRI Sz is greater than 1 

This means that the maximum sensitivity of the resis­
tive trimming network is generally larger than that of 
the impedance network, making the circuit of Fig. 2 the 
better design choice. For example, suppose ZF2 = 2ZF1 
and Zv = 2ZF2, then k = 1. 732 and n = 0.5, and SR = 
2.13Sz, indicating that the sensitivity of the impedance 

network is twice as good as that of the resistive network. 
The same sensitivity comparison can be made be­

tween the inductive network of Fig. 1 b and the network 
of Fig. 2; it will produce identical results. Similarly, an 
analysis for the capacitive network of Fig. le gives a 
sensitivity ratio of: 

Sc/Sz= 1 + (2k+1-m)l(k2+m) 

where Sc is the maximum sensitivity of the capacitive 
network and m represents an admittance factor for the 
network of Fig. 2: 

m = (YF1 + YF2)!Yv 

Since this factor is usually less than 1, maximum sensi­
tivity Sc is almost always greater than maximum sensi­
tivity Sz. 
Selecting component values 

The nomograph of Fig. 4 provides a convenient method 
of determining Sz and k from the values of fixed im­
pedances ZFl and ZF2 (or fixed admittances YF1 and 
YF2). And, of course, the nomograph can also be used to 
determine ZF2, given S'z and Zn The units employed 
for the component values of the left-hand and center 
axes must be the same for each determination; the units 
may be ohms, kilohms, microhenries, picofarads, etc. 

If the impedance (resistance or inductance) values of 
ZFl and ZF2 are known, align a straight-edge to inter­
sect the value of ZFl on the left-hand axis, and the 
value of ZF2 on the center axis. At the intersection of 
the straight-edge with the right-hand axis, read the 
value of k to the right of the right-hand axis and the 
value of S to the left of the right-hand axis. 

In the same way, ifthe admittance (capacitance) val­
ues of YFl and YF2 are known, use a straight-edge to in­
tersect the value of YF2 on the left~hand axis, and the 
value of YFl on the center axis. Then the values of k 
and S can be read at the intersection of the straight­
edge with the right-hand axis. 

For instance, when ZFl = 1 kilohm and ZF2 = 2 ki­
lohms, the lower dashed color line (A) may be drawn, 
intersecting the right-hand axis at S = 0.268 and k = 
1. 732. The same result can be obtained with the middle 
dashed color line (B) if the axes are considered to be 
scaled in ohms. For the upper dashed color line (C), 
aligning ZF1 = 1 kilohm with ZF2 = 5 kilohms pro­
duces an intersection at S = 0.420 and k = 2.45. 

Occasionally, the value of k may fall outside the 
available range of k. For the case of resistors and induc­
tors, this situation can occur if the largest possible vari­
able impedance, Zv, is less than the value of Zv needed 
to produce k. For a capacitive network, this will occur if 
Yv is less than the value of Yv corresponding to k. If 
such is the case, the nomograph should not be used. In­
stead, the value of the maximum sensitivity is found by 
substituting k = ZF2/ Zv in Eq. 1: 

S(ZT, Zv)max = ZF2Zp/[ZF1(ZF2 + Zv)] 

where Zp is ZFl, ZrF2, and Zv in parallel. 
Moreover, besides improving the sensitivity function, 

this modified trimming arrangement increases resolu­
tion during trimming, which permits a further reduction 
in the cost of the variable component. D 
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Designing with 
I 

m1croprocessors 
instead of wired 
logic asks more 
of designers 
When engineers accustomed to 
hardware logic gates tackle a job 
with the new microprocessors-
as they're almost sure to do sooner 
or later-they'll need to know 
some of these programing techniques 

by Bruce Gladstone, varitel Inc., Sherman Oaks, Calif. 
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0 The microprocessors recently introduced by various 
semiconductor companies foreshadow wide changes in 
the design of many electronic products and systems. 
These miniature computers substitute programing for 
logic design-an alternative that seems to surface for all 
but tiny specialized systems and ultrahigh-speed sys­
tems. The priinary advantage of microprocessors is the 
short design turnaround time they make possible. 

But to realize this advantage, as well as the corollary 
advantages of easy field alterations and inexpensive 
customizing, the logic or system designer will need to 
use new tools-some of which may be unfamiliar to him. 
Thus, instead of gate networks, he will use masks, com­
parisons, and jumps; and instead of time delays, he will 
use circulating loops. 

Basically a microprocessor is no more-and no less­
than a full-fledged processing unit essentially like the 
processor at the center of any computer system of any 
size. It has three major differences from a conventional 
processor: it is fabricated entirely as one integrated cir­
cuit or as a small number of such circuits; it is relatively 
slow, compared to most minicomputers, partly to enable 
its fabrication as an IC; and it sells for $300 or less. Re­
quired with the microprocessor in any working system 
are a read-write memory for data, another memory­
possibly read/write but usually read-only-for a pro­
gram, and circuits for obtaining access to limited-per­
formance input/output gear. Generally, these periph-



eral circuits, each on its own IC, are used in larger 
quantities than the microprocessors, so that the working 
system fills up one or more good-sized printed-circuit 
boards. 

When a designer uses a microprocessor instead of 
hard-wired logic, he determines the system functions by 
a program-a sequence of instructions-stored in a 
memory. Ifhe uses a read-only memory, the program is 
immune to inadvertent alteration. Replacing the pro­
gram can completely alter the function of the machine 
that contains the microprocessor. 

Using a genuine read-only memory, of course, would 
run counter to the flexibility advantages of using a 
microprocessor, except in large-volume applications. 
But using a programable read-only memory, or better 
yet, a reprogramable read-only memory, allows an 

existing system to be altered quickly-in a matter of 
hours. As a result, a manufacturer can become much 
more responsive to his market. 

Microprocessor characteristics 

The most significant characteristics of today's micro­
processors (not counting calculator sets and serial pro­
cessors) are their speed, addressing modes, interrupt ca­
pabilities, and the number of internal registers. These 
and other characteristics are summarized in the table on 
this page. 

The value of speed, in those applications that require 
it, is obvious. (Some techniques for speeding up the 
slower microprocessors are described later.) The more 
addressing modes and the more internal registers that 
are present in the microprocessors, the less external 

TABLE 1 MICROPROCESSOR CHARACTERISTICS 
- ---

Intel Rockwell Intel Intel Signetics National AMI 
MCS-4 PPS MCS-8 8080 PIP GPC/P 7300 

Word 
size (bits) 4 4 8 8 8 4-16 8 

Instruction 7.5-22.5 4-
time 10.8- 5-

12-44 2-6 <5- 3.3-
32 

(microseconds) 21.6 10 (Note 1) 
<10 9.6 (Note 2) 

Pgm 4,096 bytes 16,384 bytes 4,096 words 

16,384 65,536 8,192 65,536 (Note 4) 
Memory bytes bytes bytes bytes size 1280 8,192 

Data nibbles nibbles 65,536 bytes 
(Note 3) (Note 3) 

No. of 45 54 48 48+ 64 Micro- Micro-
instructions program program 

Interrupt Reset None 1-level Multi- 1-level 1-level 3-level 
capability to vector level stack to stack to 

0 to vector to store store 
only 8 locations 8 locations machine machine 

state state 
(Note 5) 

Address Pointer Pointer Pointer Pointer Direct Direct Direct 
modes Indirect Immediate Immediate Immediate Indirect Indirect Indirect 

Immediate Register Register Relative Relative Relative 
Register Immediate Immediate Immediate 

Register Register Register 
Indexed Indexed Indexed 

Registers 16x4bits 2 x 4 bits 5 x 8 bits 5 x 8 bits 4 x 8 bits 4 x 16 bits 16x 8 bits 
pc+ pc+ pc+ pc+ pc+ pc+ pc+ 
3 stack 2 stack 7 stack unlimited 7 stack 16 stack 32 x 8 stack 

1 pointer 1 pointer stack (Note 7) (Note 7) 
1 pointer 
(Note 6) 

RAM& Special Special Standard Standard Standard Standard Standard 
ROM or and 

standard special 
(Note 8) microprogram 

TTL Clock None 20-40 Clock 4-6 
., 

15-20 Clock 
chips only & & 

buffers buffers 

Notes: (1) 8008·1 instruction times are 0.6 x (8008 instruction times) 
(2) Executes microinstructions from 512 x 22 microprogramed ROM at 4 µs/microinstruction. 
(3) One nibble= 4 bits= Y, byte 
(4) Microprogram 
(5) Conditional jump MUX external to chips allows 2-level interrupt very simply. 
(6) Pc stack is stored in main memory and is accessible to programer 

(7) Stack is general-pufpose to store pc, registers, and flags. 
(8) 4008 & 4009 chips allow easy interface to standard RAM & ROM 
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memory capacity is likely to be required. The require­
ment for external memory is important because, in most 
systems, the memory cost dominates all other considera­
tions. If the microprocessor can handle interrupts, it can 
perform more than one task at a time, and it can also do 
single tasks more quickly because it can overlap pro­
cessing and input/ output. 

Many microprocessors, as indicated in the table, have 
a pointer-address mode. This permits a machine with a 
short word length to address a large memory array. And 
because such large arrays may require more bits in an 
address representation than can be contained in an in­
struction word, the address is kept in a special register 
or pair of registers preloaded by an instruction in the 
program. Subsequent instructions then refer to locations 
in the memory, which are addressed by the contents of 
the pointer register. However, the preloading instruc­
tion adds to the overhead in machine operation, reduc­
ing the over-all performance. 

Some microprocessors also have immediate and indi­
rect-address modes. These modes are to be distin­
guished from direct addressing-the simplest and most 
common. In any processor, an instruction word consists 
of an operation code (op code) and an operand code 
(that which is to be operated upon). When the operand 
code is a direct address, the processor executes the in­
struction on data in the location specified by that ad­
dress (Fig. 1). When the operand code is an immediate 
address, the processor executes the instruction on the 
operand code itself. And when the operand code is an 
indirect address, the processor executes the instruction 
on data found at the address specified by the operand. 

INSTRUCTION: ADD 2 TO CONTENTS OF ACCUMULATOR REGISTER 

INSTRUCTION 
SEQUENCE 

MEMORY ACCUMULATOR 

ADDRESS CONTENTS BEFORE AFTER 

::~:~ 
14284 

DIRECT 14285 00002 
ADDRESS- 14286 

IMMEDIATE 
ADDRESS ---. AD 0 00002 

INDIRECT 
ADDRESS 

ADD 71428 

14287 

14288 

1. Address modes. Three ways of addressing memory are in com­

mon use, and some microprocessors use all three. Direct mode is 

the simplest, immediate is handy when working with constants, and 
indirect often simplifies the handling of subroutines. 

Indirect addressing and pointer addressing are similar, 
except that the address pointer is in an internal register 
instead of in a main-memory location. The particular 
mode of address is identified by the op code itself or by 
a flag bit associated with the op code. 

Indirect addressing is a powerful tool in all software 
systems. It's particularly powerful in minicomputers, 
where the limited word length prevents direct access to 
more than a small part of the memory, and for the same 
reason, it can be equally powerful in microprocessors. 

