
Designing Circuits 
for Worst-Case 
Operation 

BY STEVEN L. CHEAIRS 

How to choose components 
with tolerances to 

insure that 
circuits work properly. 

ONE CONSTANTLY recurring prob¬ 
lem for many hobbyists is that 

some circuits in the projects they build 
fail to work properly. Other than improp¬ 

er assembly and bad components, the 
most probable cause of this problem is 

that a ‘‘typical” circuit design was used. 

A typical circuit design might be sound 
on paper, but unless component charac¬ 

teristic variations are taken into account, 
the design may not produce a working 

circuit. And the cause is normal compo¬ 
nent parameter variations. It is impor¬ 
tant, therefore, that when you design or 
build a project, you take into account the 
possible variation range of the compo¬ 
nents you will be using to ensure that the 

project works properly. 
In this article, we will discuss why 

component characteristics vary and 
what can be done to circumvent possi¬ 

ble problems. Stated differently, we will 

discuss how to design for worst-case 
conditions. 

Why They Vary. Component charac¬ 
teristics can vary for any number of rea¬ 

sons. For example, IC’s are manufac¬ 
tured in “batch” lots, wherein a number 

of identical chips are fabricated simul¬ 
taneously on a single silicon wafer. This 

approach results in significant manufac¬ 
turing savings and a very low cost per 

circuit element. Unfortunately, the pa¬ 
rameters of the individual components 
can vary greatly from one wafer to the 
next, even though component charac¬ 
teristics on a single wafer will "track” 
very closely. 

It is not uncommon to find a circuit that 

contains components whose parame¬ 
ters fall anywhere between their worst- 

case limits. If the circuit was designed 

around devices that have typical para¬ 
meters, there is the possibility that it will 

not function because it contains a device 

that operates at an extreme end of its 

parameters. Here is an example. 

Assume a circuit has 50 components. 
Of these, 80% have typical parameters 
and 10% are sensitive to parameter vari¬ 

ations. That means 20%, or 10 compo¬ 

nents, have atypical characteristics and 

5 components are parameter sensitive. 
The probability of an event occurring 

can be defined by the equation P = 

M/N, where P is the probability, M is the 
number of times the event is expected to 

occur, and N is the number of trials. 
Hence, the probability of a sensitive 
component occurring per circuit is 1/10, 
while the probability of a component 
having atypical performance is 1/5. 

By the Law of Multiplication Probabil¬ 
ity (compound probability), when an 
event is regarded as occurring if a num¬ 

Fig. 1. A theoretical 
capacitor (A) actually 
contains parasitic R and L. 
Theoretical equivalent 
of an inductor (B) is 
even more complex. 

ber of subevents independently occurs, 
the compound probability of occurrence 

of the event is equal to the product of the 
individual probabilities of the subevents. 
This can be expressed in a mathemati¬ 

cal way by the equation P = PI x P2 or 

P = (M1/N1) (M2/N2). Therefore, 1/5 
times 1/10 or one out of every 50 cir¬ 

cuits may not function due to the typical 

design technique used in our example. 

In all likelihood, the figures used in the 

example are applicable to many hobby¬ 
ist-built projects and account for the oc¬ 

casional project that fails to work even 
when all the wiring is correct. It should 

also be noted that this condition is wors¬ 
ened when "surplus” components are 
used, since the probability of using a 
component that is just barely within its 
specifications increases. Using such 

components, it becomes possible for a 
designer to produce a working design 

prototype that when duplicated by oth¬ 

ers will fail to operate. 

Given the above conditions, it be¬ 
comes mandatory for all circuit designs 
to be subjected to worst-case design 

analysis if the circuit is to be duplicated 

by others. Any circuit can be so 
analyzed. The most convenient method 
is to use worst-case parameter values 
during the initial design phase to insure 

proper operation from the start. 

Defining the Problem. It is essential 
to recognize which parameter or com¬ 
bination of parameters create the worst 
case for a particular circuit. Unfortunate¬ 
ly, these conditions and how they affect 
circuit performance vary from circuit to 
circuit. Also, there may be different per¬ 

formance specs for any given circuit. 
Most modern circuits contain both IC’s 

and discrete components. When an 1C 
and a number of discrete components 

can be combined to make a subcircuit, it 
is acceptable and may even be desir¬ 
able to consider the subcircuit thus 
formed as a self-contained entity. This is 
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Fig. 2. Maximum sinking current as a Fig. 3. Maximum input forward current 
function of power supply voltage variation. as a function of the input voltage. 

also true for combining gates and other 

elements of IC’s. When circuit elements 

are so combined, a block diagram is 
created. The self-contained entities can 
then be individually analyzed and the re¬ 

sults combined to analyze total circuit 

performance. This approach also allows 
system partitioning and interconnection 
methods to be considered, as well as 

such problems as impedance matching, 
level shifting, and fan-out. 

