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ABSTRACT

Design and performance data are given for a 3. 3-mm
broadband mixer employing GaAs Schottky barrier diodes.
Included are conversion loss and noise temperature ratio
mecasurements on a series of mixers, Bcoth single-ended

and balanced configurations are considered.
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I. INTRODUCTION

With the advent of solid state sources with sufficient power to serve as
local oscillators and perhaps eventuzlly as useful transmitters there has
been greatly increa sed interest in millimeter wave communications systems.
With the exception of a few experimental devices (Refs. 1 and 2), there are no
low noise amplifying devices available below about 8 mm; therefore millimeter
mixers assume a role of paramount importance in receiver design, Although
there have been a number of papers (Refs. 3-18) describing millimeter mixers
using both point contact and Schottky barrier diodes, there is generally g
lack of infecrmation concerning both the band-shape characteristics and the
noise temperature ratios of millimeter mixers. This paper provides these
data for a number of our 3. 3-mm mixers.

The characteristics of the 3-um-~diam GaAs Schottky barrier diodes
used in our mixers differ somewhat {rom those ordinarily expected (Ref. 19)
for a metal contact on the original material, These differences result from
the addition of Cu impurity in the GaAs. In this process a 2000-10\-thick,
high-resistivity region is produced on heavily doped n-type GaAs. An extended
space charge vcegion is formed that changes the electric field profile ir the
semicondr. -1 © se as to reduce the capacitance of the diode by a factor of
betweer = and 10. Nickel and gold plating on the GaAs forms the Schottky
barsier,

These dicdes are then placed in mounts similar to the Adtec Corporation
mount described by Wentworth et al, (Ref. 20) and in an improved mount of our
own design. The details of the construction of ~ur rnount are described in
Section II, and the conversion performance of mixers in both types of mounts
is given in Section III,

In any system in which the diodc noise is comparable to the noise
generated by the intermediate frequency (IF) amplifier following the mixer,
the diode noisc be2ccmes as important to system pcrformance as is mixer

conversion, For this reason we made an extensive series of noise ratio
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measurements on our diodes., The addition of the Cu impurity in the
processing of the GaAs resulted in an unusual diode noise behavior. The
measurement methods and results are presented in Section IV.

Noise figure measurements were made on various receivers with
these mixers. The technique employed was the familiar hot-cold body
method, for which we used a He-Ne gas tube calibrated against a precision
liquid nitrogen standard with a Dicke radiometer. The results of these
measurements are discussed in Section V.
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. II. DESIGN OF IMPROVED MIXER MOUNT

The Adtec mount with a point contact GaAs diode is capable of excellent
broadband performance (Ref. 21), However, the lack of mechanical rigidity

: in the mount and the extremely delicate diode junction made use of the mount
difficuit even with the most careful laboratory handling.

3 This laboratory redesigned the mount in order to improve both the

; mechanical and electrical propertiez of the mixer. At the same time, we

: begin to fabricate GaAs Schottl . barrier diodes.

4 One of the features of ti'c point contact junction that contributed both

to its excellent performance and to its fragility was the very small arca of

: contact at the junction, which minimized junction capacity, thercby improv-

6 ing the RF matching of the diode. Any junction that did not have a very

small junction contact area would match poorly, with a resultant high con-
version loss. Even with Schottky barrier diameters of between 2 and 5 pum,
we had a similar matching problem at 3.3 mm due to junction capacity.
One possible broadband solution to this problem is reduction of the wave-
guide impedance level through reduction of the waveguide height. Since our
waveguide heights are generally cither 0. 050 in, (WR-10) or 0.061 1n.
(WR-12), this is not a very attractive solution because of the very small
mechanical tolerances involved, We found a better solution by changing the
characteristics of the semiconductor material, as explained in the Intro-
duction, thereby allowing the use of a standard guide without any sacrifice
in the matching characteristics of the junction. With the RF matching
problem alleviated by the semiconductor processing, it remained for us to
make the structurc of the mount more rugged.