Some microprocessors are microprogramed-that is, 
their control sequences are stored in read-only memo­
ries in the same way as object programs, which deter­
mine each machine's function. These microprograms 
are functionally similar to those used in large machines 
and minicomputers, in which, during the last few years, 
they have largely replaced hard-wired control. 

Available software is an important aspects of the use 
of microprocessors. Writing a program in machine lan­
guage (directly in binary notation) is-like walking from 
Portland, Maine, to Portland, Ore.-not impossible, but 
exceedingly difficult. At the very least, an assembler or 
cross-assembler is necessary to convert a program writ­
ten in a symbolic language into machine language. 
Even new assemblers are written in symbolic notation. 

An assembler is executed on the same machine that is 
to run the object program; a cross-assembler would be 
executed on a different machine-most likely a mini­
computer-but would produce a machine-language pro­
gram that is executable on the microprocessor. Simula­
tors, debuggers, and canned subroutines are other 
desirable software packages. Here, a microprogramed 

SUBROUTINE 

SUBROUTINE 

SUBROUTINE 
3 

SUBROUTINE 
N 

2. Sequential test. An external signal can be identified and used to 

trigger an internal routine by comparing it successively with several 

test words. A match causes a program jump out of comparing se­
quence to a subroutine that processes the external signal. 
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INPUT 
DATA 

STORE AS 
INDIRECT ADDRESS 

JUMP INDIRECT 

SUBROUTINE 
N 

3. Indirect jump. To simplify the task of locating a subroutine, 
sometimes an incoming signal can itself identify the location, and the 
program jumps indirectly to the subroutine via the input buffer. 

microprocessor has a distinct advantage-because the 
microprogram can be recast to make one machine emu­
late another, the microprocessor may be able to utilize 
existing software at minimal cost. 

Design tools 

Logic designers are accustomed to using a number of 
standard tools, including gate networks, time delays, 
counters, and discrete input/output controls. Each of 
these has its counterpart in a microprocessor program, 
but applying the programed counterparts by rote may 
yield an uneconomical solution to a design problem. 

Features of microprocessors 

Two widely used microprocessors are the Intel 4-bit 
MCS-4 and 8-bit MCS-8 chip sets, which can be put to­
gether in various combinations to produce systems of dif­
ferent capabilities.2,3 The processor chips in these two 
sets are, respectively, the 4004 and the 8008, for which 
several program routines are listed in this article. To 
make these routines more intelligible, brief functional de­
scriptions of these two chips follow. 

The Intel 4004 contains five functional sections: an ad­
dress register and stack with an address-incrementing 
circuit, a set of 16 4-bit registers for indexing and gen­
eral-purpose temporary storage, a 4-bit arithmetic and 
logic unit, an 8-bit instruction register and decoder, and 
peripheral circuitry. 

The 16-bit registers and the instruction register are the 
most important sections in the present context. The index 
registers can be used either singly for temporary storage 
during computations, or in pairs to address memory and 
to store data fetched from the read-only memory. 

The 8-bit instruction register can hold at any one time a 
4-bit operation code and a 4-bit operand. Some instruc­
tions in the 4004 are of double length (16 bits instead of 
8), have multiple operands, and are stored in successive 
read-only memory locations; they take two system cycles 
for execution instead of one. 
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OPERAND 1 0 0 0 1 0 1 1 1 0 

REGISTER 1 0 0 1 0 1 1 0 1 0 

AND. 1 0 0 0 0 0 1 0 1 0 ..... 

DR 1 0 0 1 1 1 1 1 1 0 ..... 

EXCLUSIVE DR 0 0 0 1 1 1 0 1 0 0 I+-

HAS 1 WHERE OP OR REG (NOT BOTH) HAS 1-

HAS 1 WHERE OP OR REG (OR BOTH) HAS 1-

HAS 1 WHERE OP AND REG (BOTH) HAVE 1 

4. Logic operations. These instructions can be used to mask cer­
tain unwanted bits in a register or to generate signals that are to be 
sent outside the microprocessor. 

However, careful analysis of requirements and knowl­
edge of microprocessor programing techniques will 
simplify design of an optimum system. 

For example, programed logic is time-shared-it 
works only when the program reaches a particular point 
in its execution. But gate networks are always available; 
when the correct combination of inputs appears, they 
generate outputs, whether the rest of the system is ready 
for them or not. 

Gate networks consist of ANDs, ORS, and NOTS; their 
inputs combine in the way determined by the combina­
tion of logic blocks to produce either an output from the 

The 4004 has a total of 45 instructions in its repertoire, 
plus a no-operation dummy instruction that uses up one 
instruction cycle but doesn't do anything. The 4-bit oper­
and code in an instruction can specify, among other 
things, one of the 16 individual registers, or, with 3 bits, 
one of the eight register pairs. The upper end (most sig­
nificant bits) of the register pair is the same as one of the 
even-numbered individual registers. 

The Intel 8008 contains four functional sections: an irr­
struction register, a local memory, an arithmetic-logic 
unit, and input/output buffers. The arithmetic-logic unit 
includes four control flip-flops-carry, zero, sign, and 
parity-which indicate conditions that arise during each 
instruction execution and are the basis for executing sub­
sequent conditional jumps. 

Part of the local memory consists of seven 8-bit regis­
ters. Of these, one, designated A, is the accumulator, 
which contains one of the operands and the result of ev­
ery arithmetic operation. Four others, registers B, C, D, 
and E, may be used for any temporary storage, while the 
remaining two, registers H and L, contain respectively the 
high- and low-order bits of an indirect address in external 
memory. (Because external memory is limited to 16,384 
words, addressed by 14 bits, register H in this application 
contains only 6 bits.) 



processor itself or an alteration in the execution of the 
program. These functions are executed in a micro­
processor by three basic operators-MASK, COMPARE, 
and JUMP. (A specific microprocessor may not have 
these particular instructions, but it should be able to ex­
ecute their equivalent in some form.) The MASK ex­
cludes from subsequent operations any bits in an oper­
and that are unwanted or are optional or "don't-care" 
bits, the COMPARE matches the operand against another 
bit pattern, and the JUMP transfers the sequence of in­
structions being executed in the program to one that 
will perform the desired action as a result of the 
COMPARE operation. 

Instructions are ordinarily executed directly in se­
quence, as they occur in the program; this sequential 
operation continues undisturbed if, for example, the 
match attempted in a COMPARE is unsuccessful. But if 
the match succeeds, the operation executed after the 
JUMP (second operation after the COMPARE) is not the 
one immediately following the JUMP (Fig. 2). Here the 
microprocessor receives a signal from the outside world. 
This signal may be a pulse or level on a single wire, a 
series of pulses placed in order in a shift register to 
create a processor word, or a word received simulta­
neously in parallel on a group of wires. 

This input, in whatever form, is compared succes­
sively with each of several previously stored words in 
the memory. Whenever any comparison shows that the 
input and a stored word are equal, the program, instead 
of executing the next comparison, jumps directly to a 
sub-routine stored elsewhere in the memory. The ad­
dress of the beginning of this subroutine is the JUMP in­
struction's operand. Although the diagram doesn't show 
it, in many applications the subroutine would return to 

TABLE 2 JUMP INDIRECT ROUTINE 
(INTEL 1001 ( llOINCI 

Mnemonic Operand Action 

FIM lP 2 FETCH IMMEDIATE, A TWD-WDRD INSTRUCTION; 
TRANSFERS CONTENTS OF 2ND WORD TO REGIS­
TER PAIR SPECIFIED BY OPERAND IN FIRST 
WORD. (P IN AN OPERAND DESIGNATES A. 
REGISTER PAIR.) HERE REGISTER PAIR 1 IS 
LOADED WITH THE NUMBER 2 -- AN ARBITRARY 
NUMBER THAT DEPENDS ON PREVIOUS ACTIONS 
IN A PROGRAM OF WHICH THIS ROUTINE IS A 
PART. . 

SRC 1 P 

RDR 

XCH 4 

JIN 2P 

SEND REGISTER CONTROL; ADDRESSES THE 
READ-ONLY OR READ-WRITE MEMORY WITH THE 
CONTENTS OF THE REGISTER PAIR SPECIFIED. 
HERE PAIR 1 IS SPECIFIED; SINCE PAIR 1 
WAS PREVIOUSLY LOADED WITH THE NUMBER 2, 
MEMORY LOCATION 2 IS CALLED FOR. 

READ DATA FROM THE SELECTED MEMORY LOCA­
TION INTO THE ACCUMULATOR. 

EXCHANGE THE CONTENTS OF THE ACCUMULATOR 
AND THE 1.NDEX REGISTER SPECIFIED. HERE 
REGISTER 4 IS SPECIFIED; IT IS THE UPPER 
HALF OF PAIR 2. THUS WHATEVER WAS READ 
FROM MEMORY IS NOW IN REGISTER 4. 

JUMP INDIRECT TO THE ADDRESS CONTAINED 
IN REGISTER PAIR SPECIFIED -- HERE PAIR 
2. PAIR 2 COMPRISES REGISTERS 4 AND 5; 
SINCE REGISTER 4 CONTAINS A NUMBER 
BROUGHT FROM MEMORY, AND REGISTER 5 IS 
EMPTY, PAIR 2 CONTAINS A MULTIPLE OF 16. 
THE JUMP IS TO THE BEGINNING OF A 16-
WORD SUBROUTINE. 
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the next comparison at its completion. 
In an alternative procedure (Fig. 3), the input signal, 

whatever its nature, causes an indirect jump to the 
proper subroutine. The input signal loads an address in 
a particular location in the memory, which is not the lo­
cation of the JUMP instruction. Then, following a suc­
cessful comparison, the program jumps indirectly to the 
subroutine via this intermediate location. 

Logic operators 

In some microprocessors, pure logic operators, corre­
sponding to the gate functions of hardware logic, are 
available. These operators, usually the AND, OR, and 
exclusive-OR functions, are convenient to generate sig­
nals to be sent out from the microprocessor in response 
to incoming signals. (These functions are not to be con­
fused with the AND, OR, and NOT of hardware logic.) In 
a program, the AND operator is the most straight­
forward way to perform the MASK function. 

Logic operators retain 1 bits in a specified register 
where called for by logic 1 bits in the operand (Fig. 4)­
in both the register and the operand for an AND, in ei­
ther that register or the operand, or both, for an OR, and 
in either that register or the operand, but not both, for 
an exclusive-OR. 

Not all microprocessors have all three of these logic 
operators in their instruction sets, but the designer will 

TABLE 3 LOOPING ROUTINE MULTIPLE WORD TEST 
llNHI 8008 I lllllNC,, 

Mnemonic Operand Action 

LC! LOAD REGISTER IMMEDIATE (2 WORDS). 
HERE DATA FROM THE 2ND WORD OF IN-
STRUCTION IS PLACED IN REGISTER C. 

LL! THE SAME; REGISTER L. 

LHI THE SAME; REGISTER H. 
: 

!NP READ DATA SUPPLIED BY INPUT DEVICE 1 
INTO ACCUMULATOR (REGISTER A). 

