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Discussion of Errors of a Recommended Standard 
Resistor-Noise Test System* 

N. NEWMANt, ASSOCIATE MEMBER, IRE, AND G. T. CONRAD, JR. t, MEMBER, IRE 

Summary-This paper supplements an earlier report which 

describes a recommended standard resistor-noise test system.! It 

treats the nature and the magnitude of the errors associated with 

the use of the test system. The sources and types of errors are 

discussed for different operating procedures. Means are provided in 

summary form for estimating accuracy of current-noise measure

ments under a broad range of operating conditions. 

LIST OF PRINCIPAL SYMBOLS USED 

Req-Equivalent noise resistance of the test 
set 

S-System noise, based upon a meter read
ing, expressed in decibels 

1'-Total noise, based upon a meter reading, 
expressed in decibels 

1'-f(T-S)-Current noise, based upon a computation 
using Sand T, expressed in decibels 

U-Abbreviated notation for current noise, 
identical with 1'-f(1'-S) in all respects 

D-dc voltage applied to test resistor, ex
pressed in decibels 

B-Bias error (or bias ), expressed in decibels 
I-Current-noise index, expressed in deci-

bels 
vs-Voltage equivalent of S 
vr-Voltage equivalent of T 
vu-Voltage equivalent of U 

MEL[ ]-The median error limit i� the upper 
limit of the median of the absolute value 
of the error in a population of measure
ments wherein both bias and random 
variation contribute to the error. The 
"upper limit" is used, since the bias is 
considered as a maximum, i.e., since 
worst-case bias error is used. 

ME[ ]-A special case of MEL[ ] for the bias 
equal to zero. Only when there is no 
bias can we say that the bias is known 
specifically. This error is called the 
median error; the same value has often 
been referred to as the probable error. 

* -The asterisk subscript refers to an ideal 
measurement situation. Such a situation 
exists when current noise is l arge com
pared with system noise, i.e., when 
1'-S» 15 db. 

* Received September 25, 1962. 
t National Bureau of Standards, Washington, D. C. 

1. INTRODUCTION 

T

HE NATIONAL BUREAU OF STANDARDS 
has been engaged in a study of the evaluation of 
noise in fixed resistors. This study resulted in the 

establishment of a recommended standard resistor-noise 
test system. The system provides for the measurement of 
a definitive resistor-noise quality "index." A commercial 
test set was constructed in accordance with the system's 
requirements. Both the system and test method are fully 
described in a recently published paper! which, together 
with the present paper, represents a final account covering 
the fixed-resistor noise phase of the NBS noise study. 

A. Background 
The system described in Fig. 1 is being made a part of 

MIL-STD-202 as a standard test method. It is also being 
considered by the International Electrotechnical Com
mission for adoption as an international standard. In both 
instances, the system with its associated index is recom
mended. The index provides a definitive measure of 
current noise. The system and index represent the culmi
nation of the fixed-resistor noise study at NBS. 
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Some uncertainty is necessarily associated with the 
determination of the resistor-noise quality index.2 This 
uncertainty can be attributed to the combined effects of 
the test set and its operation, the intrinsic character
istics of the test resistor and environmental conditions. 

! G. T. Conrad, Jr., N. Newman, and A. P. Stansbury, "A 
recommended resistor-noise test system," IRE TRANS. ON COM
PONENT PARTS, vol. CP-7, pp. 71-88; September, 1960. 

2 Henceforth "index" will refer to the number of microvolts-per
volt in a frequency decade, expressed in decibels, as described in 
Conrad, et aU 
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The significance of the index vaiue is incomplete with

out a consideration of the errors inherent in its determina
tion. This report considers such errors (departures from 
a "true" value) which may arise in making a determina
tion of the noise quality index. Bias errors, those which 
remain fixed for the measuring conditions, and random 
errors, those which vary with time and are usually as
sociated with noise fluctuations, will be considered both 
individually and j ointly in their effect on the uncertainty 
of an index determination. (The word determination, 

rather than measurement, is used throughout the report 
because the index is determined from a computation which 
uses several meter readings.) A discussion of the nature 
and magnitude of the errors associated with an index 
determination should enhance the understanding and 
interpretation of the index. 

The measuring system is readily adaptable to a more 
rapid production-line type of testing. Several accelerated 
testing procedures are discussed; consideration is given to 
their effects on measurement error. Since only meter 
readings are used to determine the index, any errors in 
the index must originate in the meter readings alone. 
(It is assumed throughout that there are no computat
tional blunders.) 

To estimate realistically the uncertainties associated 
with noise measurements for different situations, a num
ber of such measurements were made. These quantitative 
estimates will be used later in the report (Sections IV and 
V). Some meter readings were recorded photographically 
and others were taken visually. The experimental work is 
described in Section II. 

II. MEASUREMENT OF RANDOM ERROR 
The measurements described in this section were made 

on a specific resistor-noise test set.3 Other test sets built 
in accordance with the same specification would be ex
pected to perform similarly. 

The procedure used to determine the magnitude of the 
random error of noise measurements included making 
photographic observations of the meter pointer varia
tions at 5-second intervals for different input conditions. 
(Only random error is of interest here; bias errors are not 
considered in this section.) Photographic recordings were 
taken of system noise and total noise. Input conditions 
were selected so that recordings of test-set noise, thermal 
noise, and current noise were obtained. The photographed 
positions of the meter pointer, indicating variability, were 
recorded. 

Random variations of the noise-meter pointer are shown 
in Fig. 2, the first of several figures in which each curve 
represents approximately 35 readings. The 5-second 
intervals between readings is sufficient to provide inde
pendent successive readings. Fig. 2(a ), for which the 
readings were taken photographically,4 corresponds to the 

3 Quan-Tech Laboratory, Inc., Model 315. 
4 Readings in the curves of Figs. 2, 3 and 4 were taken photographically. 

condition in which the test-resistor terminals are short
circuited. The meter reading is proportional to the rms 
value of the test-set noise voltage, and its stability is 
a measure of the error that could be expected in a single 
measurement. The average value of this curve, as well as 
the averages for the other curves in Figs. 2-5, has been 
arbitrarily set near the center of the scale. Except for 
Fig. 5, the scale indications are omitted. Variability of the 
pointer was the principal interest. 

A digression is necessary at this point to describe the 
measure of variability used throughout the report. Prob
able error and standard deviation are both commonly 
used as measures of random variation. Standard devia
tion is usually restricted to indicate the dispersion of 
measured values about the mean. Probable error, as 
ordinarily used, is associated with a 50 per cent probability 
interval about the mean. Probable error is ordinarily 
obtained from the standard deviation by using a constant 
multiplier whose value depends on the nature of the distri
bution (for a normal distribution the constant is 0.6745). 
We wish to keep the 50 per cent probability interval in 
error statements which will be made, but since there will 
be occasion to superimpose a random variation on a bias 
error (an offset from a true value), the term probable error 
cannot properly be used in this context. Instead a new 
term, median error limit MEL, will be used to indicate 
that error (attributable to both bias and random varia
tion) which, when added to and subtracted from a 
measured value, gives a range that includes the true 
value with a probability of at least 50 per cent. As the 
bias becomes less and vanishes, the median error limit 
becomes the median error ME, and the corresponding 
interval will include the true value with a probability of 
50 per cent. This degenerate form of MEL is indeed 
identical with what is ordinarily called probable error, 
and refers to random variation alone. For the sake of 
uniformity, however, only MEL and ME will be used, 
and the value of ME will be obtained from an estimated 
standard deviation s by use of the relation ME = 0.67 s. 
This constant is used, since experiments show that both 
the noise measured and the corresponding meter fluctua
tions can be considered to have normal distributions. 
This new measure of variability MEL is discussed further 
in Section IV and in Appendix 1. 