Figures 1-3 show the mount design we used. We removed the long
differential screw drive arrangement for the diode and the bulky N-type
connecfior and the quarter-wave matching transformer, These two major

changes considerably improved the mechanical rigidity., Additional rigidity
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was obtained by the use of a modified OSM connector with a glass-to-metal
seal. The hermetic seal prevents the center conductor from moving verti-
cally and laterally in the mount. In the older mount design the center
conductor would sometimes move and break the diode. The hermetically
sealed OSM connector solved this problem entirely without any sacrifice of
the IF bandwidth characteristics.

The whisker is made of annealed Au alloy wire of 0.0015-in, diam.

It has a half-loop bend along its length to provide axial contact pressure
against the Schottky diode dots on the GaAs material. We hand-form the
whisker while viewing under a microscope. The radius of the half-loop is
approximately 0. 01 in. Pointing of the whisker is done electrolytically, and
the method used is the same as that described in Ref. 22. The whisker is
cut so that two conditions are met; the half-loop position is mid-positioned
within the waveguide, and the whisker post plus solder are flush and do not
protrude into the upper waveguide wall.

The brass rivet rod entrance into the waveguide wall is a tapered fit,
primarily for mechanical reasons but also because it reduces RF lecakage at
the joint., It has been our expression that the best mixer performance occurs
with the half-loop of the cat whisker across the waveguide.

We make the contact to the diode by manually advancing the diode post
while observing the voltage vs forward current curve with a Tektronix
Type 575 transistor cu rc tracer. When a stable diode curve is observed,
the advancement ;~ .opped. Contact pressure is then finally adjusted for
optimum performan » during measurements of cither conversicn loss or
noise figure. The Aulen screw is then sct to hold the post securely. Since
the function of the whisker-to-diode metalization contact is to provide ohmic
contact and not actual diode formation, the whisker pressure is of much less
importance than in the case of the point contact diode. We estimate our
contact pressures to be several times greater than those of the point contact
diodes. This is very important not only for reliability but also for simplicity.

An inverted-dumbbell type of structure is used to block the RF encergy

from propagating up the mixer IF output coaxial line. The RF choke consists

~)




e

of quarter-wave spacings of alternate low- and high-impedance coaxial sections,

As shown in Figure 3, thezse sections are formed by the waveguide wall and two

small washers, The norinal inside diameters of the washers are 0,030 and

0.020 in, The OSM coaxial pin is 0,015 in. in diameter, This combination com~

promises between a low coaxial line Zo impedance and effective low capacity
for the IF rolloff point and provides an IF (3dB) cutoff of ~5 GHz, resulting in
effective RF choking over a bandwidth of ~10 GHz,

The leakage fields in the vicinity of the mixer and its associated cables
and connectors were probed with a small horn, So that a level on these
leakage fields could be determined, the mixer assembly was removed and an
identical small horn was attached to the waveguide. The field was again
probed, and the resulting measured power level was 50-70 dB above the
previously measured leakage fields.

Both positive and negative output diode mounts have been made. The
GaAs diode chip is interchanged with the whisker to produce a mount with
polarity opposite that of the mount shown in Figure 1.

-8-
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i, MIXER CONVERSION PERFORMANCE

A block diagram of the test equipment configuration used to measure
conversion loss is shown in Figure 4, Over the 85-95 GHz range, the back-
ward wave oscillator (BWO) was leveled to £0.5 dB at worst but generally
was closer to #0.25 dB. Our primary millimeter power standard was a TRG
Model 980 water calorimeter. Three such instruments all agreed within
narrow limits. Power calibrations below 40 GHz were made with a Hewlett
Packard 431 Power Meter., We estimate the total error in these measure-
ments to be, conservatively, less than +1.0 dB and probably generally less
than £0.5 dB. VSWR measurements at RF were made with an FXR Model
E103A slotted section and at IF with an HP8410A network analyzer,

The results of sweeps of various mounts are shown in Figures 5-11,

In the figures the mount numbers prefixed with a "W" are our mounts (i.e ,
as shown in Figure 1) with W-band waveguide (WR-10). The mounts without
the "W" prefix are Adtec-type mounts in E-band waveguide (WR-12). For
thesec tests we used a total of 26 mounts, 11 of our design and 15 of the Adtec
type. Approximately one-third of the mounts performed well, one-third were
average, and onec-third poor. Performance also varied considerably between
runs of Schottky barrier material. The performance data given in this paper
are for those mounts that gave the best results,