NDM FORM LOGIC "AND" OF MEMORY LOCATION 
SPECIFIED BY CONTENTS OF REGISTERS 
H&L WITH ACCUMULATOR. 

!NL INCREMENT REGISTER L, TO SPECIFY LOCA-
TION OF TEST WORD. 

CPM COMPARE CONTENTS OF MEMORY LOCATION 
SPECIFIED BY H&L WITH THE ACCUMULATOR; 
IF THEY ARE EQUAL, SET THE ZERO CONDI-
TION FLIP-FLOP. 

JTZ MATCH CONDITIONAL JUMP, A 3-WORD INSTRUCTION; 
JUMP TO INSTRUCTION (SYMBOLIC ADDRESS 
"MATCH") SPECIFIED BY 2ND AND 3RD 
WORDS OF THIS INSTRUCTION IF THE ZERO 
FLIP-FLOP IS ON. 

DCC DECREMENT REGISTER C; IF RESULT IS 
ZERO, SET THE ZERO FLIP-FLOP. 

JTZ NMATCH CONDITIONAL JUMP TO THE FIRST INSTRUC-
TION (SYMBOLIC ADDRESS "NMATCH") OF 
NEXT ROUTINE. 

INL INCREMENT REGISTER L AGAIN. 

JMP *-12 UNCONDITIONAL JUMP, A 3-WORD INSTRUC-
TION, TO THE ADDRESS SPECIFIED BY THE 
2ND AND 3RD WORDS; * MEANS THIS IN-
STRUCTION AND *-12 MEANS THE INSTRUC-
TION 1 2 WORDS BACK -- THE "!NP" IN-
STRUCTION. 



TABLE 4 LOOPING ROUTINE - TIME RELAY 
11rJTEL t004 l (JDlr\J{ I 

Mnemonic Operand Action 

FIM OP 12 FETCH IMMEDIATE (2 WORDS). LOADS 2ND 
WORD OF INSTRUCTION -- l 2 -- INTO REG­
ISTER PAIR SPECIFIED -- PAIR 0. 

ISZ 0 * INCREMENT AND SKIP IF ZERO (2 WORDS). 
iNCREMENT CONTENTS OF REGISTER SPEC-
IF I ED. IN OPERAND OF FIRST WORD, AND IF 
THE RESULT IS 0, EXECUTE THE NEXT IN­
STRUCTION IN SEQUENCE (SKIPPING 2ND 
WORD OF THIS INSTRUCTION). IF THE RE­
SULT IS NOT 0, JUMP TO THE ADDRESS 
SPECIFIED IN THE 2ND WORD. HERE THAT 
ADDRESS IS THIS INSTRUCTION'S OWN, IN­
DICATED BY *, SO IT KEEPS JUMPING BACK 
TO ITSELF UNTIL REGISTER 0 AGAIN CON­
TAINS 0 -- 16 REPETITIONS. 

ISZ l *-2 INCREMENT AND SKIP IF 0 (2 WORDS). 
THIS HAPPENS JUST ONCE BEFORE RETURN­
ING TO THE PREVIOUS ISZ FOR 16 MORE 
REPEATS, AND FOUR TIMES BEFORE EXITING 
PERMANENTLY -- A TOTAL OF 64 STEPS IN 
THE DOUBLE LOOP. 

BBL 0 BRANCH BACK AND LOAD; THE OPERAND IS 
PLACED IN THE ACCUMULATOR, THIS RE­
TURNS TO THE ROUTINE DELAYED BY THIS 
DOUBLE LOOP; THE 0 OPERAND CLEARS THE 
ACCUMULATOR. 

soon find that at some cost in memory space and run­
ning time, almost any operator not explicitly included 
can be made up from available instructions. Because of 
this cost, implementing the gate functions is likely to be 
more economical in hardware outside the micropro­
cessor than in the program, iftheir outputs are required 
externally. These functions pay off, however, if there is 
some regularity in the task they perform-for example, 
if one group of bits is to be compared to many test 
words. 

In some microprocessors, this multiple comparison 
can be programed very compactly. For example, in the 
Intel 4004, the contents of any memory location can be 
loaded into a general-purpose register, which is speci­
fied in a JUMP INDIRECT instruction. Thus, data can 
modify the flow of instructions, and a multiple branch is 
no more than a simple procedure of looking up num­
bers in a table. 

The routine (Table 2) requires only five instructions 
occupying six words. Four instructions identify the 
memory location-in this case an input/ output device­
and they bring data from that location into the accu­
mulator and then put it into an even-numbered regis­
ter-one of 16 4-bit registers in the 4004 that can also be 
addressed as eight 8-bit register pairs. Each even-num­
bered register is the upper half of a register pair, so that 
loading anything into an even-numbered register and 
leaving Os in the lower half is equivalent to loading a 
multiple of 16 into the register pair. The last instruction 
in the routine is the JUMP INDIRECT, which refers to the 
register pair for the address of its destination-the be­
ginning of a 16-byte subroutine. A maximum of 16 such 
subroutines can be selected. 

Programed AND-OR 

Another very useful technique in microprocessor pro­
graming is the use of a routine that branches back to it-
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TABLE 5 DISCRETE EXTERNAL CONTROLS - LAMP BANK 

Mnemonic Operand 

LAC 

LL! 

LHI 

ORM 

NOD 

Ir c I ( ()lj (_J[) Ir ( 

Action 

LOAD ACCUMULATOR WITH CONTENTS OF REGIS­
TER C. 

LOAD REGISTER IMMEDIATE; 2ND WORD OF THIS 
INSTRUCTION TO REGISTER L. 

SAME; REGISTER H. L&H NOW CONTAIN THE 
ADDRESS OF THE LAMP-BANK IMAGE IN THE 
MEMORY. 

FORM LOGIC "OR" OF MEMORY LOCATION SPEC­
IFIED BY REGISTERS H&L WITH THE ACCUMU­
LATOR. LOCATION CONTAINS LAMP-BANK 
IMAGE. 

FORM LOGIC "AND" OF REGISTER D WITH THE 
ACCUMULATOR. 

LMA MOVE CONTENTS OF ACCUMULATOR INTO MEMORY 
LOCATION M (SPECIFIED BY H&L). THIS IS 
THE NEW IMAGE OF THE LAMP-BANK. 

LAI 4 LOAD ACCUMULATOR WITH CONTENTS OF 2ND 
WORD OF THIS INSTRUCTION -- THE NUMBER 4. 

OUT ADD MOVE CONTENTS OF ACCUMULATOR TO OUTPUT 
CHANNEL, IDENTIFYING THE DEVICE FOR A 
SUBSEQUENT OUTPUT OPERATION. THE DEVICE 
IS THE LAMP-BANK. 

LAM MOVE MEMORY LOCATION M INTO THE ACCUMU­
LATOR. THIS BRINGS OUT THE NEW IMAGE OF 
THE LAMP-BANK AGAIN. 

OUT WR MOVE CONTENTS OF ACCUMULATOR ONTO PREVI­
OUSLY SELECTED OUTPUT CHANNEL, THUS AL­
TERING THE CONDITION 0F THE LAMP-BANK TO 
MATCH THE NEW IMAGE IN MEMORY LOCATION M. 

self in a continuous loop, together with a provision to 
count or otherwise limit the number of times the pro­
gram executes the loop. (Without such a provision, the 
processor will continue executing the looped program 
indefinitely-chasing its tail, so to speak.) 

The equivalent of an extensive hardware AND-OR net­
work can be implemented with a looped program. Us­
ing the Intel 8008, the program (Table 3) can be written 
in 12 instructions occupying 21 words, only 15 of which 
are actually part of the loop. 

First, the number of times the loop is to be executed 
is entered in one of the general-purpose registers; this 
corresponds to the number of AND gates in the hard­
ware equivalent. Each pass through the loop brings an 
8-bit word into the accumulator register, masks out any 
unwanted bits in that word, and compares it with a test 
word previously stored in the memory. 

For each input word, the mask and the test word are 
stored in adjacent locations in the memory. Masks and 
tests for successive inputs are stored in successive pairs 
of locations. Thus, after specifying the number of passes 
through the loop, a pair of general-purpose registers is 
loaded with the address of the mask to be applied to the 
first input (one register can't hold a complete address). 
Then the program enters the loop for the first pass. 

During each pass, the program fetches an input word, 
forms the logic AND of that word with the mask in 
memory, and compares the result with the test word 
next to the mask. If the two match, the program 
branches to a routine to process the input word. If the 
match is unsuccessful, the loop counter is decremented 



by 1 and tested to find out ifit now contains 0. Ifit does, 
the loop has been executed the prescribed number of 
times, and the program branches to another task; if not, 
the two pointer registers that track the masks and test 
words are incremented, and the program goes back to 
fetch another input word. 

Looping is also the obvious way to generate time de­
lays. For example, to program a delay with the Intel 
4004, a four-instruction seven-word routine (Table 4) 
can be used. Initially, the number 12 is loaded into reg­
ister pair 0, which then contains 0000 1100. (In fact, the 
number is in the single register 1, while register 0-the 
upper half of pair 0-contains four Os.) A one-instruc­
tion loop then increments register 0 over and over 
again, testing the contents each time until the register 
again contains 0000-a total of 16 steps. Another single 
instruction then increments register 1 once and returns 
to the one-instruction loop, unless the increment has 
placed four Os in register 1. 

Because register 1 initially contains 12, it is incre­
mented four times-each time preceded by 16 repeti­
tions of the incrementing of register O; therefore, a total 
of 64 incrementing steps are taken by these two instruc­
tions alone. Finally, when register 1 turns up with con­
tents 0000, the program returns to the routine that has 
been waiting for the completion of this time-delay 
loop-perhaps to permit some mechanical operation to 
take place. As described here, the delay is slightly more 
than 1.5 milliseconds, but it can be set to any amount 
by changing the numbers loaded into the registers and 
fine-tuned to a certain extent by inserting dummy in­
structions (no-ops) in the routine. A no-op uses up one 
instruction cycle-10.8 microseconds in the 4004-but 
doesn't do anything. 

Input-output images 

In designing such logic systems as digital controllers, 
sensing discrete conditions and generating discrete out­
puts are important. The conditions include switch clo­
sures, status bits, and the like. Typical outputs perform 
such functions as lighting lamps and energizing relays, 
tasks that data-processing systems rarely perform. 

A microprocessor controls and monitors these signals 
in a unique way-it maintains an image of them in its 
memory. For example, one 8-bit word can sense eight 
status lines, treating each input signal as new data to be 
read and stored in one bit position of the word. And by 
programed bit manipulation, another word can control 
the lighting of eight lamps. 

For instance, a program to light lamp No. 3 and ex­
tinguish lamp No. 4 in a bank of eight lamps can be 
written for the Intel 8008 with 10 instructions that oc­
cupy 13 words. The pr:ogram (Table 5) assumes that one 
general-purpose register-say, register C-has previously 
been loaded with 0000 0100, which identifies lamp 3 
(counting from the right) as the one to be turned on, 
while another register, D, contains 1111 0111 to point 
out lamp 4 as the one to be turned off; a location in 
memory contains an image of the bank of eight lamps, 
with their prior on-off status. 