The average of the observed values in Fig. 2(a ) is 
equivalent to the thermal noise of a 3-kil resistor; the 
median error was computed as 0.17 db. This value is 
marked above the curve, and the corresponding value is 
given for each of the succeeding curves. 

Fig. 2(b ) is similar to Fig. 2(a ), with the exception 
that a lO-Mil resistor was placed across the test-resistor 
terminals while measuring the system noise. The input 
circuit of the amplifier was then connected to the parallel 
combination of the test resistor RT, the I-Mil isolation 
resistor Rm and the input resistance of the dc VTVM 
(approximately 8.4 Mil). The input resistance of the 
ampli£er itself is extremely high and may be neglected. 
The parallel combination of the resistors represents a 
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thermal-noise generator which provides a noise far in 
excess of Ithat ge�erated �y the amplifier. .The indicated 
noise, therefore, IS essentIally thermal nOIse. The com
puted median error, as shown in Fig. 2 (b) , is 0.09 db. 

A comparison of curves in Fig. 2 indicates that the 
set noise is somewhat more variable than thermal noise. 
The variability of thermal Roise in a relative (decibel) 
scale is essentially fixed because of the fixed pass band, 
detector and time constant of the test set .5 It is not 
unreasonable to expect that the variability of the system 
noise, whose equivalent noise voltage is contributed by 
both the test resistor and the test set, will lie between the 
extreme conditions represented by the curves of Fig. 2. 
The value for the curve of Fig. 2 (b), approximately 
0. 1 db, represents fluctuations associated predominantly 
with thermal noise when Rr » Req (3 kQ) . The value for 
the curve of Fig. 2 (a) , approximately 0. 2 db, applies 
when R l' « Rew (In later quantitative considerations, 
only the more conservative value of 0. 2 db will be used. ) 

N ext, current-noise measurements were made with two 
lO-kQ resistors, one designated "Mfgr B" and the other 
"Mfgr C." Two resistor samples were selected to provide 
data on resistors differing widely in degree of variability; 

6 A. van der Ziel, "Noise," Prentice-Hall, Inc., Englewood Cliffs, 
N. J., pp. 333-345; 1954. 
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the C sample was quite stable and the B sample was 
unusually variable. The curves in Fig. 3 show a series of 
successive measurements for the two resistors. The 
first reading in each case was taken 5 seconds after the 
application of dc voltage. Only t watt was dissipated in 
the test resistor; hence there was not an excessive tempera
ture rise due to internal heating. The median errors for 
resistors B and C, shown in the curves of Fig. 3, were 
1.9 db and 0.19 db, respectively. (The larger variability 
is not necessarily associated with the larger noise level. ) 
rhe total noise T read on the meter was essentially 
current noise, because its level was sufficiently far in 
excess of the background or system noise. 

The curves of Fig. 4, essentially extensions of the 
curves in Fig. 3, also represent current noise, but after 
approximately five minutes of stabilization with the dc 
voltage applied to the test resistors. In these instances 
the variabilities for resistors B and C, in terms of median 
error, are 0.67 db and 0. 12 db, respectively. A comparison 
of respective curves in Fig. 3 and 4 indicates that, 5 
minutes after the application of dc voltage, there is 
significant stabilization of current noise. The curves in 
Fig. 5 give information similar to that given in Fig. 4. 
The conditions were similar, except that the measure
ments were made by different observers, taking simul
taneous 5-second averages with a 5-second interval 
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between averaging periods. The variability showed a 
further marked decrease as a result of the operator's 
averaging of the meter readings. The median errors were 
approximately 0.3 db and 0.02 db for B and C, respec
tively. Agreement between the observers was excellent, 
not only for the average of the set of measurements, but 
also for nearly all of the individual observations. 

In summary, a series of instantaneous meter readings 
provides estimates of variability in the measurement of 
system noise. The estimates of median error are from 
0.1 to 0.2 db for widely differing test conditions. Varia
tions associated with the measurement of T are dependent 
not only upon the test set but also upon the inherent 
noise properties of the individual resistors, transient 
effects and the operating procedures. Ordinarily the 
operator averages the meter reading and, as a result, such 
readings are less variable than those obtained by photo
graphic means. The latter procedure was used in prepara
tion for this report in order to eliminate operator error 
and, at the same time, to provide conservative estimates of 
variabili ty . 

III. ERRORS 

For the purpose of this report an error in a measurement 
is defined as the departure of the measurement from the 
"true value" of the quantity measured. The measured 
value would be the same as the true value if the measure
ment procedure and equipment introduced no bias or 
systematic error and short-time variations were negligible. 
Since bias error cannot be completely eliminated, and 
since the quantity being measured, noise voltage, is 
inherently variable, bias error and random variations 
are present simultaneously. Both bias error and the 
random error associated with current-noise variations 
affect the accuracy of the determination of the index. 

A. Bias Error 

Bias error B is the error in a measurement when there 
is no random error, and as such, it is a measure of accuracy. 
Although the effects of all systematic errors appear 
collectively in the meter readings, the bias error of ultimate 
interest is that associated with the index. (This is discussed 
in detail in the following section. For the present, the 
discussion of bias error is limited to its effect upon meter 
readings.) 

There are two measuring systems in the test set: one 
measures dc voltage; the other, ac or noise voltage. Each 
measuring system has its own meter and its own bias 
error, which may differ for different measurement con
ditions. While bias error, in general, cannot be determined 
exactly, it can be minimized by careful calibration of all 
circuits whose functions affect accuracy. It is, of course, 
necessary that such calibrations have greater accuracy 
than the over-all accuracy expected of the system. The 
more important test-set circuits and functions which 
require calibration include the dc attenuator, the dc 
meter and its tracking, the ac attenuator, the ac meter 
and its tracking, the detector response, pass band and the 

magnitude of the internal calibration signal. All of these 
potential sources of error may be readily checked, and it is 
recommended that this be done periodically. 

It is estimated that the maximum bias error of the dc 
system is approximately i db. The accuracy of the dc 
system can be checked by relatively simple procedures 
with generally-available laboratory equipment. For this 
reason means for checking accuracy of the dc system are 
not given here. 

The estimated maximum bias error of the ac measuring 
system is approximately 1 db, where most individual 
sources of error are less than 0.2 db, and in no case greater 
than 0.4 db. Errors of these magnitudes are considered 
representative of reasonable performance requirements 
for equipment maintained in proper calibration. 

The bias error can be different for different measure
ment conditions, e.g., different values of test resistance, 
attenuator settings, meter deflections, etc. The sum of the 
bias error of the two measuring systems, 1 db, is con
sidered the "worst-case" bias error associated with de
terminations of the index. The use of "worst-case" implies 
that conditions encountered in practice are most unlikely 
to yield a larger error. Since the actual bias error will 
usually be less than the worst-case error, treatment of 
errors assuming the worst case will provide conservative 
estimates of the system performance. 

Over-all accuracy of the noise-measuring system can be 
checked by comparing measured values of thermal noise 
with their corresponding calculated values. The expected 
meter reading (in decibels) can be found by evaluating 

10 log [4kT(R + Req)1O!2] + 33.8. 

The term enclosed in brackets is Nyquist's expression for 
thermal noise density (in microvolts-squared per cps). 
The additive term, 33.8, provides a scale conversion to 
microvolts-per-volt in a decade.! R is the resistance 
across the input terminals of the amplifier. R.q is the 
equivalent input noise resistance of the amplifier when 
the input is short-circuited. Alternately, R.q is that 
resistance which, when substituted for a short across the 
amplifier input terminals, would cause the noise meter 
reading to increase 3 db. 