The entire circuit’s specifications can 
be divided down to the individual blocks 
that are sufficiently detailed to be treated 
on a stand-alone basis. All characteris¬ 
tics must be considered. If the circuit 

block does not satisfy the detailed re¬ 
quirements (input and output imped¬ 
ance, temperature range, threshold lev¬ 

els, propagation delay, hold times, etc.), 

the circuit must be modified. 
Every component in a circuit must be 

allowed to vary over its full range of val¬ 
ues, as specified by its tolerance, and 
still allow satisfactory circuit operation. It 

is the tolerance range that specifies the 
worst-case parameter range. 

Every component contains parasitic 
components, such as capacitance, in¬ 

ductance, and resistance. In many cir¬ 

cuits, the parasitic components are ob¬ 
served only during worst-case condi¬ 

tions. For example, consider a capaci¬ 
tor. A capacitor cannot simply be added 

to a high-frequency circuit with the ex¬ 
pectation that the circuit will behave as if 
a theoretically pure capacitor were add¬ 

ed. This simple component is actually 
quite complex, as can be seen in Fig. 
1A. An inductor is even more complex, 

as shown in Fig. IB. Therefore, for prop¬ 
er worst-case operation, these parasitic 
effects must be considered when de¬ 

signing and building circuits. 

Fixed resistors also have broad toler¬ 
ance specifications that can range up to 

±10% (±20% in older resistors) of their 

specified nominal values. 

TABLE I—SWITCHING CHARACTERISTICS Vcc = 5 V, TA = 25 C 

Parameter* From 

input 

To 

input 

Test Min. Typ. Max. Units 

lPLH A Q Cext = 0 
Rex. = 5k 
CL=15pF 

22 23 ns 

B 19 28 ns 

Vhl A Q 30 40 ns 

B Rl=400 27 36 ns 

lPHL Clear Q 18 27 ns 

lPLH Q 30 40 ns 

*wQ(min) A or B Q 45 65 ns 

A or B Q Cex,= 1000 pF 
Rext = 10k 

CL=15 pF 

Rl=400 

2.76 3.03 3.37 |1S 

The Spec Sheet. Manufacturer spec¬ 
ification sheets for a particular 1C should 

be consulted for pinout and to gain a 

working knowledge of the device itself. A 
typical spec sheet, this one for a 74123 
dual retriggerable monostable multi¬ 
vibrator 1C, is shown in Table I. 

Assume you require a 50-ns pulse 
and decide to use the 74123 to generate 
it. Note in the table that twQ(mjn) (mini¬ 
mum output pulse width) has a typical 
value of 45 ns and a worst-case value of 

65 ns when external capacitance Cext is 
zero and external resistance Rext is 

(Continued on page 126) 

*tpLH ~ Propagation delay time, low- to high-level output 

tpHL= propagation delay time, high- to low-level output 

= width of pulse at output Q 

TABLE III—ABSOLUTE 
MAXIMUM RATING 

OVER FREE-AIR 
TEMPERATURE RATING 

TABLE II—RECOMMENDED OPERATING CONDITIONS 

Parameter Min. Nom. Max. Units 

Supply voltage, Vcc 4.75 5 5.25 V 
High-level output current, lQH -800 P-A 

Low-level output current, lQL 16 mA 

Operating free-air temp., TA 0 70 °C 

Supply voltage, Vcc‘ 7 V 

Input voltage 5.5 V 
Operating free-air 

temperature range 0-70°C 

Storage temperature range 65 to +150°C 

‘Voltage values are with respect to network 

ground terminal. 
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POWER SUPPLY . . . 
(Continued from page 96.) 

enough room to wire the switches, 
potentiometers, etc. 

To relabel the meter faces, first 
remove the meter covers. Then use a 
pencil eraser to carefully remove the 
existing numbers and a dry-transfer let¬ 
tering kit to relabel the meter faces. 

Although the wiring of the supply is 
simple and straightforward, several pre¬ 
cautions should be taken to ensure the 
best possible load regulation. One lead 
of R1 should be connected directly to 
the case of the TO-3 package, the out¬ 
put terminal of the regulator 1C. A sepa¬ 
rate heavy wire is connected from the 
case of the regulator directly to the 
positive output jack. Finally, the wiper 
of the voltage adjust control and the 
potentiometer lug connected to it 
should be wired directly to the negative 
output jack. This improves load regula¬ 
tion by providing remote ground sensing 
directly at the output of the supply. 