Figure 5 is a sweep of those mounts with the local oscillator (L. O.) at
90 GHz., A signal power reference (i.c., signal power into the mixer) curve
taken with a well padded bolometer, also shown in Figure 5, shows how well
the bolometers track cach other; since we expect each of them to vary
smoothly, we can infer that the leveled output of the BWO is a smooth function
of the form shown in Figure 5. The bias tee (a Micreclab HW-30N designed
for 2-4 GHz) used for these sweeps had a low frequency cutoff of ~0.5 GHz,
Unless otherwise noted, this was the bias tec used for all of the data presented.
The periodic nature of the responses of mounts No. 9 and No. 11 is probably

due to mismatches within the structure or perhaps a periodicity in the basic

-9-
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Figure 10. Balanced Mixer Configuration with 3-dB Hybrid Coupler
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frequency conversion process of the diode. It is not attributable to a simple
mismatch problem at the RF input, since we know that our signal source
VSWR (as measured at the ocutput port of the 3-dB coupler in Figure 4) is
generally less than 1. 3:1. Mixer performance from the L. O, frequency

to £1 GHz or perhaps even *1.5 GHz is somewhat masked by the bias tee
response and the resonances (e.g., at 90.75 GHz in No. 9) between the tee
and the mixer. The lowest conversion (6.5 dB) of the three is exhibited by
No. 9 and the flattest performance (~16 GHz for £1.5 dB) by W-6.

Figure 6 is a sweep of the mixer with the lowest conversion loss (4.5 dB.
The response dips at 91.3 and 89,0 are caused by a broad resonance between
the mixer IF structure and the bias tee.

Figure 7 is an expanded sweep of the upper sideband of three mounts
with the L. O. at 90 GHz, Mounts No. 3 and No. 11 arc flat within £1.5 dB
to 3.5 GHz. Mount No. 5, which is not as flat as No. 2 or No. 11 but converts
almost as well over narrow bands, exhibits a noticeable periodicity as well
as a resonant null at 3.25 GHz and possibly a resonant null at 2. 15 GHz. The
data shown for mount No. 11 in Figures 5 and 7 were taken some days apart.
It is probable that the mixer changed characteristics slightly, which would ac-
count for the slight differences between Figures 5 and 7.

Figure 8 illustrates some of the problems associated with the biasing
network. The narrowband (1 GHz) conversion of mount W-6 was measured
for two simple bias networks of our own design. The behavior close to the
L.O. frequency at 93.9 GHz was about as we expected. We did not, however,
expect the periodicity with the 1-kQ biasing resistor, nor did we expect the
1-kQ resistor to outperform the series combination of 200Q and 0. 47 ph above
a 500-MHz IF. We have found that pure resistive biasing gives the best
resuits for IF frequencies below 1 GHz, although a series combination of a
resistor and a choke may also prove acceptable. Above 1| GHz, biasing
through a choke (e.g., as in the Microlab HN-30N bias tee} gives the best
results. When using choke biasing, we prefer a low-impedance source for
the bias current, which allows us to use the rectified mixer current for tuning

as well as to indicate how hard we are driving the diode.
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Figure 9 shows a sweep of mount W-5 for an L. O. frequency of 94.2 GHaz.
Also shown is a corrected conversion curve, which is the result of point-by-
: point computation of conversion from power measurements made at RF with a
: TRG calorimeter and at IF with an HP power meter, as explained prewviously.
: Resonances between the mixer and the bias tee resulted in the dips between
3 91.75 and 92.55 GHz and between 95,85 and 96.55 GHz. Since it would be
: meaningless, we have not corrected these ranges and similarly have not
’ corrected the range of bias-tee cutoff. The result is a corrected conversion
that varies 0.7 dB from 89. 4 to 98. 0 GHz.
3 Figure 10 shows two mounts with a 3-dB hybrid coupler in a balanced
: mixer configuration designed for use in our 3, 2-mm radar receiver (Refs. 23-25)
which necessitated excellent balance while requiring good conversior perfor-
4 mance, The ccnversion performance is shown in Fig, 11, At the I.” frequency
of importance (400 MHz) the conversion is 6.5 dB on the upper sideband and
] 6.7 dB on the lower. The L.O. suppression curve, calculated by the method

E{ of Ref. 26, is shown in Figure 12. The suppression for the upper sideband was
about 38 dB.