Evaluations of the expression for the expected meter 
reading when R.q is equal to 3 kn, and the measured 
value of equivalent input noise resistance of the particular 
test set in the NBS laboratory, are tabulated in Table I. 
The values of R used in the calculations of Table I corre
spond to the input conditions listed. R is equal to the 
resistance of the parallel combination of the isolation 
resistor Rm, the test resistor RT, and the input resistance 
of the dc VTVM, which, in this particular test set, is 
8.4 Mn. 

The performance check is made by calibrating the test 
system for RT short-circuited and then observing the 
meter readings for the various combinations of Rm and 
RT in Table I. 

The agreement between calculated and observed values 
is excellent and well within the ±l-db maximum speci-
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fied bias error for all test conditions. The observed meter 
reading for Rm = 1 Mn is somewhat larger than the 
calculated value, due to the presence of grid-current 
noise which becomes more pronounced for higher values 
of input resistance. 

Test Condition 
Rm RT 

n n 

any 
1k 

10k 
lOOk 

1M 

short 
open 
open 
open 
open 

B. Random Error 

TABLE I 
PERFORMANCE TEST 

R 
n 

zero 
1k 

10k 
lOOk 

0.89M 

Expected Observed 
Meter Reading Meter Reading 

db db 

-9.2 
-8.0 
-2.9 

6. 1 
15.5 

-9 . 1 
-8.2 
-2.9 

5 . 8 
16.3 

In the measurement of noise, spontaneous fluctuations 
produce variations of the noise-meter pointer. Random 
error would account for the total error in a meter reading 
if there were no bias error. The difference between a 
particular meter reading and the time average of the 
meter readings is a random error. Such meter reading 
variations due to fluctuations of the noise source are 
approximately inversely proportional to the square root 
of the product of the pass band of the system and the 
time constant of the metering circuit. o 

The principal random error contributing to the error 
of the index is that associated with the variability of 
the meter indication of total noise T. The designation 
for the quantitative value of this variability, the median 
error of T, is ME[T]. When current noise is not large 
in comparison with system noise a second random error, 
the median error of the system noise measurement 
ME[S], must also be considered. The effect of system noise 
and its variations becomes important whenever the in
crease in noise, due to the presence of dc current, is not 
more than 15 db, i.e., whenever T - S ::; 15 db. The 
manner in which these two random errors affect the un
certainty of the current-noise index is treated in 
Section IV. 

C. Souroes of Error 

There are sources of error or uncertainty other than 
those mentioned above. An index determination may 
have an uncertainty which, strictly speaking, cannot be 
classified simply either as a bias error or a random error. 
Temperature, for example, can be expected to effect 
current noise. During a period in which the temperature 
remains constant at a value outside of the recommended 
range, the temperature offset introduces a bias-type error. 
During a period in which there is considerable variation 
in temperature without compensation, it introduces a 
random-type error. Furthermore the effects of temperature 
may well be different for different resistors. Consequently, 
it is generally desirable to restrict the range of the en
vironmental temperature when resistor noise is measured. 

Variations in the measurement procedure may cause 
additional uncertainties in index determinations. Treat
ment in a uniform manner is recommended, for realiza
tion of the fullest capabilities of the system. In making 
noise measurements, it is necessary to delay reading the 
noise meter for a minimum period of four times the 
effective time constant of the meter circuit (a total of 4 to 
5 seconds) , so that the meter may indicate a representative 
average value. Following the application of dc voltage, 
current noise may vary differently for different types of 
resistors. Some types, for example, display sporadic 
initial noise which settles to more stable values. Others 
do not exhibit large transient effects. In general, these 
transient effects diminish with time and become small 
after 4 to 5 seconds. Their residual effects on repeatability 
may be decreased further by regularly reading the meter 
soon after the recommended delay. 

IV. ERROR IN THE DETERMINATION OF THE 

CURRENT-NoISE INDEX 

Before errors in the index can be properly discussed, 
a brief review of the measurement procedure is in order. 
First, a sine-wave calibration signal is inj ected in series 
with the resistor under test, and the system gain is 
standardized by setting the noise-meter pointer to a 
"calibration" line. The pointer is steady during calibra
tion because a relatively large calibration signal is used. 
Second, the calibration signal is turned off and the noise 
meter is read with no dc current present in the test re
sistor; this is a reading of system noise S. (The test set is 
calibrated in decibels for both ac and dc meters.) The 
indication of S fluctuates; the median error of this fluctua
tion is termed ME[Sj. The third step involves switching to 
the total noise position so that there is dc current in the 
test resistor, and then adj usting the dc voltage to a 
recommended value, D (in dh). The noise meter now 
reads total noise T which is the db equivalent of the 
quadratic sum of current-noise voltage and system-noise 
voltage. As in the measurement of S, the m�ter pointer 
fluctuates when indicating T; the associated median 
error is termed ME[Tj. Both ME[Sj and ME[Tj are in 
decibels, and each has an equivalent in voltage which 
will be used later in evaluating the median error of the 
current noise. 

The quantity of interest is the current-noise index, 
which is calculated from the meter readings deflcrihed 
above, S, T and D. The error of ultimate interest is that 
of the index. It is a function of the errors in the meter 
readings. The calculated value of the index I is 

I = U - D, (1) 

which is expressed by Conrad, et al./ as 

I = T - I(T - S) - D, (la) 

where 

f(T - S) -10 log [1 - 1O-<T-S)/IOj. (2) 
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In this report U is useq as an abbreviated notation for 
current noise. Its meaning and significance are identical 
with those of T - f( T - S). The function f(T - S), an 
additive term which corrects for the presence of system 
noise, is used in the determination of current noise from 
the measurement of T. Since T includes the system noise 
as well as the current noise, the magnitude of the term 
f(T - S), given in (2), is a direct indication of the effect 
of the presence of system noise on the measurement of T. 
This effect decreases as the current noise increases, be
coming negligible for T - S > 15 db. 

The bias error and random error associated with the 
meter readings must be combined to obtain an estimate 
of the error of the current-noise index. The resulting 
estimate of error, when added to an subtracted from the 
index determination, defines an interval which includes 
the true mean value of the index with a minimum prob
ability of 0.5 If the worst-case bias is used, this error is 
the worst-case estimate of the median error of the index 
or the median error limit of the index MEL[I]. The median 
error limit of the index as used here is a measure of the 
dispersion of an asymmetrical distribution. This point is 
emphasized in Appendix I, which describes the manner in 
which bias and random errors combine. 

The median error limit of the index MEL[I] is a func
tion of both the bias error B and the median error of 
current noise, ME[U]. Since the bias error tends to be the 
same for any particular measurement situation, both 
ME[U] and the resultant MEL[I] can be expressed as 
multiples of B. Accordingly, Fig. 6 gives MEL[I]! B as a 
function of ME[U]/B. The curve and its asymptotes 
indicate that 

and 

MEL [IJ � B for ME [UJ < B (3) 

MEL [I] � ME [UJ for ME [U] > B. (4) 

These approximations are reasonably close, even at the 
point where ME[U] = B. The maximum deviation of this 
approximation occurs in this neighborhood. 

The median error of current noise ME[U] is equal to 
ME[T] for all cases in which current noise is sufficiently 
large that T-S > 15 db, since f(T - S) is negligible 
in these cases. When T - S  ::; 15 db, however, ME[U] 
cannot be so simply evaluated. The remainder of this 
section is devoted to the determination of ME[U] for 
those cases in which f( T-S) cannot be neglected, i.e., 
when T-S ::; 15 db. For such conditions ME[U] cannot 
be measured directly. However, its value can be obtained 
from estimates of S, T, ME[S ] and ME[T], all of which 
are measurable. 