In Conclusion. The finished supply 
will prove to be a worthwhile investment 
for any home lab. Although the goal of 
simplicity guided the design of this pow¬ 
er supply (less than 25 components 
were used), its performance is more 
than adequate for most bench work. 
With the voltage adjust control set for 
15 volts, a 1-ampere load current will 
typically result in less than a 15-mV 
drop at the output and less than 1 mV 
peak-to-peak of ripple. Varying the ac 
from 90 to 125 volts causes less than a 
10-mV output change. Output voltage 
drifts of 0.01%°C can be obtained if 
stable components are used for R1 and 

R2. 
With a few additional parts, the out¬ 

put can be made to go down to zero. 
This is accomplished by connecting the 
wiper (and the lug connected to it) of 
the voltage adjust potentiometer to a 
stable —1.25-volt reference. Output 
current can be increased by replacing 
the LM317 with either an LM350 (3 
amperes) or an LM338 (5 amperes). If 
this is done, the power transformer and 
rectifier must be replaced with compo¬ 
nents that have increased current-han¬ 
dling capabilities. If a bipolar dc power 
supply is needed, you can build two 
supplies and connect the positive out¬ 
put post of one to the negative output 
post of the other. Alternatively, you can 
build a modified version of this project 
incorporating both an LM317 and a 
negative-voltage LM337. 

WORST CASE . . . 
(Continued from page 119.) 

5000 ohms. (If you were making only 
one circuit, you could hand-select the 
components to make it work, but this is 
not a safe approach to use in a con¬ 
struction article.) Now note twQ when 
Cext is 1000pF and Rext is 10,000 ohms. 
The width of the pulse can be between 
2.76 and 3.37/is. Hence, the value can 
range from 4-8.9% to —11.2% of the 
typical specified value for the given R 
and C values. Note also that the spec 
sheet does not tell you that this error is 
linear throughout the twQ range. For all 
we know, this may be the best point on 
the curve. So, when designing such a 
circuit, make certain that your design 
can accommodate this type of tolerance. 

Note the column in Table II headed 

Norn (nominal). This value is the one for 
which you should strive, but you may 
find that it is not possible to obtain or 

hold it through the design. 
It should be understood that one 

parameter may affect another. For ex¬ 
ample, consider the effect of varying 

the power supply voltage on the output 
sinking current (lOL). The output sinking 
current is a linear function of the power 
supply voltage, as shown in Fig. 2. 
When the supply potential is 4.75 volts, 
The output can sink 15 mA. A similar 
condition can be observed in Fig 3, 
where the maximum input forward cur¬ 
rent (lF) is shown as a function of input 
voltage. Here again, the variation of one 
parameter can affect another. 

At this point, you should realize that 
you must know which characteristics 
are important so that you can design 
with a knowledge of their probable vari¬ 

ations. To do this, you must know just 
what will affect a given parameter. 

All of the parameters thus far dis¬ 
cussed have been of the type that can 

cause circuit failure, not failure of a 
component. Most 1C data sheets carry 
a set of catastrophic characteristics, 
such as those listed in Table III. With 
resistors and capacitors, characteris¬ 
tics like maximum power dissipation 
and breakdown voltage should never be 

exceeded. 

Summing Up. If you use the tech¬ 
niques detailed in this article, or keep 
them in mind, your circuits will work and 
so will other circuits built from your 
design. If you build projects from maga¬ 
zines, steer clear of broad-tolerance 
components, especially in critical com¬ 

ponents. 

NOTICE TO READERS 

We consider It a valuable service to our 

readers to continue, as we have in previous 

editions of this guide, to print the price set 

by the manufacturer or distributor for each 

item described as available at presstime. 

However, almost all manufacturers and dis¬ 

tributors provide that prices are subject to 

change without notice. 

We would like to call our readers attention 

to the fact that during recent years the Fed¬ 

eral Trade Commission of the U.S. Gov¬ 

ernment has conducted Investigation of the 

practices of certain industries, in fixing and 

advertising list prices. It is the position of 

the Federal Treade Commission that it is 

deceptive to the public, and against the law, 

for list prices of any product to be specified 

or advertised In a trade area, if the majority 

of sales of that product in that trade are 

made at less than the list prices. 

It is obvious that our publication cannot 

quote the sales price applicable to each 

trading area In the United States. Accord¬ 

ingly, prices are listed as furnished to us by 

the manufacturer or distributor. It may be 

possible to purchase some items in your 

trading area at a price that differs from the 

price that is reported in this edition. 

The Publisher 
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