The contents of register C are first loaded into the ac­
cumulator, where the logic OR is formed with the image 
of the bank of lamps, and then the logic AND is formed 
with the contents of register D. The OR operation leaves 
a 1 in the accumulator for each lamp that should be on 
at the end of the routine; the AND leaves a 0 for all 
lamps that should be off. Because the accumulator con­
tained only a single 1 bit before these two logic steps, 
only one lamp changes from 0 to 1; and since register D 
contains only one 0, only one lamp changes from 1 to 0. 

Now the accumulator contains the updated image of 
the bank of lamps, which is stored back in the main 
memory temporarily, while the address of the actual 
bank is sent out through the output port. The image is 
then brought back into the accumulator and sent out af­
ter the address to switch the lamps. 

Functions like these can be implemented with. a small 
input/output card or subassembly containing two 8-bit 
registers. One of these, an input register, stores changes 
in external conditions that are to be sensed, and input 
commands transfer its contents, as required, into 
memory. Similarly, output commands transfer data into 
the other register, from which output signals can be 
generated as needed. 

Designing systems around microprocessors 
Electronic lock illustrates power of chip set to handle complex operations; 

adding such capabilities as 1/0 controllers and interrupts can expand a system 

Translating logic-gate networks into program se­
quences, as described in the previous section of this ar­
ticle, is the first step toward a microprocessor-based sys­
tem-but only the first step. Program sequences must 
then be gathered into a completed design that will per­
form the desired function. 

An example shows how to accomplish this conver­
sion. The logic design1 is an electronic lock-the buzzer 
type often used in apartment houses, banks, and other 
secure areas-with a sequential combination instead of 
a simple button. In its standby state, the lock is closed. 
To open it, a button is pressed, starting the sequence. 
After a short time delay-a few seconds-a light begins 

to flash on and off at a low frequency, several seconds 
for each half-cycle. During each half-cycle, the button 
must again be pressed a prescribed number of times. If 
the sequence is executed correctly, a signal energizes the 
lock and opens it one half-cycle later, and then the cir­
cuitry returns to its standby state, reclosing the lock. A 
mistake in the sequence returns the circuit to standby 
without opening the lock. 

For a half-cyde time of 4 seconds and a combination 
of 3-6-5-the number of times the button is pressed dur­
ing each half-cycle-the state diagram appears in Fig. 5. 
This diagram defines the successive states the sequential 
circuit must occupy, and it is the starting point for either 
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COUNT= 3 

COUNT FIRST 
COMBINATION 

LAMP IS ON 

COUNT SECOND COUNT-'-9 
COMBINATION ____ .,.._-.t 

LAMP IS OFF 

COUNT=9 

COUNT THIRD 
COMBINATION 

LAMP IS ON 

COUNT= 14 

OPEN LOCK 
LAMP IS OFF 

COUNToF14 

NO START 

WAIT 
LAMP IS OFF 

COUNT= 
ANYTHING 

COUNT= 
ANYTHING 

WAIT 
LAMP IS OFF 

5. Electronic lock. Lock opens only when button has been pressed 

the correct number of times during three successive time periods. Its 
operation is described in this state diagram, which is the starting 

point for either a hardware or a programed design. 

a hardware-logic design or a microprocessor program. 
Because the diagram contains eight states, the se­

quential logic would require a minimum of three flip­
flops, which together have eight combinations of on and 
off. The system control also would require input and 
output gates for these flip-flops, a four-stage binary 
counter, four more flip-flops, and a decoder, although 
all of these can be obtained as small- or medium-scale 
integrated circuits. 

Another flip-fl.op or latch circuit is necessary to take 
the inevitable "bounce" out of the pushbutton contacts. 
Beyond these are a clock, which would be most easily 
made from an oscillator· running at a kilohertz or so and 
another counter-more flip-fl.ops-to divide the oscilla­
tor output down to the fractional-hertz level. 

Finally, either the combination must be fixed when 
the lock circuit is put together, which calls for a rewiring 
job to change the combination, or additional complica­
tions- such as rotary switc'iies on the protected side of 
the locked door-would have to be included in the de­
sign. (Driver circuits for the lamp and the electric lock 
are also required, but the microprocessor design will re­
quire them too.) 

This list of parts that the electronic lock would re­
quire-nearly a dozen packages of small-scale and me­
dium-scale integrated circuits-is intended to emphasize 
its complexity if it is designed with hardware logic. On 
the other hand, it is quite simple if programed for a mi­
croprocessor, which has its own counting capability. 

In the Intel 8008 microprocessor, for example, the 
controller requires only an 85-byte program, for which a 
flow chart is shown in Fig. 6. The program can be stored 
in either an alterable or a read-only memory. In a ROM, 
at about 2 cents per byte, the incremental cpst is $1.70. 
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WAIT FOR 
LAMP 

TURN-ON 

WAIT FOR 
LAMP 

TURN-OFF 

WAIT FOR 
LAMP 

TURN-ON 

WAIT FOR 
LAMP 

TURN-OFF 

NO 

NO 

NO 

NO 

4-SECOND 
TIMER 

..-----1 SUBROUTINE 

4-SECOND 
TIMER 

r-----1 SUBROUTINE 

4-SECOND 
TIMER 

..-----1 SUBROUTINE 

4-SECOND 
TIMER 

r-----1 SUBROUTINE 

6. Counting signals. The sequence of events in the electronic lock 
is defined in this flow chart, which describes exactly what happens 
from the internal viewpoint, as opposed to the external view, of the 
state diagram. Blocks in the flow chart are readily translated into a 
program routine in any machine code or symbolic code. 



Furthermore, the combination can be changed simply 
by reprograming. Th-e new program could be stored in a 
read-only memory, to be inserted in place of the old 
one, or in an alterable memory that is reloaded. In the 
same way, more complex combinations or additional 
functions can be added through programing. 

fhus, new functions are inexpensive, once the basic 
cost of the microprocessor has been paid, and the hard­
ware logic diagram shows why the microprocessor is so 
powerful. The most important parts of the electronic 
lock are the 16-line decoder and the gate elements that 
compare the decoder outputs with the previous state of 
the three sequential-logic flip-flops. But the bulk of the 
logic is in the counter itself, and the microprocessor can 
generate any counter sequence trivially-that is, the pro­
gram itself is the counter. 

Input/output controllers 

To do anything useful, any processor, micro or other­
wise, must have one or more input/output devices con­
nected to it so that it can acquire data to process and it 
can dispose of the results. 110 devices may be as simple 
as lamps and switches or as complex as disk storage 
units, but for microprocessors, they fall generally into 
three distinct groups: serial-bit-stream devices, single­
character devices, and block-transfer devices. The first 
class is not discussed further here because, for those de­
vices, the microprocessor is its own 110 controller, but 
for the other two classes, external control logic is re­
quired. 

Many designs for 110 systems are possible, and there 
are many tradeoffs between cost, speed, number of lines 
serviced, and so on. But all controllers share four com­
mon functions: buffering, address-recognition, com­
mand-decoding, and timing and control. All these func­
tions can be included in a rather simple design. 

Buffering is necessary in the path along which data is 
transferred in either direction between an 110 device 
and the microprocessor because the two units have sep­
arate clocks and therefore are not synchronized. Syn­
chronizing, or equivalently controlling the 110 unit from 
the microprocessor clock, is not advisable because the 
connection between the two units may be lengthy and 
therefore subject to difficulties with noise and delays. 

Address-recognition is necessary when (as is usually 
the case) more than one I/O unit is used with a micro­
processor. Command-decoding is necessary for 110 de­
vices that are capable of actions other than the transfer 
of data-for example, rewinding a tape drive. Finally, 
all of these functions require timing and control. 

For a typical microprocessor system, the controller 
diagramed in Fig. 7 provides all_Jour functions. It in­
cludes three buffer registers, which store input data, 
output data, and device status. A typical write sequence 
involves four steps: 

First, the microprocessor sends out the address of the 
device in which it wants to write. This address travels 
along a common bus that also carries data, and serves 
the memory, as well as the 110 system. Therefore, the 
address is accompanied on separate lines by an address­
command and an 110 request. The address-command 
identifies the signals on the bus as an address, and the 
110 request directs it to the controllers instead of to the 

memory. A synchronizing signal strobes the address 
into the selected controller and effectively establishes a 
temporary link between the separate clocks of the mi­
croprocessor and the controller at the moment the ad­
dress is transferred. 

Second, the addressed controller sets its address flip­
flop, which generates a ready signal to the micro­
processor. All the signals sent out by the microprocessor 
went to all the controllers, but the address identified 
only one of them. That controller, with ready signal, 
thus acknowledges receipt of the address command and 
indicates that it is in a condition to begin operation. 

Third, the microprocessor sends out a write command 
and a word or block of data-again with an 110 request 
and a synchronizing pulse. Only the previously selected 
controller responds to these signals. The data goes to 
the controller's storage register, and it returns another 
ready signal. The data goes to the controller on the 
same lines as the address, but the write command iden­
tifies it as data instead of an address. This step may be 
repeated as many times as needed to complete the write 
operation, and between write steps, the controller for­
wards the data to the device it is operating. 

Finally, the microprocessor sends out another address 
command to select a different controller. This resets the 
address flip-flop in the previously selected controller 
and takes it out of operation until it is again selected. 

The first two steps of a read sequence are the same as 
those for write. But in the third step, the read command 
goes out, and the microprocessor waits for data to come 
back. The presence of data on the lines for the micro­
processor to accept is announced by a ready signal. This 
cycle can be repeated as many times as needed-until a 
new controller is selected. 

Generally, a read operation requires a delay while 
the mechanical device providing the data accelerates to 
its normal operating speed. The microprocessor can also 
request the controller to transfer its status information 
into the memory-an operation essentially identical to a 
read, except for the delay. The status is always immedi­
ately available in the controller, and finding it involves 
no mechanical processes. 

Figure 7 shows the four commands-READ, WRITE, 
ADDRESS, and STATUS-as coming to the controller on 
four different lines. These could be encoded on two 
lines, or the four lines could be encoded with as many 
as 12 more commands if the IIO functions are to be ex­
panded. 

Interrupt 

One such expansion might be the addition of inter­
rupt capability to the system. In the example of the elec­
tronic combination lock, a loop at the start of the pro­
gramed sequence represents the standby state. While in 
this loop, the microprocessor effectively runs around in 
circles waiting for something to happen-for someone to 
push the button'.. Similar standby loops are often in­
corporated in programs, but if the events they wait for 
are infrequent- less than once every 50 instructions or 
every 100 to 1,000 microseconds-the microprocessor 
could be doing useful work while waiting for the exter­
nal event. That event must be able to cause the micro­
processor to change its course of action. This capability, 
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7. Input/output controller. This simple assembly provides all basic functions of any controller: buffering, address recognition, command de­
coding, timing, and control. These functions are required, regardless of its speed or how many lines it services. 

available on some microprocessors, is called interrupt. 
Interrupt is especially valuable in communications 

applications. Since the microprocessor often has no con­
trol over when data is to be transmitted or received, the 
capability to work while waiting is desirable. 