Before developing the equations for estimating error in 
current noise, it is necessary to have the voltage equiva
lents of the decibel quantities, because we are dealing 
fundamentally with voltage relationships. Since the noise 
meter responds to rms voltage there is, corresponding to 
the meter reading of S, an rms noise voltage Vs for the 
condition in which there is no dc current in the resistor 

4 

/ 
/ 

/ 

/ 
/ 

/ 

ME[U] 
B 

2 3 

Fig. 6-Random error and bias error combined. 

under test. When dc current is present, the meter reads 
T and the corresponding noise voltage VT is then the 
quadratic sum of Vs and the current-noise voltage Vu. 
The basic relationships upon which future developments 
depend are 

and 

Vs 
1 -1 S 
og 

20 '  

I -1 T 
VT = og 20' 

(5) 

(6) 

(7) 

where the voltages are rms values. Earlier measurements6 
indicate that the noise voltages considered here are 
approximately normal. As long as the relative variations 
of voltage are small,7 i.e., for ME[S] and ME[T] < 2 db, 
the distribution of the decibel readings may also be con
sidered normal. Measurements show that ME[T] seldom 
exceeds 2 db. This restriction is therefore considered 
acceptable for our purposes, and all variates treated here 
will be considered normally distributed. 

The discussion above provides necessary background 
for the problem of obtaining the random error associated 
with the determination of the current noise. The mean
square error, or variance of current-noise voltage s;u, 
may be approximated in a treatmene·9 of the mean-

6 G. T. Conrad, Jr., "A proposed current-noise index for com
position resistors," IRE TRANS. ON COMPONENT PARTS, vol. CP-3, 
p. 15; March, 1956. 

7 A. Hald, "Statistical Theory with Engineering Applications," 
John Wiley and Sons, Inc., New York, N. Y.; p. 164; 1952. 

8 J. M .  Cameron, "Fundamental Formulas for Physics," in 
"Statistics," D. Menzel, ed., Dover Publications, Inc., New York, 
N. Y., vol. I, ch. 2; 1960. 

9 H. H. Wolfenden, "The Combination of Observations," in 
"Fundamental Principles of Mathematical Statistics," Actuarial 
Society of America, New York, N. Y., ch. IV, pp. 25-26; 1942. 
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square error of a combination of observations. The pro
cedures outlined by Cameron8 and Wolfenden9 lead to the 
relation 

(8) 

where s represents standard deviation. We can convert (8) 
to the median error form and express it more conveniently 
as 

v� ME2 [vu] = v� ME2 [VT] + v� ME 2 [vs]. (9) 

We wish to solve for ME[U], which, in terms of' ME[vu] 
and vu, islD 

ME [U] = 20 log [1 + M�u[Vu] J . (10) 

Algebraic manipulation 6f (9) leads to (11). 

M�: LVuJ 
= 

�� M�2
2 

[VTJ + �� ME_22 [vs]. 
Vu Vu VT Vu Vs (11) 

In this equation the various quantities on the right side 
can be evaluated from the values read on the noise meter, 
Sand T, and the estimates ME[S] and ME[T]. As in the 
case of U in (10), 

and 

ME [SJ = 20 log [1 + M� [vsJ ] (12) Vs 

ME [T J = 20 log [1 + M�}VT]l (13) 

Substituting the value of ME[vul/vu from (11) into (10), 
we now find the explicit solution for ME[U] 

ME [UJ = 20 log [1 + [�� M�: [VT] 
Vu VT 

+ v! ME2 [vsJ] 1/2 ] . 
_ 4 _2 Vu Vs (14) 

Eq. (14) allows one to estimate random error associated 
with the determination of current noise. Although an 
estimate of ME[U] can be found for any particular case 
by direct substitution in (14), the process is cumbersome. 
For this reason the solution is given in graphic form in 
Fig. 7. The three curves cover a range of operation likely 
to be encountered. It was necessary to select representative 
values of ME[S] and ME[T]; the measurements reported 
in Section II, provide a basis for these selections. ME[S] 
was conservatively chosen to equal 0.2 db, even though 
measurements indicated a range from 0.1 db to 0.2 db. 
The three values of ME[ T] listed below were chosen 

10 The relationship 

U = 20 log Vu (lOa) 

leads to a direct correspondence between increments in the average 
value of U and the average value of vu, 

(j + ME[U] = 20 log (vu + ME[VuJ), (lOb) 

where the increments are expressed as median errors. The solution 
for MElU] gives (10). 
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Fig. 7-ME[UJ vs 1'-8 for constant values of ME[TJ. 

to represent a range varying from a minimum variation 
in the measurement of T to a large variation which 
would rarely be exceeded. 

In order to be able to make the appropriate substitutions 
of ME[VTl/VT and MElvsl/vs in (14), the equivalences 
using (12) and (13) are listed here. 

ME [vrl 
= 0.0233 

VT 

= 0.0471 

= 0.0964 

M� [vs] 
= 0.0233 Vs 

for ME [T] = 0.2 db 

for ME [T] = 0.4 db 

for ME [T J = 0.8 db 

for ME [S] = 0.2 db. 

Since there was a tacit assumption that the value of 
ME[T] was symmetricalll about an average value of T, 
there are two values of ME[vTl/vT which could corre
spond to ME[T]. The larger is used so that the computed 
values of ME[U] are conservative, or somewhat larger 
than should be expected. 

Use of the curves permits the direct reading12 of the 
median error of the current noise in terms of the meter 
readings Sand T and the estimates ME[S] and ME[T]. 
To illustrate the use of Fig. 7 in estimating ME[U], let 
us assume that a total noise reading is 1.5 db above the 
system noise reading, i.e., T -S = 1. 5 db, and that its 
variability, ME[T], is estimated from meter fluctuations 
as 0.4 db. The corresponding value of ME[U] as shown 
by the appropriate curve, is 1.4 db. 

The estimated value of ME[ U] has been shown to be 
strongly dependent upon T-S as well as on ME[T]. 
Accordingly, caution should be exercised before making a 
comparison of current-noise variability between two 

11 A similar assumption was made for ME[S]. 
12 Interpolation may be used if necessary. 
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resistors on the basis of the estimated ME[U] alone, 
without consideration of the other parameters involved. 
The effect of changes in the level of system noise on the 
measurement of a particular resistor is treated in Section V. 

V. THE EFFECT OF NOISE IN THE TEST SYSTEM 

The purpose of this section is to evaluate quantitatively 
the effects of system noise on the determination of current 
noise, so that more effective use may be made of the test 
system for measurement of relatively small values of 
current noise. 

The effect of noise in the test system is that of masking 
the desired signal, current noise. The uncertainty of a 
measurement of the signal is therefore increased as the 
relative magnitude of the system noise increases. For 
this reason, a threshold or limit of sensitivity is established 
by the presence of system noise. It is highly desirable that 
system noise be small and that maintenance procedures 
include assurances of sustaining low values of system noise. 

The effect of system noise is considered, in view of its 
magnitude, relative to that of current noise. For con
ditions in which system noise is relatively small, i.e., for 
T - S » 15 db, its effect is negligible. This may be con
sidered an ideal measurement situation. It follows that 
T is an estimate of U, and ME[T] is an estimate of ME[U]. 
Using an asterisk (*) to denote this ideal situation, we have 

and 

(15) 

(16) 

(17) 

We are concerned with the effects of system noise 
when it is not relatively small, i.e., when T - S � 15 db. 
Let us consider the changes produced when the measure
ment situation changes due only to an increase in the 
magnitude of S, as when measurements are made with 
a test system having a value of system noise greater than 
that for the ideal situation described above. It will be 
shown that, for the more noisy system, not only will S 
be greater than S* and T greater than T*, but ME[T] 
will be less than ME[T*] and the calculated ME[U] 
greater than ME[U*]. The increase in the estimated 
value ME[U] over ME[U*] is an indication of the de
terioration in the measurement, which ultimately limits 
the useful sensitivity of the system. These new con
siderations, which were not covered previously by the 
development summarized in Fig. 7, lead to worthwhile 
conclusions, and their validity must be demonstrated. 