A plot of conversion loss vs local oscillator power is shown in Figure 13
for two mixers. We obtain the lowest conversion loss by first lightly biasing
the diode with dc (~100 uA) and then driving the diode with between zero and
+3 dBm. When a low-impedance bias source is used, the total current (bias
plus rectified) for this condition is 1-4 mA., The same conversion performance
is obtained with either high- or low-impedance biasing sources.

Table I lists the RF VSWR for a pair of diodes in the improved mount.
Diodes mounted in the E-band Adtec mount generally exhibited slightly higher
RF V3WR's., Over a 4-GHz input {requency range, the VSWR is less than
2.3:1 and is generally less than 2.0:1, Figure 14 plots the IF impedance of
10 mounts, all optimized for best conversion, with a local oscillator f.equency
of 94 GHz and an IF frequency of 125 MH-~. The VSWR varies from 1.9:1 to
4.2:1, corresponding to mismatch losses of 0. 38 and 2. 08 dB, respectively,
Typical performance without RF drive is shown in Figure 15 for mount No. 3

as a function of bias and IF {requency. For a given total diode durrent and IF
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Table I. Input VSWR vs Frequency

PL_O =0 dBm, {j 5 =.94. 0 GHz, power
in measurement signal = -13 dBm

Input VSWR

: Frequency Diode W-6 Diode W-7
: 91.0 2. 30 2.10

% 92.0 1.80 1.80

| 93.0 1.60 1,65

E 93.5 1.50 1.75

f 94.0 1.25 1.70

' 94.5 .30 1.60

5 95.0 1.20 1.35
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frequency, the IF impedance is higher when the diode is driven with RF

than when it is not. Figure 16 is a plot of the IF impedance for mount No.

W-1 with a 90-Q quarter-wave transformer centered at 3 GHz to improve the
IF match. From 2 to 4 GHz, the VSWR is less than 2.4:1. Without the

matching network, the VSWR would have been greater than 3.0:1 over the same
range,
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IV. NGISE TEMPERATURE RATIO

A. GENERAL DISCUSSION

The noise temperature ratio t is defined as the ratio of the diode
available noise power to that available from an ideal conductance of the same
value of conductance as the diode. The noise properties of the diode can then
be represented by the equivalent circuit of Figure 17,

e

i.(t %EGo (NOISELESS)

O
4

Figure 17. Noise Equivalent Circuit of Diode

In Figure 17, 4 ) 4kTBGDt, where k = Boltzmann's constant = 1, 38

x 10~23 j/°K, T = diode temperature in °K, B = bandwidth in Hz in which (i >
is measured, and Gp = diode conductance. Cowley and Zettler (Ref. 22) and
Hsu (Ref. 27) have examined the noise properties of silicon Schottky barrier

diodes both theoretically and in the laboratory. For a diode whose forward
I-V characteristic is described by

I= Iso(qu/nkT - 1) (2)

where q is the electronic charge, IsO is the saturation current, and n is the

diode "ideality factor,' normally slightly greater than unity, they predict a
forward bias value of t of
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Their derivation of Eq. (3) assumes full shot noise for the forward current I
and for the equal and opposite saturation currents IsO that flow in the barrier;

i.e.,

G2y = 2q(1 + 21_)B (4)

: Combining Eqgs. (1), (2), and (4) and noting that GD = 01/8V gives the result in

3 Eq. (3). The experimental work of Cowley and Zettler and Hsu shows excel-

: lent agreement with this theory when simple corrections are made for the therm-
3 al noise contribution of the diode series resistance. These authors further

I find that, at frequencies below a few kilohertz, the diodes exhibit noise in

excess of that predicted; this noise has an approximate f'1 characteristic with

a strong dependence on current, the noise generally increasing as the current
is increased. Cowley and Sorenson (Ref, 28) compare the f'1 behavior of
silicon point contact and Schottky barrier diodes and find that the Schottky

barrier diodes give superior performance.