Resolving an interrupt is a rather complicated proce­
dure. First of all, once an interrupt has been recognized, 
the microprocessor can't afford to recognize any others 
until the first one is out of the way. (In large computers, 
interrupt priorities are sometimes installed so that a 
high-priority interrupt can bump a low-priority inter­
rupt. Such complex design seems undesirable with mi­
croprocessors at present.) 

Second, before the microprocessor can process an in­
terrupt, it has to store its own state- that is, effectively 
to take note of where it was when it was interrupted so 
that it can pick up where it left off after the interrupt 
processing is finished. This involves transferring into a 
reserved part of the memory the instruction counter, 
which identifies the next instruction, the contents of the 
accumulator, and other key registers and flip-flops. The 
existence of only one such reserved area is the reason 
for recognizing only one interrupt at a time. 

In general, the implementation of an interrupt system 
consists of replacing the wait loop in the program with 
an equivalent loop in hardware, which tests for the pres-

ence of an interrupt at regular intervals during machine 
operation. For example, the test might occur just before 
every instruction fetch so that the fetch is blocked if an 
interrupt has occurred. 

An interrupt-processing routine is shown in the flow 
chart in Fig. 8. The degree of complication varies widely 
from one microprocessor to another-some have pro­
cessing interrupts that are more automatic than others. 
For example, the National Semiconductor GPC/P has a 
stack memory that can completely store the machine 
state in only five instructions. This highly efficient tech­
nique qualifies the GPC/P for excellent real-time pro­
cess control. 

Daisy-chain signal 

After disabling further interrupts, as described pre­
viously, the microprocessor must acknowledge the cur­
rent interrupt and determine its source. For this pur­
pose, the interrupt-acknowledge line passes through all 
controllers in a "daisy-chain" fashion-the acknowledge 
signal passes from each one to the next until the source 
of the interrupt stops it. By this means, 110 priority is es­
tablished by proximity to the microprocessor. Arrival of 
the interrupt-acknowledge signal triggers the sending 
by the controller to the microprocessor of its address, 
from which the microprocessor determines the location 
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of the routine to service the interrupt. In some systems, 
the controller can send, not its own address, but the ac­
tual address of the routine, so that the microprocessor 
can reach the routine via an indirect jump instruction; 
this is called a vectored interrupt. 

In all interrupt routines, the machine state must be 
stored before anything else happens. Then, after much 
ado, the interrupt itself can be processed. When it is fin­
ished, the previous steps must be undone-the machine 
state is restored, and the interrupts are re-enabled. De­
pending on how the word "disabled" is defined, new in­
terrupts that occurred during the previous interrupt 
process may have been ignored totally, or they may 
merely have b.een kept waiting. In a completely inter­
rupt-oriented system, when re-enabled, the disabling 
signal can start the whole interrupt-resolving cycle 
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again before the microprocessor can get back to its main 
routine. If such new interrupts are unlikely, the micro­
processor may get an automatic chance to execute one 
more instruction in its main program before checking 
again for interrupts. 

By adding the logic shown in Fig. 9, the previously 
described IIO controller can be easily modified to work 
on an interrupt basis. Usually the interrupt signal is the 
result of something th<\t happens in the controlled I/O 

device, although it can be an event in the controller it­
self. Either way, the signal sets the flip-flop FF1, and 
sends an interrupt request to the microprocessor. The 
microprocessor's acknowledgment passes, daisy-chain 
fashion, through all controllers via gate G until it 
reaches the one that originated the request, where G is 
blocked by the ON state of FF1 . The trailing edge of the 
acknowledge pulse resets FF1, and the turning-off ac­
tion sets another flip-flop, FF2, which, in turn, opens 
gates admitting the controller's address to the data lines. 
FF2 also generates a ready signal to the microprocessor, 
and the ready, delayed, turns off FF2. 

When interrupts aren't wanted 

Because the entire process of handling interrupts may 
require many hundreds of microseconds, external 
events that occur, on the average, more than once every 
4 or 5 milliseconds, will severely impede the main pro­
gram if they depend on interrupts to obtain service. 
Therefore, if progress in the main program is important, 
or if many interrupts are expected, another technique 
should be used to service the external events. 

An example of a process that can't depend on an in­
terrupt for service is the refreshing of a cathode-ray­
tube display. Suppose that the display has a capacity of 
30 lines at 60 characters per line-a total of 1,800 char­
acters to be refreshed 60 times per second. Refreshing 
requires 108,000 characters per second to be delivered 
to the display, or one character every 9.2 microseconds. 

Many high-speed I/O processes, such as the preceding 
example, can tolerate relatively slow processing if the 
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data transfer to and from the unit can be fast. These 
processes can therefore make use of a direct memory­
access channel, or DMA, the next step up in complexity 
and performance from a simple interrupt. 

A DMA channel in a microprocessor system requires a 
few more controls than those in the individual 110-de­
vice controllers, which are not affected directly by their 
connection through a channel to memory instead of to 
the processor. The microprocessor obtains access to its 
own memory through these channel controls in the 
same way that the input/output controllers do, and, 
since conflicts can arise, the channel's main function is 
to detect and resolve them. They are less likely to occur 
with microprocessors than with minicomputers and 
large computers, however, because the microprocessor 
usually runs slower than its memory, not faster. Con­
flicts in systems of any size are always resolved in favor 
of the input/ output, because the device is usually in 
mechanical motion and can't afford much delay. 

Once the channel is under way, the channel controller 
takes over the task of selecting addresses, IIO sequences, 
and data handling. As a result, both 110 and processing 
operations are expedited-the first because it is limited 
only by the memory cycle rate, not the instruction rate, 
and the second because the microprocessor need not 
pause in its own work to run an 110 operation. 

Block input/output 

Channel input/output leads quite directly to block 
110, in which large blocks of data are transferred in or 
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must not interfere with other microprocessor tasks, yet it must work 
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out of the microprocessor by a single command se­
quence. Additional logic in the 110 controller is required 
to work, not only with addresses in the main memory 
and addresses of individual devices, but also with ad­
dresses within the device-such as tracks and sectors on 
a disk drive, files on tape, and so on. 

Three major elements (Fig. 10) must be added to a 
basic IIO controller to permit it to handle block in­
put/ output: an 110 device-address counter, a main­
memory counter, and a block counter. At the start of an 
operation, the device-address counter is loaded with the 
device's internal address-such as the sector number­
the main memory counter has the address to or from 
which the transfer of the block begins, and the block 
counter contains the number of blocks to be transferred. 
The firstREAD or WRITE command sets a BUSY flip-flop. 
As each word is transferred, the main-memory counter 
is incremented, and as each block is transferred, the 
block counter is decremented until it passes 0, gener­
ating a borrow signal. This signal resets the BUSY flip­
flop and sends an interrupt signal to the microprocessor, 
which is thus informed that an I/O operation has been 
completed. 

A drum-printer controller 

The preceding sections have shown how a few com­
mon logic-design problems can be solved with a micro­
processor, and how controllers for use with micro­
processors can be easily and quickly designed. Many of 
these concepts can be combined in the design of a con­
troller for a drum printer that takes advantage of a mi­
croprocessor to control the format of the data transfer 
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11. Drum printer. Rotating drum carries complete alphabet on its 

surface, repeated for each printing position across page. Separate 
actuator-hammer pairs for each position press the paper against the 

drum to pick up the imprint as the desired character passes. 
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between a larger central processor and the printer. 
Microprocessors aren't suitable as controllers in every 

110 application. For example, many magnetic-tape or 
disk units have data transfer rates that are far.beyond 
the capabilities of any present or contemplated micro­
processor. In fact, the fastest microprocessor now on the 
market is the National Semiconductor GPC/P, capable. 
of a maximum of about 30,000 bytes per second, and 
the forthcoming Intel 8080 is limited to about 60,000. 
But since disks and tapes routinely spew forth data at 
hundreds of thousands and even millions of bytes per 
second, controllers for these devices must be built out of 
conventional logic circuits, and high-speed ones at 
that-emitter-coupled logic, in many cases-using mi­
croprocessors at best within the controller for certain 
process-monitoring tasks that do not involve data­
handling. 

But other 110 systems and subsystems are well suited 
for control by a microprocessor-among them, data­
communications channels using telephone lines, card 
readers and punches, tape cassettes, floppy disks, and 
drum printers. 

A typical drum printer prints a maximum of 132 col­
umns of characters from a 64-character set at 1,800 lines 
per minute. To achieve this level of performance, the 
machine contains a drum (Fig. 11) with 132 complete 
sets of 64 characters in circumferential columns, and 
like characters in each set are lined up along an axial 
row. Close to its surface is a bank of 132 electromechan­
ical hammers that can be driven toward the drum as it 
spins on its axis. But between the hammers and the 
drum is the web of paper upon which the printed char­
acters are to appear, plus an inked ribbon to record the 
imprints. 

As the drum turns, its position is monitored by the 
controller. As each of its character slugs to be printed in 
the 132 positions of a line approaches a point opposite 
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the corresponding hammer, the hammer is driven for­
ward- timed in such a way that as it reaches the limit of 
its travel, it prints in the desired position by pinching 
the paper and the ribbon between it and the drum when 
the desired character slug is exactly opposite it. When 
the drum has made one complete revolution, a com­
plete line has been printed on the paper, and the paper 
moves up into position for printing the next line. To al­
low time for paper movement, the characters do not fill 
the entire circumference of the drum. 

One common controller design contains 132 6-bit 
counters. The controller translates the data in each 
printing position into a particular counting step. Such a 
straightforward but complex controller is not necessary 
when a microprocessor is employed. 

Instead, the data to be printed is loaded in the form 
of a map into a large area of the microprocessor's main 
memory. This area can be visualized as a rectangular 
array of bit cells, 132 wide and 64 high (Fig. 12). Each 
64-cell vertical column corresponds to one of the 132 
printing positions on the paper, and each of the 64 cells 
in the column corresponds to one of the characters in 
that position on the drum. Two such maps in the 
memory enable the processor to fill one while a line is 
being printed from the other, and their roles are rever­
sed for alternate lines of printing. 

At 1,800 lines and 1,800 revolutions per minute, the 
drum makes one revolution in 1130 second; during this 
interval the central processor must provide the map 
with up to 132 characters. This is 3,960 characters per 
second or one character every 252 microseconds-a data 
rate that is well within the capabilities of a micro­
processor. 

The microprocessor, working as a controller, uses 
simple arithmetic and masking instructions to translate 
data received from the central processor into bits placed 
in the map. The character to bf; printed identifies the bit 



Cranking up the microprocessor 
Now that the engineer has read how to apply micro­
processors to every-day design problems, assume that 
he orders one-from Intel, or National, or anybody. The 
microprocessor has an adequate quantity of read-only 
and read-write memory and all the necessary extraneous 
parts. Now, suppose that the engineer writes a program 
to fit his application; and assume that the program is right 
the first time and that it's been put into a programable 
ROM connected to the microprocessor system. Now, 
how does he start the machine? 