The apparent change in ME[ U] with an increase in S 
will be considered first. Let us assume that a given resistor 
is measured on a test set having a very low level of system 
noise. The observations are T* and S*, and the associated 
random variations are ME[T*] and ME[S*]. If the system 
noise were increased, a new set of observations would 
yield T, S, ME[T] and ME[S]. Such an increase in system 

noise may represent measurement of the same resistor 
on a different, but more noisy, test set in which system 
noise is larger but its relative variation is unchanged. 
Therefore ME[S] = ME[S*], and it follows that T > T* 
and S > S*. To analyze the effects of such an increase in 
system noise, a new quantity representing the increase 
in system noise is introduced. The increase in system 
noise, expressed as an rms voltage, IS represented by 
VN. Its average is defined by 

V� = v�. + v�. (18) 

To dete mine the effect of this increase VN on the cal
culation of ME[U], the test resistor and other conditions 
of measurement must remain unchanged. These conditions 
require that Vu vu. It follows from this relation and 
(18 ) that 

V� = v�. + v�. (19) 

In a form similar to (9 ), (20) and (21 ) are derived from 
(18) and (19). . 

v� ME2 [Vs] = V�. ME2 [Vs.] + v� ME2 [VN]; (20) 

v� ME2 [VT] = v�. ME2 [VT.] + v� ME2 [VN]' (21) 

Adding corresponding sides of (20) .and (21), we get 

v� ME2 [Vs] + V� ME2 [VT] 
= V�. ME2 [Vs.] + v�. ME2 [VT.] + 2v� ME2 [VN]' (22) 

By combining the terms on the left and the first two 
terms on the right, we find, by use of (9) ,  that 

(22a) 

Eq. (18) is used in the form v; = ii; - v�., so that (22a) 
can be expressed without explicit use of VN' Again using 
the procedure by which (9) was derived, we have 

v� ME2 [VN] = v� ME2 [Vs] + v�. ME2 [VB']' (23) 

(Note that there is no contradiction between (20) and (23). 
In each equation, uncertainty of the quantity on the left 
side is expressed as a function of the quantities on the 
right side. In such an equation, transposing from one side 
to the other is not permissible). It was stated earlier that 
the relative variations of VB and Vs. are assumed to be 
the same, i.e., 

(24) 

Eqs. (22a) , (23), and (24) combine to give 

M�: [vu] 
= 

��. M�: [vu.] + 2(v� i v�.) ME:
2 

[vs]. (25) Vu Vu Vu. Vu Vs 

Recalling that an asterisk (*) makes a measurement 
have the value it would have in an ideal measurement 
situation, we may consider VB. as small in comparison 
with Vs as we wish. In particular, if Vs � 3vs. , then vi. 
can be neglected in (25). This restriction does no more 
than give an upper limit of Vs. in terms of a particular Vs. 

The term in question can, indeed, normally be neglected. 



188 IRE TRANSACTIONS ON COMPONENT PARTS December 

Eq. (25) may be used to estimate the degrading effect 
of system noise on the variability or uncertainty in the 
estimate of current noise. A more convenient representa
tion of the equation is given in Fig. 8, where, as in Section 
IV, the relationship is plotted as a family of curves. 
ME[U] is plotted as a function of T - S for ME[T *] = 0.2, 
0.4, and 0.8 db. The three curves for ME[U] may be 
thought of as corresponding to three resistors, differing 
only by the variability ME[T*] as indicated. As S in
creases, the differen�e between the observed corresponding 
values of T and S decreases; the curve indicates how 
ME[U] increases, although ME[T*] remains fixed. The 
increase in the uncertainty of the current-noise determina
tion, as shown, is due solely to the increase in system noise. 
It is interesting to note that, as T - S becomes small, 
ME[U] , the random error associated with the estimate 
of current noise, becomes independent of the inherent 
current-noise variations of the resistor. ME[ U] becomes 
dependent only upon T - S and ME[S] ,  and would 
increase without limit if T - S continued to decrease. 

db 
4.0 

2.0 
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0.8 

0.2
1===::-_-
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Fig. 8-ME[U] vs T - S  and ME[TI vs T - S  for constant values 
of ME[T.] .  

A second family of curves appears in Fig. 8 ,  which shows 
the behavior of the variability of T as S becomes larger, 
i.e . , the change in ME[T] as T - S decreases. The three 
curves of the function ME[T] are obtained from solutions 
of 

M�22 [v;] = 
��. M�22 [Vr.] + (v� � v� .) M�2 [vs] . (26) V7' Vr Vr. Vr Vs 

Eq. (26) follows directly from (21), by the same procedures 
used in obtaining (25) from (22a) . As in (25), the term 
v� .  in (26) may be ignored when Vs � 3vs • .  This is the 
case for the plots in Fig. 8. It should be noted that ME[T] 
tends to become equal to ME[S] as T - S decreases to 
small values. 

In summary, Fig. 8 shows the manner in which ME[ U] 
and ME[T] vary with T - S when changes in T- S occur 

for a particular set of conditions. Changes in T - S are 
assumed to result only from changes in S. Each curve 
thus applies to measurement of one or more resistors 
having fixed current-noise properties. Since Fig. 8 de
lineates the degrading effects of system noise, it is well
suited for clarifying the limitations of the measurement 
procedure. If it is assumed that the sensitivity limit for 
T - S is set as 1 db, then Fig. 8 shows that the system 
noise degrades the measurement of current noise by in
creasing its uncertainty from its minimum value, ME[T*] ,  
to the value of ME[U] for T - S = 1 db. Values of 
ME[U] read from the three curves are 1.05 , 1.13, and 
1. 32 db for the respective values of ME[T* ] ,  0.2, 0.4 and 
0.8 db. The value of ME[U] would always fall within this 
range for the limit T - S = 1 db unless a highly unstable 
resistor were measured. 

Although Figs. 7 and 8 both show ME[U] as a function 
of T - S, they have a fundamental difference. In contrast 
with the detailed description of Fig 8 immediately above, 
the curves in Fig. 7 relate ME[U] with T - S  for constant 
ME[T] ,  whereas ME[T*] is held COI\stant in Fig. 8. With 
normal test-set operating procedures, estimates of ME[T] 
are available from measurements of T. Fig. 7 provides 
the means to estimate ME[U] in this practical situation. 
On the contrary, Fig. 8 uses a frequently encountered 
situation for a reference (a test set with system noise 
so low that it may be neglected) . In this figure the change 
in ME[U] is associated with the change in system noise, 
i.e., the test set is assumed to become more and more 
noisy, while the test resistor remains unchanged. 

VI. CHOICES OF MEASURING PROCEDURES 

The errors associated with determinations of the index 
depend not only upon the properties of the resistor under 
test and the measurement equipment, but also upon the 
measuring procedures and the operator. Heretofore the 
discussion has been based upon the isolated measurement 
of individual resistors wherein all procedural steps are 
performed. However, other measuring procedures may 
better suit the varied requirements of different users. 
Brief discussions of several measuring procedures are 
therefore included. 