B. MEASUREMENTS

The measured noise temperature ratio tn for representative diodes is
plotted in Figures 18-23 for both frequency and current as the independent
variable. The test procedures for obtaining these data are discussed in the
Appendix. These data have a number of striking features, With reference to
the tm-vs-f curves, the tm is relatively constant and very high at low frequen-
cies and has a low-frequency corner at several hundred kilohertz, after
which it decreases at a rate of ~ f'z, with another corner frequency occurring
at several hundred megahertz. From the 1:m-vs-ID curves, we see that below
the lower corner frequency the value of tm increases as ID is increased from
zero, reaches a peak, and then decreases with increasing ID' For frequencies
of several megahertz and above, the value of t,, generally increases as I

D
is increased, Note alsz that the minimum value of tm for all these diodes is
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less than unity. Since our ideality factors were close to unity and our
saturation currents extremely small, this result is as expected, as can be
seen from Eq. (3), which predicts a lower limit of 1/2 for t. The actual
measured values of t, which we have called tm’ are somewhat different than
the t predicted by Eq. (3) because of the diode series resistance RS’ which
produces thermal noise independent of the noise of the Schottky barrier. The

noise power per hertz PD available between the diode terminals is therefore

tRA + R
D S
P =~ kT (5)
D RD + RS
where RD = l/GD . Then finally
. -2ptRs ()
m RD + RS
or
R
t=t 4= (i - 1) (7)
m RD m

- _ q qV/nkT _ q R
Gp = 81/8V = opg Lp © = mkr T 1s0) ~ et ! (8)
For example, at 290°K for n = 1 we would have
Gp ~40 I (9)
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Using Eqs. (7) and (9), along with the measured values of RS and q/nkT and

the values of tm in Figures 18-20, we can compute t. The results, plotted

vs frequency, are shown in Figuves 24-26. Comparing these curves with

those for t,» we see that perhaps the only significant change is that, above

the low-frequency corner, the values of t seem to be more linearly dependent on
the bias current than was t .. At present we have no straightforward

theoretical explanation for the measured behavior. We are, however, still

actively investigating the problem theorctically and through similar experi-

mental measurements on diodes processed somewhat differcently.
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V. NOISE FIGURE MEASUREMENTS

Noise figure measurements were made by the hot-cold body technique
with a Signalite TN-111 gas tube. The temperature of the gas tube was
established by comparison to ambient and liquid nitrogen loads with the use
of a Dicke switched radiometer with an E and M Laboratories Model L 1020
1-2 GHz IF amplifier. Except for the IF, the radiometer is identical to that
described by Johnson (Ref. 21). Two tubes were calibrated; the resulting
temperatures were 10, 300 and 12, 000°K.

The noise figures of mixers No. W-4. No. W-7, and No. 17 were mea-
sured with the same 1-2 GHz amplifier used in the gas tube calibration. A
tunnel diode detector was used to measure amplifier output power. The double
sideband noise figures, including the amplifier contributions, were 8. 6, 8.8,
and 10. 6 dB, respectively. We made a narrow band measurement at 1200
MHz nn No. W-7 by following the 1-2 GHz amplifier with a 5-pole-pair filter
with a 200~-MHz, 3-dB bandwidth. This double sideband noise figure was
measured to be 7.3 dB. Assuming that the sidebands are symmetrical then
gives single sideband noise figures, which are 3 dB higher. Figure 27 shows
the noise figure and gain characteristics of the IF amplifier as measured in
a 50- system. If an "average' noise figure of 3.5 dB is assumed for the
amplifier, the sum of the conversion loss, the mixer excess noise, and the
klystron noise contribution should be 8.1, 8.3, and 10.1 dB, respectively,
for No, W-4, No, W-7, and No. 17 with the 1-2 GHz IF. Similarly, for the

narrow-band measurement at 1200 MHz, the result should be 6.9 dB if we
assume an amplifier noise figure of 3.4 dB at 1200 MHz. Since the amplifier
was optimized for a 50-Q system, thesc numbers are probably somewhat
conservatijve.

The noise figure of the balanced mixer pair W-1 and W-2 was measured
with a 200-500 MHz IF amplifier. With the gas tube calibration described
above, the double sideband noise figure, includirg the amplifier figure, was

8.5 dB. Figure 28 shows the noisc figure and gain characteristics of the IF

Preceding page blank
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amplifier as measured in a 50-Q system. If we assume an average IF noise
figure of 2. 6 dB, the sum of the convcrsion loss, the mixer excess noise,
and the klystron noise is approximately 8.9 dB, again a somewhat conserva-
tive estimate.