Large general-purpose computers always come with 
software that helps load programs into the memory and 
ensures that the computer starts running the program 
when it is turned on. This software is so cleverly designed 
that it seems to melt right into the scenery. The rules fol­
lowed in writing the program may have been imposed, in 
part, by the computer hardware, but some of them were 
imposed by the software. However, the microprocessor 
doesn't have any software like this. 

To start any processor, some kind of number must be 

cell in the column of 64, and sets that cell to 1; all other 
cells in that column remain Os. Successive characters in 
the line set corresponding bits in successive columns in 
the map. 

When the map has been filled with bits correspond­
ing to data to be printed, the map turns to the control of 
the spinning drum. Once per revolution, the drum gen­
erates a synchronizing signal that says the first character 
in the set of 64 is in a position to be printed anywhere it 
may be required along the line-possibly, but improb­
ably, in all 132 positions at once. This synchronizing sig­
nal sets a pointer at row 1 in the map. If any of the 132 
bits in that row is 1, the hammer corresponding to the 
bit position fires to print the first character in the proper 
column. The pointer then is incremented to row 2 as the 
drum continues to rotate into the next character posi­
tion. This process is repeated for all 64 rows in the map 
and all 64 print positions on the drum. 

But in reading out these map cells, the micro­
processor can take, say, 8 bits at a time (assuming that it 
is an Intel 8008 or similar system). Thus, to print in 132 
character positions, the microprocessor can take 17 
memory accesses-16 of 8 bits each and one of 4 bits. (A 
standard line length for printers is 132 characters, but 
unfortunately, 132 is not divisible by 8.) 

Meanwhile, the spinning drum passes one of the 64 
character positions in 1 /30 X 1164 = 111,920 second, 
or about 521 microseconds. However, during this pe­
riod, for accurately aligned smudge-free printing, all the 
hammers that are to be pulsed to print a given character 
must be pulsed within a 66-~s window. This ratio of 66 
to 521 represents a rather relaxed duty cycle for the 
printer mechanism, allowing plenty of time for the 
hammers to settle back into position after firing, but 
during the window, the microprocessor must peel off 17 
8-bit bytes from the map-less than 4 µ,s per byte. To 
handle this data rate, the microprocessor must have a 
DMA channel. 

This printer-control algorithm can be coded for the 
Intel 8008 microprocessor or the new 8080 with only 72 

loaded into the program counter, which will then indicate 
the first instruction in the program, and the processor 
clock has to be started. In Intel's 4004 microprocessor, 
this is brutally simple-an external line, when grounded, 
forces the program counter to 0, and when the ground is 
removed, the clock starts running. If the first instruction 
of the program has been placed in memory location O, 
grounding the reset line makes the program counter point 
to that first instruction, and removing the ground starts 
the processor. 

The 8008 is also simple to start, but the process is not 
quite so straightforward. Essentially, the machine can be 
made to execute an instruction that is not in the program, 
but which forces the program to jump to a location whose 
address is a multiple of 8. Any address between 0 and 56 
can be used; if the first instruction of a program is in that 
location, the processor starts running as soon as the 
jump has been executed. 

Other microprocessors also have similar simple means 
of starting. 

bytes in the program. The memory maps-two-require 
2, 176 bytes. The 8008 isn't fast enough to run the hy­
pothetical printer, but it can handle about 500 lines per 
minute, a respectable speed for some applications. The 
8080, on the other hand, can handle about 5,000 lines 
per minute. 

In an actual application, of course, a full controller 
would be required-with other functions, such as se­
quencing, vertical forms control, and various alarm 
functibns. But the basic simplicity of a controller built 
around a microprocessor is apparent. 

This design has several important aspects. No gate­
level logic design was necessary, and no state diagrams 
were used. Also, only slight program changes would be 
necessary to control a printer with a larger or smaller 
character set, a different input code from the central 
processor, or even a more complex printer, such as a 
chain printer. D 
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Analyzing ladder-type networks 
by a quick arithmetic procedure 
Many ladder networks can be analyzed virtually by inspection through 
the generation of an impedance matrix that can be rapidly checked 
to find network voltage transfer characteristic and input impedance 

by Einar C. Johnson, Naval Air Development Center, Warminster, Pa. 

D Since most filter, equalization, and phase-shift net­
works can be reduced to ladder form, a simple analysis 
procedure for ladder-type networks can be a significant 
time-saver. One technique that involves only simple di­
vision and determinant evaluation allows many net­
works to be analyzed quickly by inspection for input-to­
output voltage transfer ratio, as well as input imped­
ance. 

The procedure is easy to follow. As shown in Fig. 1 
for an n-mesh ladder network, an impedance matrix 
can be generated. A large square is drawn and then di­
vided into n smaller squares, which are filled with im­
pedance values taken from the ladder network. Tpe 
large outer square is called the impedance matrix (Z). 
For an n-mesh network, the impedance matrix has an 
nth-order determinant that is designated as Dn. 

The inner squares along the main diagonal are filled 
with the impedance sums accumulated by going around 
each mesh, The squares adjacent to and parallel with 
the main diagonal contain the shunt impedances of the 
network. (These shunt impedances are negative because 
of the direction chosen for positive mesh-current flow.) 
All the other squares are left blank, indicating an entry 
of zero. 

Network voltage and impedance analysis 

To find the voltage transfer ratio, el/ e2, only the nth 
mesh current, in, must be computed, since: 

e2 = inZ2n 

The matrix form of Ohm's law is: 

i = r2J-1; 
In this .case, only the last mesh current, in, in current 
matrix i is needed. And the only non-zero entry in volt­
age matrix e is e1. Additionally, the only pc;rtinent 
element of inverted impedance matrix (Z)-1 is 
(Z2Z4Zs ... Z2n-2)/Dn. Rewriting the last equation 
yields: 

in= el(Z2Z4Zs ... Z2n-2)/ Dn 
since: 

e2 = inZ2n = el(Z2Z4Zs ... Z2n)I Dn 
then: 

ell e2 = Dnl (Z2Z4Zs ... Z2n} 
or: el 

-= 
determinant of impedance matrix 
product of all shunt impedances 

(la) 

(lb) 

To show how the input impedance of an n-mesh net­
work can be evaluated, the impedance matrix is cut into 
four submatrixes so that the S1 sum is isolated: 

~ ::::1-z,:::::I ====== 
-Z2 S2 -Z4 
1-- l---+--l---1--1---+-----I 

I-- .___,___.__,__.__-I--__, 

I-- ,____,____.__,__.__-I--__, 

I-- ,____,____.__,__.__-I--__, 

• 
for.si111plicity,.the four submatrixes of Z are labeled as 
Za, Zb, Zc, and 41: 

i. = 

In terms of these submatrixes, the network's input im­
pedance can be expressed as: 

Zin= Za -Z,(ZJ-1Z, 
Since Za = S1, this equation can be rewritten as: 

Zin= S1 - ZirZJ-1Z, (2) 

Because submatrixes Zb and 2:c, contain a single com~ 
mon entry, -Z2, only the elepi.ent in the first row and 
column of inverted matrix (Zii)-1 is needed. This ele­
ment is Dn-2/Dn-l, where Dn-l is the determinant re­
maining after the first row and column are eliminated 
from determinant Dn. Likewise, Dn-2 is the determinant 
remaining after the first two rows and columns are elim­
inated from Dn. Substituting impedance values for the 
submatrixes in Eq. 2 yields: 

or: 

Zin = S1 - (-Z2)(Dn-2I Dn-1)(-Z2) 
= S1 - Z22 Dn-2/ Dn-1 

Zin = (S1Dn-l - Z22 Dn-2) I Dn-1 

Since the numerator of this equation is simply a mathe-
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Fast ladder analysis 

With this shortcut approach, many ladder networks 
can be analyzed almost by inspection for both their 
voltage transfer characteristic and their input impe­
dance (including phase angle). 

The key to the analysis is the network's easily gen­
erated impedance determinant. An n-mesh ladder re­
quires an nth-order determinant, Dn. as shown. Ele­
ments S1, S2, S3 , ... , and Sn are the sums of the 
impedances in each mesh of the ladder: 

Si = Z2i-2 + Z2i-1 + Z2i 

where i is the number of the mesh. The network's 
shunt impedances are inserted in the spaces that are 
adjacent to the main diagonal of Dn. Since all the other 
spaces of Dn remain blank (contain zeros), the impe­
dance determinant is easy to evaluate. 

The voltage transfer ratio of the network can be 
found by simply dividing determinant Dn by the prod­
uct of the shunt impedances: 

el/e2 = On/ Z2Z-tZs ... Z2n 

Crossing out the first row and first column of determi­
nant Dn reduces it by one order, producing determi­
nant On _1, which is shown as the l,mshaded portion of 
Dn. The network's input impedance can now be writ­
ten as: 

Zin = Dn!Dn-1 

If the impedance level of the entire ladder is multiplied 
by a factor K, the voltage transfer ratio does not 
change, but the input impedance becomes: 

Zin = KDn!Dn-1 

z, Z3 Z5 Z1 Z2n·1 

e, Z2 Z4 
---1:]1 

Zs Zs Z2n·2 Z2n e2 

0 0 0 0 --- G _j 

-Zs 

Sn-1 -Z2n·2 

-Z2n·2 Sn 

matical statement of determinant Dn, the expression for 
Zin can be reduced to: 

(3) 

Analyzing a network 

To visualize how to use the equation for voltage 
transfer ratio (Eq. 1) and the equation for input imped­
ance (Eq. 3), consider the four-mesh network of Fig. 2 
and its impedance µiatrix. The determinant of this 
matrix is: 

Dn = D4 = S1[S2(SaS4 - Zs2) - Z42S4] 
- Z22(SaS4 - Zs2) (4) 

where: 
S1 = Z1 + Z2 
S2 = Z2 + Za + Z4 
Sa = Z4 + Z5 + Zs 
S4 = Zs + Z1 + Zs 

The network's input-to-output voltage ratio can be 
found from Eq. 1: 

el S1[S2(SaS4 - Zs2) - Z42S4] - Z22(SaS4 - Zs2) 
~=~-=--""-----'--'-----'-'-:::,--,-~--=~--=-'---''-=~---'--"'--

e2 Z2Z4ZsZs 

And the network's input impedance can be computed 
after evaluating Dn-1, the reduced-by-one-order de­
terminant of the impedance matrix: 

Dn-1 = Da = S2(SaS4 - Zs2) - Z42S4 (5) 

From Eq. 3, the input impedance is: 

Zin= D4/Da 

Substituting Eqs. 4 and 5 in this last expression and 
simplifying yields: 

Z . _ S Z22(SaS4 - Zs2) 
m - 1-

S2(SaS4 - Zs2) - Z42S4 

Analyzing an RC osclllator 

A more practical application of the shortcut ladder 
network analysis is provided by the RC oscillator of 
Fig. 3a. The technique can be used to solve for the fre­
quency of oscillation, the gain that must be supplied by 
the amplifier, and the input impedance that the oscilla­
tor circuit presents to the signal source. 