A. Substitution Method 

The substitution method eliminates the need for calibra
tion in the measuring procedure. Instead, the noise-meter 
deflection is noted after the application of dc voltage. 
The dc voltage is then turned off, and an external l-kc 
signal having an adj ustable amplitude is introduced in 
series with the resistor under test by means of the "calibra
tion" input j ack. Adj ustment of the signal amplitude 
to provide the same deflection as that noted for the total 
noise causes the rms value of the input signal to become 
proportional to the rms value of the current noise. (The 
constant of proportionality is derived by Conrad, et al. 1 ) .  

This procedure eliminates the need for computations 
using f(T - S) . It also eliminates any bias errors associ
ated with the usual calibration, noise meter tracking 
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Eq. (25) may be used to estimate the degrading effect 
of system noise on the variability or uncertainty in the 
estimate of current noise. A more convenient representa
tion of the equation is given in Fig. 8, where, as in Section 
IV, the relationship is plotted as a family of curves. 
ME[U] is plotted as a function of T - S for ME[T *] = 0.2, 
0.4, and 0.8 db. The three curves for ME[U] may be 
thought of as corresponding to three resistors, differing 
only by the variability ME[T*] as indicated. As S in
creases, the difference between the observed corresponding 
values of T and S decreases; the curve indicates how 
ME[U] increases, although ME[T*] remains fixed. The 
increase in the uncertainty of the current-noise determina
tion, as shown, is due solely to the increase in system noise. 
It is interesting to note that, as T - S becomes small, 
ME[U], the random error associated with the estimate 
of current noise, becomes independent of the inherent 
current-noise variations of the resistor. ME[U] becomes 
dependent only upon T - S and ME[S] ,  and would 
mcrease without limit if T - S continued to decrease. 
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Fig. 8-ME[UJ vs T - S  and ME[T] vs T - S  for constant values 
of ME [T.]. 

A second family of curves appears in Fig. 8, which shows 
the behavior of the variability of T as S becomes larger, 
i.e. , the change in ME[T] as T - S  decreases. The three 
curves of the function ME[T] are obtained from solutions 
of 

M�22 [v:] 
= 

�:. M�22 [Vr.] + (v� � v� .) M�22 [vs] . (26) 
V 7' Vr Vr. Vr Vs 

Eq. (26) follows directly from (21), by the same procedures 
used in obtaining (25) from (22a). As in (25), the term 
v� .  in (26) may be ignored when Vs 2: 3vs • .  This is the 
case for the plots in Fig. 8. It should be noted that ME[T] 
tends to become equal to ME[S] as T - S decreases to 
small values. 

In summary, Fig. 8 shows the manner in which ME[U] 
and ME[T] vary with T - S when changes in T - S occur 

for a particular set of conditions. Changes in T - S are 
assumed to result only from changes in S. Each curve 
thus applies to measurement of one or more resistors 
having fixed current-noise properties. Since Fig. 8 de
lineates the degrading effects of system noise, it is well
suited for clarifying the limitations of the measurement 
procedure. If it is assumed that the sensitivity limit for 
T - S is set as 1 db, then Fig. 8 shows that the system 
noise degrades the measurement of current noise by in
creasing its uncertainty from its minimum value, ME[T*] ,  
to the value of ME[ U] for T - S = 1 db. Values of 
ME[U] read from the three curves are 1.05 , 1.13, and 
1. 32 db for the respective values of ME[T*] ,  0.2, 0.4 and 
0.8 db. The value of ME[ U] would always fall within this 
range for the limit T - S = 1 db unless a highly unstable 
resistor were measured. 

Although Figs. 7 and 8 both show ME[ U] as a function 
of T - S, they have a fundamental difference. In contrast 
with the detailed description of Fig 8 immediately above, 
the curves in Fig. 7 relate ME[ U] with T - S for constant 
ME[T] ,  whereas ME[T*] is held constant in Fig. 8. With 
normal test-set operating procedures, estimates of ME[T] 
are available from measurements of T. Fig. 7 provides 
the means to estimate ME[U] in this practical situation. 
On the contrary, Fig. 8 uses a frequently encountered 
situation for a reference (a test set with system noise 
so low that it may be neglected). In this figure the change 
in ME[U] is associated with the change in system noise, 
i.e. , the test set is assumed to become more and more 
noisy, while the test resistor remains unchanged. 

VI. CHOICES OF MEASURING PROCEDURES 

The errors associated with determinations of the index 
depend not only upon the properties of the resistor under 
test and the measurement equipment, but also upon the 
measuring procedures and the operator. Heretofore the 
discussion has been based upon the isolated measurement 
of individual resistors wherein all procedural steps are 
performed. However, other measuring procedures may 
better suit the varied requirements of different users. 
Brief discussions of several measuring procedures are 
therefore included. 

A .  Substitution Method 

The substitution method eliminates the need for calibra
tion in the measuring procedure. Instead, the noise-meter 
deflection is noted after the application of dc voltage. 
The dc voltage is then turned off, and an external l-kc 
signal having an adj ustable amplitude is introduced in 
series with the resistor under test by means of the "calibra
tion" input j ack. Adj ustment of the signal amplitude 
to provide the same deflection as that noted for the total 
noise causes the rms value of the input signal to become 
proportional to the rms value of the current noise. (The 
constant of proportionality is derived by Conrad, et al. 1 ) .  

This procedure eliminates the need for computations 
using I(T - S) . It also eliminates any bias errors associ
ated with the usual calibration, noise meter tracking 
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and ac attenuators. The amplitude of the substituted 
signal must be accurately determined in order that it not 
introduce significant error. The median error associated 
with the measurement of current noise is not affected by 
the substitution. In this method current noise voltage 
(or, more precisely, its effective equivalent) is measured 
rather than computed. 

The substitution method holds promise for improved 
accuracy because of the reduction of bias error. Under 
certain conditions it can also provide a more rapid testing 
routine. However, it may well be more difficult to auto
mate than the usual procedure of measurement. 

B. Measurement of a Group of Similar Resistors 

A considerable saving in time and effort can be gained 
when groups of "identical" resistors (same manufacture, 
type, power rating) having nominally the same resistance 
are to be measured. Although this accelerated method 
of testing does entail an attendant loss in accuracy, the 
calculated values of maximum additional bias error, 
tabulated in Table II, are not particularly large, and may 
be tolerable. 

TABLE II 

MAXIMUM ADDITIONAL BIAS-TYPE ERROR FOR GROUP TESTING OF 
SIMILAR RESISTORS 

Max. Error Max. Error Max. Error 
for 5 for 1 0  for 20 

per cent per cent per cent 
Resistance Resistance Resistance 

Rm RT Tolerance Tolerance Tolerance n n db db db 

l k  0 . 1  k 0 . 4  0 . 8  1 . 6  
1 . 0 k 0 . 0  0 . 0  0 . 1 
2 . 2  k 0 . 2  0 . 3  0 . 7  

10k 2 . 7  k 0 . 3  0 . 5  1 . 2 
10 . 0  k 0 . 0  0 . 0  0 . 1 
22 . 0  k 0 . 2 0 . 3  0 . 7  

l OOk 27 . 0  k 0 . 3  0 . 5  1 . 2 
100 .  k 0 . 0  0 . 0  0 . 1  
220 . k 0 . 2  0 . 3  0 . 7  

1 M  0 . 27M 0 . 3  0 . 5  1 . 1  
1 . 0 M 0 . 1 0 . 1  0 . 1  
4 . 7  M 0 . 3  0 . 6  1 . 2 

1 0 . 0  M 0 . 4  0 . 8  1 . 6 
22 . 0  M 0 . 4  0 . 8  1 . 8 

The accelerated test method reqUIres selection of a 
sample "identical" resistor having the nominal value of 
resistance. This nominal resistor13  is used to set the dc 
voltage control and, by the normal calibration procedure, 
to set the gain control. The settings thus obtained remain 
unchanged and are used for measuring the individual 
resistors of the entire group. The measurement procedure 
requires reading only the value of total noise T for the 
case in which T - S > 15 db, where S is the system 
noise for the nominal resistor. The estimated value of 

13 It is advisable to use a sample "identical" resistor, rather than 
a resistor of a different type selected on the basis of resistance 
alone, because the ratio of dc to ac resistance may be different for 
different types of resistors. 

the index is the indicated current noise T, minus D, where 
D is the dc voltage (in decibels) set with the nominal 
resistor . 

If T -S � 15 db, then both T and S should be read 
for each resistor. The current noise used is then 
T- f(T- S) instead of the indicated value T, and the 
estimated value of the index becomes T - f( T-S) - D, 
where D is again the dc voltage, set with the nominal 
resistor. 

In effect the procedure described above ignores changes 
of dc voltage and of system gain caused by the 5 ,  10, 
or 20 per cent departures of resistance from the nominal 
value. The effects of dc voltage and system gain changes 
can be neglected if resistors have a tolerance of not more 
than 1 per cent . For larger tolerances, they cannot be 
neglected; fortunately, the effects of shift in de voltage 
and of gain tend to cancel each other. For example, if 
the resistance of the test resistor were somewhat higher 
than the nominal value, the de voltage across R T  would be 
raised, tending to increase the current noise. However, 
the noise voltage at the input of the amplifier, which is 
across Rm, would be decreased, tending to offset the effect 
of the increase in current noise. The net result is the 
introduction of little or no error when RT = Rm . If R T  
i s  greater than Rm, the error has the same sign as the 
tolerance; for R T  less than Rm, the opposite is true. The 
signs are not given in Table II, because the magnitudes 
of the errors associated with plus and minus values are, 
in effect, the same. 

In summary, Table II lists the increase in bias-type 
error which necessarily accompanies the accelerated 
group-test procedure. The values in the table cover the 
full recommended operating range of the test system. 
The most conservative estimate of the effect of this bias
type error on the determination of index values for the 
group is obtained by taking the bias error of the index 
to be equal to the sum of the worst-case bias error ( 1 .0 db) 
and the appropriate values listed in Table II. 

C. The Effects of Reducing the Metering Time Constant 

The time constant of the meter circuit provides an 
inherent limit to the measuring system's speed of opera
tion. It has already been suggested that observation of 
the meter reading be delayed for a time approximately 
equal to four time constants (4 sec), so that the meter 
pointer will have time to approach a representative 
average. Reducing the time constant obviously would 
allow a representative average value to be reached in a 
shorter time. T�e price for such an improvement is an 
increase in variability of the average value. A procedure 
for determining the time constant of the test set is given 
in Appendix II .  

The I-second time constant can readily be reduced by 
removing capacitance from the metering circuits. The 
minimum such time constant is approximately 0. 1 sec, 
the time constant of the quadratic detector. Since the 
probable error of the noise measurement is inversely 
proportional to the square root of the time constant, 
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a O.I-second time constant would increase the median 
error by a factor of approximately 3, insofar as the measur
ing equipment is concerned. The metering circuit would 
then be capable of indicating an average in approximately 
0.4 sec. 

The most rapid measurements imply automation with 
the resistors automatically inserted into the test j ig and 
the indicated noise automatically recorded. Automatic 
recording of the indicated noise presents a problem, due to 
the significant initial transient current noise which is 
sometimes generated immediately after application of 
the dc voltage. This transient behavior differs for different 
types of resistors; little information has been published 
on this subject. A possible solution to this problem is to 
apply voltage to all the test resistors far enough in advance 
of the total noise measurement. By this procedure transient 
effects will have disappeared before measurements begin. 

VII. CONCLUSION 

An effort has been made to enumerate and evaluate the 
maj or sources of error inherent in a resistor current-nbise 
index determination when the test system of Conrad, 
et al.l is used. The subject of error was first considered 
on the basis of actual measurement performance of a 
test set for several different conditions of operation in 
order to find practical limitations of the variability of 
noise measurements. The subject of error was then treated 
from a theoretical point of view, with the parameter 
limitations in mind. 

The summary curve, Fig. 6, provides a means for 
estimating uncertainty associated with the index in 
terms of bias error and random error. The estimates of 
index error are conservative, because worst-case bias 
error was assumed and random-error magnitudes were 
based on photographic recordings of meter readings. 
Measurements indicated that operators tend to reduce 
random-error estimates to values as low as one third of 
those based on photographic readings. 

The magnitude of the random error (i.e . ,  the median 
error) in the measurement of system noise was found to 
be of the order of 0.2 db. The median error of total noise 
was found to range from values as low as that for system 
noise to values several times as large, the actual value 
depending upon the current-noise characteristics of the 
resistor under test. Values of ME[T] from 0.2 db to 0.8 db 
were used in the treatment of the uncertainty due to 
random error. 

The curves of Fig. 7 provide a means for estimating the 
random error associated with the determination of current 
noise. Use of these curves requires, in addition to the 
usual measurements of total noise T and system noise S, 
an estimate of the random error ME[T].  Taking a series of 
measurements of T by procedures similar to those out
lined in Section II yields such an estimate. Similar test 
sets should have similar values of ME[S] .  

The curves of Fig. 8 provide a means of estimating a 
threshold of sensitivity of the measuring system. The 
l imit of sensitivity may be expressed as a minimum value 

of T - S corresponding to a maximum acceptable value 
in the random error associated with the determination of 
current noise. 

More rapid measurement procedures can be used for 
production-type testing at a sacrifice in measurement 
accuracy. This loss of accuracy is, in general, not large; 
hence, the advantage of more rapid testing techniques 
appears to have practical application. 

ApPENDIX I 
COMBINING BIAS ERROR AND RANDOM ERROR 

This appendix discusses the error in a determination of 
the current-noise index. Such an error is a function of the 
bias and random errors associated with the meter readings 
used in the calculation of the index. The text of this 
report describes the net effect of these two types of errors 
in terms of a single bias error and a single random error. 
The purpose of this appendix is to describe a procedure for 
combining these two errors. The procedure results in the 
estimation of an interval including the true value of the 
index with a minimum probability of 0.5. This interval has 
a magnitude of twice the median error limit of the index, 
MEL[I] . The distribution of the deviate, the departure 
from the true value of the index, is not symmetrical with 
respect to the center value of the interval. 

The estimate of the median error of the current noise 
ME[ U] is considered in the report, We shall here treat the 
median error limit of the index MEL[I] the quantity of 
ultimate interest, in terms of the worst-case bias error B 
and ME[U]. (It is implied that the direction of the bias 
error is not known.) The curve in Fig. 6, showing how 
MEL[I] varies in value from that of B to that of ME[U] ,  
was obtained with use of normal probability tables. 

A pictorial representation of an illustrative example is 
shown in Fig. 9. This figure shows a normal probability 
density curve, the abscissa of which is marked in median 
error units. In the example, the (worst-case) bias error is 
0.8 times the median error. The shaded area contains 
50 per cent of the distribution and the limits of the range 
are equally spaced about the bias B, whose direction is 
not known. The limits of this range were determined 
rather accurately from normal probability tables. 