The input phase-shift network is a three-mesh ladder, 
which can be drawn as shown in Fig. 3b. In practice, the 
three capacitors in the ladder are usually made equal to 
each other: 

C1 = C2 =Ca= C 

And the resistors are made equal to the parallel combi­
nation of resistors Ra and RL: 

Rl = R2 = RaRd(Ra+RL) = R 

The determinant of the network's impedance matrix 
(Fig. 3c) is: 

Dn = Da = S1(S22 - R2) - R2S2 
where: 

S1 = R-jlwC 
S2 = 2R-jlwC 
Sa= 2R-j!wC 

where w is the operating frequency expressed in radians 
per second. Substitqting these impedance sums into the 
network's determinant, and separating the real and 
imaginary terms gives: 

Da = [R3- 5RI (wC)2] + j[(l /wC3- 6R2/wC] 

Since the phase shift between input el and output e2 
must be 180°, the output can be expressed as: 

e2 = -(l/G)e1 

where l/G represents the attenuation of the network, 
and G represents amplifier gain. With Eq. 1, the oscilla­
tor's input-to-output voltage ratio can be evaluated: 
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1. Generalized configuration. Ladder network, consisting of n meshes. can be represented by an impedance matrix, i . Since this matrix is 

a square array, it can be handled as an nth-order determinant, where n is the number of meshes. The impedance sums for each mesh are 

placed along the matrix's main diagonal, while the shunt impedances are alongside of these; the other spaces remain blank. 

Z1 Z3 Zs Z1 

() n n n I 
e1 Z2 Z4 Zs 

~ 12 13 14 

s, -Z2 

-Z2 S2 -Z4 S1 z, + Z2 

i = S2 Z2 + Z3 + Z4 

-Z4 S3 -Zs 
$3 Z4 + Zs + Zs 

~ Zs +. Z1 + Zs 

-Zs $4 

2. Four-mesh ladder. Here, impedance matrix i. is only a fourth-order determinant. But, no matter how large the ladder network is, the im­
pedance matrix can be evaluated quickly because there are always many zeroes (blank spaces). Once the impedance-matrix determinant is 

evaluated, the network's voltai:ie transfer ratio can be found by simply dividing the determinant by the product of the shunt impedances. 

~ = -G = [R3 - 5Rl(wC)2J + }..(JlwC)3- 6R2/wCj 
e2 "I R3 

or: 
GR3 = [5Rl(wC)2- R3J + j[6R2/wC- JI (wC)3J (6) 

The left side of this equation is a pure real number, al­
lowing the imaginary term on the right side to be 
equated to zero: 

j[6R2/wC- Jl(wC)3J = 0 
6R2 = JI (wC)2 

which can be solved for the frequency of oscillation: 
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"' = 1 I v'6 RC radians/ second 
or: 

f = JI (2w v'6 RC) hertz 

By substituting the quantity 6R2 for l/(wC)2 in the real 
part ofEq. 6, amplifier gain can be found: 

GR3 = 5R(6R2) - Ra 
G = 29 or 29.5 decibels 

This is the amplifier voltage gain required to sustain os­
cillation. To find input impedance, the network's Dn-1 

determinant must be evaluated: 



Dn-1 = D2 = S22-R2 = [3R2-ll(wC)2]- j[4RlwC) 
But since: 

6R2 = l/(wC)2 
then: 

D2 = -R2(3+j4{6) 

Applying Eq. 3 gives: 

Ztn = D3/D2 = 29R/(3+j4V6) 
= R(0.829 - j 2. 706) 

Changing network Impedance level 

Additionally, this analysis technique permits the im­
pedance level of the ladder network to be changed read­
ily. If each impedance element in an n-mesh ladder is 
multiplied by a factor of K., then each element in the 
impedance-matrix determinant is multiplied by K. 
When every element of an nth-order determinant is 
multiplied by the same factor, the entire determinant is 

effectively multiplied by a factor of Kn. The network's 
voltage transfer ratio becomes: 

elle2 = K!'-Dnl(KZ2)(KZ4)(KZs) ... (KZ2n) 
or: 

ell e2 = Dnl Z2Z4Zs ... Z2n 

which is identical to Eq. 1. Therefore, changing a net­
work's impedance level has no effect on the voltage 
transfer ratio. 

Network input impedance, however, does change. 
Since multiplying all the elements of the impedance­
matrix determinant by K multiplies the entire determi­
nant by Kn, then the Dn-1 determinant is multiplied by 
Kn-1• From Eq. 3: 

Ztn = K!'-Dnl K?--1Dn-l = KDnl Dn-1 

The input impedance of the ladder network, therefore, 
is multiplied, by the same factor as the individual net­
work impedances. D 

3. Oscillator circuit. Three-mesh ladder of RC oscillator (a) can be reduced to network drawn in (b) for analysis. Impedance matrix of (c) 
simplifies computation of oscillator's operating frequency, input impedance, phase shift, and the gain of the amplifier. 
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Norton quad am pl if ier subtracts 
from costs, adds to design options 
Consisting of four identical linear circuits on one chip, the Norton 
quad amplifier operates off a single power supply; biasing is simplified, 
and so too is the design of several waveform-generating circuits 

by Thomas M. Frederiksen, National Semiconductor Corp .. Santa Clara. Calif. 

D Pressured by the demands of the automobile indus­
try, consumer electronics manufacturers, and other 
mass-production customers into finding new ways of 
producing ever cheaper components, semiconductor 
makers have developed a new family of linear inte­
grated circuits. These linear 1cs each contain, in a single 
package, four identical but independent devices-four 
comparators, or four conventional inverting-type oper­
ational amplifiers, or four of the rather less conven­
tional, so-called Norton amplifiers. 

All three types are available from a growing number 
of manufacturers. Not only do the quads each cost far 
less than four devices bought separately, but industrial 
and communications equipment designers are also at­
tracted by their promise of reducing system cost while 
maintaining high levels of component operation. 

The fact is that many linear circuit functions do re­
quire more than one of a similar type of comparator or 
amplifier. Comparators are often used in pairs, in limit­
ing comparator circuits and crystal-controlled oscilla­
tors, for instance, while a two-decade high-frequency 
voltage-controlled oscillator needs three. Similarly, a 
simple by-pass filter requires two op amps, a phase­
locked loop needs three, and a sinewave oscillator or 
sawtooth generator needs four. 

But even if only one component of the quad is re­
quired in a given circuit, the others can be used for doz­
ens of auxiliary circuit purposes. Examples are biasing 
or gain-control networks or simple gain blocks". 

Most important, the new Norton quads need only a 
single-ended power-supply voltage and operate well 
over a wide range of power-supply voltages, from 3 
volts de to 32 v de. Moreover, a typical quad Norton 
amplifier draws a constant low supply current of 1.3 
milliamperes, and both the comparator and the oper­
ational amplifier draw a constant 0.2-mA supply current 
per circuit function. 

The Norton quad amplifier 

The most radical of all the three quad designs is the 
Norton amplifier, the LM3900. To obtain noninverting 
input signals, op-amp designs use a standard transistor 
differential amplifier-a fairly elaborate circuit that un­
fortunately requires two (a positive and a negative) sup­
ply voltages. In the Norton amplifier, this requirement 
was eliminated by putting the simplest type of inverting 
amplifier (that is, a common-emitter stage) at the input 

(Fig. 1) and then adding a "current mirror" circuit 
across the inverting input terminal to provide a nonin­
verting input. 

Just about all the positive input current is forced into 
becoming collector current in the diode-connected input 
transistor, Q8 . At this level of conduction, an "on" bias­
ing voltage (VEE) results across the base-emitter junc­
tion of the transistor. The same biasing voltage is ap­
plied to a second matched transistor, Q6 , which 
therefore conducts the same amount of current as in Q8. 

Consequently, the current from the output of this stage 
equals the input current, Iin, which has thus been "mir­
rored" or reflected about ground. 

In this scheme all of the voltage gain in the basic am­
plifier is provided by the gain transistor, Q5 , and the 
output emitter-follower transistor, Q3 , serves simply to 
isolate the load impedance from the high impedance 
that exists at the collector of Q5 . Closed-loop stability is 
guaranteed by an on-chip 3-picofarad capacitor, C, 
which provides the single dominant open-loop pole. 

NORTON-TYPE 
,,,,;,,;;.'"•U''"'''3 ,1;.;;;,,.,.x:;x" CURRENT MIRROR 

1. Inverted inversion. In the Norton amplifier, a current-mirroring 
circuit has been added to a conventional inverting-type input struc­
ture so that a noninverting input signal can be achieved from a single 

+ 5-V power supply. Such an input usually requires two supplies. 
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The output emitter-follower is biased for class A oper­
ation by the current source, Q7. 

In the design of the LM3900, two pnp transistor 
stages have been added. The lateral pnp, Q2, reduces 
the input current and provides additional load isolation. 
The vertical pnp, Q4, converts the class A output stage 
to a class B stage for large signal cases. This allows the 
amplifier to sink larger load currents than the 1.3-mA 
pull-down current source would provide. 

Big gain 

It should be pointed out that the Norton amplifier, by 
making use of current source loads, achieves a large 
voltage gain which is constant over a wide range of 
power-supply voltages. The output voltage has a large 
dynamic voltage range-essentially from ground to the 
power supply voltage minus VBE· Power-supply current 
drain is almost independent of the power-supply volt­
age, and ripple on the supply line is also rejected. Fur­
thermore, a very small input biasing current allows 
high-impedance feedback elements to be used. 

Besides simplifying the circuit configuration, the use 
of only a single power supply results in many biasing 
advantages. Since the bias currents are all derived from 
diode forward-voltage drops, a bias current changes 
only slightly in magnitude as the power-supply voltage 
is varied. The open-loop gain also changes only slightly 
over the complete power-supply voltage range and is es­
sentially independent of temperature changes. 

The open-loop frequency response of the LM3900 is 
compared with the 741 op amp in Fig. 2. The higher 
unity gain crossover frequency is seen to provide an ad­
ditional 10 decibels of gain for all frequencies greater 
than 1 kilohertz. Also, because currents can be passed 
between the input terminals, designers can apply this 
amplifier to jobs that generally are hard for standard op 
amp configurations to do, like function generators and 
some phase-locked-loop circuits. Moreover, if external 
large-valued input resistors are used to convert from in-
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2. Greater gain. The open-loop gain characteristics of the LM3900, 
when compared with those of a conventional 7 41 , reveal its advan­

tage at higher frequencies-an extra 1 O dB of gain above 1 0 kHz. 

Another quad for comparison 

Versatility is also a feature of another member of the 
quad family-the quad comparator, National's version 
of which is designated the LM339. The basic circuit, of 
which there are four per chip, shows high gain and low 
input current. It comprises a Darlington pnp single­
supply differential-input stage, a current source as the 
load for the second stages, and a grounded-emitter 
npn output transistor (see figure). Flexibility is 
achieved by leaving the collector of this output transis­
tor, 0 8 , uncommitted. As a result, the voltage to which 
the external load is returned is independent of the 
magnitude of the power-supply voltage, and the out­
puts of more than one comparator can be connected 
to a common load to provide an output OR-ing func­
tion. 