There is an equally good method of arriving at the 
same results, which, though less precise, is quicker. It 
requires the use of arithmetic probability paper.l4 Con
sider Fig. 10, in which the abscissa is linear and the 
ordinate is marked in cumulative percentage for a normally 
distributed variate.l5 As in Fig. 9, the abscissa is marked 
in median error units, with the center of scale, zero, 
corresponding to the average of the random variations. 
A straight line drawn between ( - 1, 25) and (+ 1, 75) 

gives the percentage of values y, which is not more than 
x median errors above the average for any point (x, y) 

14 This paper, which is commonly available, substitutes for the 
cumulative probability tables otherwise necessary. 

15 It was previously indicated that current-noise voltage, ex
pressed in decibels, is approximately so distributed. 
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Fig. 9-Effect of bias error on MELlI] (linear paper). 
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Fig. 100Effect of  bias error on MELlI] (arithmetic probability 
paper). 

on the line. The existence of bias error is indicated by the 
displacement of the true average from the center of the 
random variation. MEL[I] is equal to half the range, 
centered at the bias error value (x = B) , which on the 
average covers 50 per cent of the values. This procedure 
sets up  the graph paper to permit (with the use of inter
polation) a direct reading of the resultant value of MEL[I] . 

A numerical example using Fig. 10 is now given. Let 
the median error of current noise ME[ U] be 1.25 db and the 
bias error B be 1.0 db, or 0.8 ME[U] .  Referring to Fig. 10, 

we find that the true average in the absence of a bias 
is centered at the 50 per cent point, about which the 
distribution is symmetrical. The presence of a bias dis
places the true average 0.8 ME units. Since the sign of 
the bias is not known, the displacement may be either 
positive or negative. The symmetry of the curve, how
ever, makes the results independent of the choice. For 
this example, it can be assumed that the true average 
corresponds to B = - 0.8. We now want a span from 
Xl = B 

-
.::l to X2 = B + .::l such that Y(x2) - Y(Xl) = 50, 

which by definition makes .::l equal to MEL[IJ . Inter
polation on a curve with fine subdivisions indicates that 
MEL [I] = .::l = 1.14 ME[U] ,  or 1.42 db. The same infor
mation is shown in Fig. 9, though not explicitly. In terms 
of B, MEL[I] = 1. 42 B, or 1.42 db. This value is con
sistent with Fig. 6, the summary curve for combining 
random and bias error. 

If B « ME[ U] the displacement from zero is slight, 
and it is apparent from the curves in Figs. 9 and 10 that 
MEL[I] is effectively equal to ME[U] .  Alternatively, if 
B » ME[U] ,  the range 2B centered at B includes practi
cally 50 per cent of the values, so that MEL[I] is essentially 
equal to B. MEL[I] has as its lower bound either B or 
MF.fU] ,  whichever is larger. 

ApPENDIX II 
PROCEDURE FOR DETERMINING THE TIME CONSTANT OF 

THE TEST SET 

As indicated in Section VI, a knowledge of the response 
time of the test set is required for certain applications. 
If the speed of response is assumed to be determined 
essentially by the RC integrating circuit of the detector, 
the response time may be characterized by a conventional 
time constant-the time required for the output indicator 
to traverse (1 - e-l) of its total excursion after an instan
taneous change in input level. It has been experimentally 
verified that the transient behavior of the test set is 
consistent with time-constant measurements for which 
the above assumption was made. A description of a 
procedure using square-wave testing techniques to de
termine the time constant is included in this appendix. 

The assumption that the transient response of the test 
set is, in effect, determined by the detector integrating 
circuit implies that all other circuits in the signal path 
(including the electromechanical circuit of the output 
meter) are essentially linear, and do not introduce signi5.
cant phase shift compared to that of the integrator. 
It also implies that any significant modification of the 
transient behavior introduced by circuits other than the 
integrator appears only as a change in the magnitude of 
the RC time constant. It is this effective time constant 
of the test set which is actually measured. 

The method employed to determine the time constant 
of the test set is based on the following considerations. 
For a square wave input voltage the total excursion of 
the output voltage of an RC integrating circuit is pro
portional to the excursion of the input voltage if the period 
of the square wave is long compared to the time constant 
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of the integrator. For a square wave with a half period 
equal to four time constants, for example, the swing of 
the output voltage differs by less than 0.5 per cent from 
its maximum attainable swing. For a fixed amplitude of 
the input square wave, the output voltage swing de
creases monotonically as the frequency of the square wave 
is increased. It is shown below that at a frequency with a 
half period equal to the time constant of the RC circuit, 
the output-voltage swing is reduced to approximately 
46 per cent of its maximum attainable value. A reason
ably accurate approximation of the time constant of the 
integrator is, therefore, provided by the formula 
T = 1/(21), where T is the time constant and f is the input 
signal frequency at which the output-meter pointer 
excursion is reduced to half its full swing (that for a low
frequency input signal) . 

In application of these considerations to the determina
tion of the time constant of the test set, a complication is 
introduced by the 61 8-to-1618 cps pass band of the 
system. Because of this limited pass band, it is not feasible 
to use square waves in the frequency range required 
(below 1 cps) as the input signal to the test set. In the 
actual test procedure, a l-kc carrier was square-wave 
modulated. Since the original modulating signal is re
covered at the output of the detector, this modulation 
procedure, aside from a shift in dc level, does not es
sentially modify the principles discussed previously. 

In practice the repetition rate of the modulating square 
wave is initially set low enough so that the swing of the 
output-meter pointer remains effectively the same (at the 
maximum). The amplitude of the carrier is adj usted to a 
value which results in a convenient excursion of the meter 
pointer. With the amplitude of the carrier maintained 
constant, the frequency of the modulating wave is in
creased until the excursion of the pointer is approximately 
half the original value. The time constant can then be 
computed as 1/(21), where f is the frequency reading of 
the square-wave generator for the half-maximum-range 
excurSIOn. 

In estimating the time constant of the test set by the 
method described above, the readings were regarded as 
though the scale were linear in voltage rather than in 
decibels. It was assumed that this approximation would 
not cause any sizeable error. Calculations indicate and 
measurements verify that, if the time constant estimate 
is made for a signal which gives approximately a 6-db 
meter swing (near the top of the scale) when a very low
frequency modulation is used, then the use of that modula-

tion frequency which has a 3-db meter swing gives rise 
to an error well within 10 per cent. Hence for a 1.0-second 
time constant, the proper order of magnitude, the error in 
the estimate is less than 0. 1 sec. 

Let us now consider the mathematics leading to the 
relation between the time constant and the 46 per cent of 
maximum swing. We make the following assumptions: 

1) The meter has linear voltage markings. 
2) The cumulative effect of the system time constant, 

as it affects the meter-pointer behavior, is similar to 
that of an RC circuit with a time constant T. 

3) The input square-wave-modulated l-kc signal ap
pears to the equivalent RC circuit as a square wave 
of fixed amplitude with a period equal to that of the 
modulation signal. 

4) An input signal with a modulation of a very long 
period gives the maximum meter-pointer swing. 
The limits of this maximum swing are designated 
Eo and E,. 

5) There is an input signal whose half perio:.l of modula
tion is equal to the time constant T of the system. 
The lower and upper limits of the meter-pointer 
swing for this case are designated El and E2• 

In general, the voltage E reached in an RC circuit after 
time t as a result of step E, - Eo is 

E - Eo = (E, - Eo)(1 - e- 1/T) ,  (27) 

where e is the N aperian base. Specifically, for a stablized 
swing between El and E2 when t = T, for the upscale 
swing (27) becomes 

E2 - El = (E, - E1)(1 - e-1) ,  (28) 

and for the downscale swing 

El - E2 = (Eo - E2)(1 - e- 1) . (29) 

Solving for El and E2, we find they are respectively 26.9 
per cent and 73.1 per cent of (E, - Eo) above Eo, which, 
as was to be shown, is a reduction to about 46 per cent of 
the maximum swing. 
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