The total biasing current for this comparator is only 
200 microamperes, yet it achieves a trans­
conductance of 5 mhos (the output will fully switch 1 
milliampere of current for a ch"ange in the differential 
input voltage of 0.2 millivolt). The input currents and 
offset voltage are 35 nanoamperes and 3 mV respec­
tively. Because of their simplicity, four of these com­
parators are easily fabricated on one die. 

These comparators are also unique in that, even 
though they are operated from a single positive 
power-supply voltage, the input common-mode volt­
age range includes ground. Operation is possible over 
a wide single-supply voltage range (2 to 36 V de) or 
from dual supplies (±1 to ±18 V de), adding to the de­
sign's flexibility. Moreover, the supply current drain of 
800 microamperes is essentially independent of the 
magnitude of the power supply voltage, which with a 
+ 5-V de digital supply amounts to 1 milliwatt per 
comparator. 

Large differential input voltages can be accom­
modated, and a special design for the output transis­
tor provides an offset voltage of 1 mV. This last feature 
is important when the output of the comparator is 
used, for example, as a single-pole, single-throw 
switch to ground in an RC sweep circuit to precisely 
discharge a capacitor. 

put voltages to input currents, most of the standard op­
amp applications can be realized as well. 

The LM 3900 Norton amplifier can be biased in sev­
eral different ways. The circuit in Fig. 3a, a standard in­
verting ac amplifier, has been biased from the power 
supply that is also used to operate the amplifier. Note 
that if ac ripple voltages are present on the V~ power­
supply line, they will couple to the output with a gain of 
V1. To eliminate this, a single source of ripple-filtered 
voltage can be provided for many amplifiers. 

Figure 3b shows both a noninverting ac amplifier and 
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3. Straightforward biasing. One way of biasing the LM3900 takes a standard inverting ac amplifier and biases it from the supply that also 

powers it (a). In the de biasing method, (b), the amplifier gain is set by the ratio of feedback resistor to input resistor. 

a second method for de biasing. The ac gain of the am­
plifier is set by the ratio of feedback resistor to input re­
sistor. The small-signal impedance of the diode at the 
noninverting ( +) input should be added to the value of 
Ri when calculating gain. 

By making R2 = R3 , the de voltage output will be 
equal to the reference voltage that is applied to resistor 
R2. This filtered (Vit/2) reference voltage can easily be 
used for other amplifiers. 

Another interesting feature of this setup is that the in­
put resistor, R1, is isolated from the inverting (-) input 
terminal by the output impedance of the transistor of 
the current mirror. The amplifier is therefore not oper­
ating in an input-voltage to output-voltage feedback 
mode but, instead, along with the feedback resistor, Rs 
forms a feedback-stabilized transimpedance amplifier 
with a gain equal to Rs. As Ri is isolated from the (-) 
input, this represents essentially unity voltage feedback, 
and the resulting bandwidth is the unity gain crossover 
frequency (2.5 MHz) of the basic amplifier. Con­
sequently, the value of input resistor Ri can be made 
small and, by thus increasing the voltage gain without 
affecting the feedback factor of the basic trans­
impedance amplifier, can help provide large gain at 
high frequency. 

A gain of over 100 (40 dB) is possible at 1 MHz-and 
the high frequency limit is now set by the slew rate of 
the amplifier. This is useful for many applications 
where gain at signal frequencies above the standard op 
amp limits is required. 

The same effect, incidentally, could be obtained by 
adding a current mirror to the 741 operational ampli­
fier. But this mirror circuit would have to be made with 
closely matched discrete transistors, something that is 
done on the chip with the LM3900. 

Adding de gain control 

A de gain control can be added to the noninverting 
Norton amplifier as shown in Fig. 4. A minimumlbias­
ing current passed through Rs prevents the output of 
the amplifier from going into saturation as this de gain 
control is varied. For maximum gain, the control recti­
fier D2 is off, so that the current through R2 as well as 
Rs can enter the ( +) input and cause the output of the 
amplifier to be biased at approximately 6.0 v (with a 10-
v supply). For minimum gain, D2 is on, and only the 
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4. In control. In this simple de gain control circuit, input voltages 
range from O V de for maximum gain, to less than 10 V de for min­
imum gain. A biasing current through R3 prevents saturation. 

I B "EFFECTIVE" -

R1 
lOM 

AUXILIARY AMP FOR 
BIASI NG AMP 1 

5. Useful symmetry. Four independent amplifiers available in each 
LM3900 package make it easy to exploit the symmetry that exists be­
tween the individual devices. Here, one amplifier is biasing another. 



6. To and fro. In the basic Norton quad sweep circuit, current en­
tering the noninverting (+)input causes the output to sweep linearly 
in a positive direction. Conversely, current entering the inverting(-) 

input causes the output to sweep linearly but negatively. 

current through R3 can enter the ( +) input to bias the 
output at approximately + 3.0 v. The proper output 
bias for large output signal accommodation is provided 
for the maximum gain situation. The de gain control in­
put ranges from 0 v de for maximum gain, to less than 
10 v de for minimum gain. 

Symmetrical amplifier designs 

From these multiple amplifier packages, it is now 
possible to produce symmetrical designs. Historically, 
resistors have been the most predictable electronic com­
ponents, and they gave rise to feedback amplifiers in 
which closed-loop amplifier performance depended 
only on resistors. Following this, two matched transis­
tors were placed in a single can to make improved input 
stages for discrete op amps. Later still, integrated cir­
cuits derived performance advantages from their inher­
ent resistor and transistor matching. And now multiple 
amplifiers in a single monolithic quad package allow 
designers to exploit the symmetry existing between the 
individual amplifiers. 
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The example of symmetry shown in Fig. 5 has one 
amplifier biasing one or more additional amplifiers. So 
long as the de biasing current, Is, is accurately supplied 
via Ri, the input terminal of amplifier 1 needs supply 
only enough current for the amplifier signal. The ad­
justment, ~' allows a zeroing of Is which is useful in 
such circuit functions as sample-and-hold, where small 
values of Is are desirable. Otherwise, if ~ were 
omitted, simply letting R1 = R2, and relying on ampli­
fier symmetry could cause the effective IB to be less than 
fol 10 (3 nanoamperes). 

Clean sweeps 

Many waveform-generating circuits can be realized 
with the Norton quads. The basic sweep circuit is shown 
in the integrator circuit of Fig. 6. Current entering the 
noninverting ( +) input causes the output voltage to 
sweep linearly in a positive direction, and current enter­
jng the inverting (-) input causes the output to sweep 
negatively. The diode isolates the inverting input when 
the input voltage is zero. Either input can be used as a 
reset control, and the faster negative-going slew rate of 
the LM3900 generates excellent positive-going sawtooth 
waveforms with a very short reset time. 

A sine-wave oscillator built round the LM3900 is 
shown in Fig. 7. The two-amplifier RC active filter re­
quires only two capacitors to provide the proper over-all 
noninverting phase characteristic. If a noninverting 
gain-controlled amplifier is then added around the fil­
ter, the desired oscillator configuration is obtained. Fi­
nally, the sine-wave output voltage is sensed and regu­
lated by a differential averaging circuit, so that its 
average value is compared to a de reference voltage, 
VREF· 

The averaging circuit also provides a simple way to 
keep the peak magnitude of the output sine wave equal 
to twice the value of VREF· This is essentially indepen-
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7. Sine-wave oscillator. Four Norton amplifiers can easily be interconnected to make a sine-wave oscillator. A two-amplifier RC filter and a 
noninverting gain-controlled amplifer are added to a differential averaging circuit for regulation. 
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8. Slow sawtooths, too. The four amplifiers of the Norton quad work together to generate very slow sawtooth waveforms. To guarantee the 

required high impedance, the printed-c ircuit boards used with the packages should be coated with silicon to minimize surface leakage. 

dent of both temperature and the magnitude of the 
power-supply voltage, provided VREF is derived from a 
stable voltage source. 

The LM3900 can also be used to generate a very slow 
sawtooth waveform, which can in turn be used to gener­
ate long time-delay intervals. This is one of the toughest 
circuit functions to obtain in IC form. The circuit shown 
in Fig. 8 uses four amplifiers. Amplifiers 1 and 2, which 
have the desired very slow sawtooth waveform output, 
are cascaded to increase the gain of the integrator, while 
amplifier 3 supplies the bias current to amplifier I. Am­
plifier 4 provides a bias reference equal to the de volt­
age at the(-) input of amplifier 3. 

With resistor Rs opened up and the reset control at 
zero volts, the potentiometer, R5 is adjusted to min­
imize the drift in the output voltage of amplifier 2 (this 
output must be kept in the linear range to insure that 
amplifier 2 is not in saturation). The resistor divider, R1 
and R9, provides a 0.1-v de reference voltage across R9 
that also appears across Rs. The currentthat flows 
through Rs enters the (-) input of amplifier 3 and 
causes the current through Rs to drop by this amount. 
This causes an imbalance because now the current flow 
through ~ is no longer adequate to supply the input 
current of amplifier 1. The net result is that this same 
current is drawn from capacitor C1 and causes the out­
put voltage of amplifier 2 to sweep slowly positive. 

To guarantee obtaining the high impedance values 
needed for the slow sweeps, the printed-circuit board 
used must be cleaned and then coated with silicone rub­
ber to eliminate the occurrence of leakage currents 
across the surface. Also, the de leakage currents of the 
capacitor C1 must be kept small compared to the 10-IlA 
charging current. For example, an insulation resistance 
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of 100,000 megohms will leak 0.1 IlA with 10 v de across 
the capacitor-a leakage that increases rapidly at higher 
temperatures. 

With the basic circuits, other sweep rates can be ob­
tained by scaling resistor Rs and capacitor C1. For the 
values shown in Fig. 9, the 10-IlA current and the I-mi­
crofarad capacitor establish a sweep rate of 100 seconds 
per volt. The reset control pulse at amplifier 3's ( +) in­
put causes that amplifier ·to go into positive output satu­
ration, while the 10 megohms of~ provides a reset rate 
of0.7 s/v. 

The resistor, R1, prevents C1 from discharging larger 
currents and thus from overdriving the (-) input and 
overloading the input clamp device. For larger charging 
currents, a resistor divider can be placed from the out­
put of amplifier 4 to ground, and Rs can tie from this 
tap point directly to the (-) input of amplifier 1. 

Digital and switching circuits 

A unique feature of the new Norton quad amplifiers 
is that they can be overdriven to provide a large num­
ber of low-speed digital and switching circuit appli­
cations. This is particularly attractive for control sys­
tems that operate from single power-supply voltages 
larger than the standard + 5-v de digital limit. The 
large voltage swing and slower speeds of the LM3900 
are advantages for most industrial control systems. In 
this context each amplifier can be thought of as a super 
transistor with a /3of1,000,000 (25-nA input current and 
25-mA output current) and with a noninverting input 
feature. In addition, the active pullups and pulldowns 
which exist at the output will supply larger currents 
than the simple resistor pullups used in digital logic 
gates. D 