In general, we find good agreement between noise figures predicted by

our conversion and excess noise ratio measurements and those actually

measured with the gas tube. The gas tube measurement is, however, cer-

tainly the more accurate of the two methods.
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VI. CONCLUSIONS

Data have been presented that show the conversion and excess noise
ratio characteristics of 3. 3-mm GaAs Schottky barrier mixers. It is possible
to achieve a conversion loss of 5 dB, although a loss of 7-10 dB is more
common. A bandwidth of 8.6 GHz for a variation of £0.7 dB was demonstrated.
The upper-corner frequency for the diode excess noise ratio is on the osder
of several hundred megahertz, and asymptotic values of less than unity were
achieved, The dependence with frequency is f"'2 with a lower-correr frequency
of several hundred kilchertz, below which the curves are relatively flat to
at least 1 kHz, the lowest frequency of measurement. The relatively noisy
nature of these diodes at low frequencies precludes their use in low-IF sys-
tems but would be of no consequence for IF's above several hundred mega-
hertz, These unusual noise properties result from the additivn of the Cu
impurity in the GaAs processing,

The design of a new and more rugged mixer mount is presenied and the
technique of making diode contacts in the mount discussed. It is shown that
improved RF matching characteristics of the divdes result from the Cu
impurity doping. The characteristics of a balanced mixer with a pair of these
mounts is shown.

The results of noise figure measurements made by use of a hot-cold
body technique are given for single-ended mixers with a 1-2 GHz IF. The
double sideband noise figures are S.6, 8.8, and 10.6 dB. A narrow-band
measurement for a 1.2-GHz IF and a single-ended mixer shows that a double
sideband noise figure of 7.3 dB is possible. Use of 200-500 MHz IF following

a balanced mixer results in a double sideband noise figure of 8.5 dB.
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S APPENDIX. MEASUREMENT OF NOISE TEMPERATURE RATIO t

: An amplifier with noise N, gain G, and input and output impedances

Zi and Zo’ respectively, can be represented as in Figure A-1,

S DR N S

(N-1) 290°K

GAIN =6

Figure A-1. Amplifier Equivalent Circuit

where A is now a noiscless amplifier whose gain and impedance characteristics
are identical to those of the actual amplifier. The noise of the actual ampli-
fier is represented by the added temperature (N - 1) 290°K, which is, of
course, the amplifier "effective noise temperature' (Ref. 29). In general,

N, G, Zi’ and Zo are functions of frequency, and N may also be strongly
dependent on the impedance of whatever source is connected to the amplifier
input. If we now connect an ideal conductance G (generating only thermal

noise) at temperature T is

A o the amplifier input, the output power Po!

given by

P { (kT

o + k(N - 1)290]G (A-1)

A
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If the ideal conductance is now replaced by a diode of the same conductance
G at temperature TA with a noise temperature ratio t the output power

P02 is given by

P, = [KtmTA + K(N - 1)290]G (A-2)
and
P, _ t, Ta t (N - 1)299 a3
P T, + (N - 1)290

If the measurements are made at laboratory ambient temperature (approxi-

mately 294°K) as the reference in which case

Po2 tm + N - |
ol
and
p02
tm=1+N<1-5-;—;- - 1) (A-5)

Therefore, for measurement of the tm at 10 kHz, for example, a 10-kHz
low-noise, narrowband, high-gain amplifier is constructed, the noise figure

is measured as a function of the driving impedance, and Po and Po2 are

measured with a true rms voltmeter. Equation (A-5) is t'nein used to compute
tm. For the measurements reported in this paper, amplifiers were con-
structed at 1, 10, and 100 kHz and 1, 10, 30, {105, and 400 MHz, The
amplifier noise outputs (Poi and poZ) are mecasurced directly with a Ballantine
320A true rms voltmeter for the 1, 10, and 100 kHz and { MHz cases. For
the 10, 30, 105, and 400 MHz cases, a mixer is employed a~

Digure A-2.
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Figure A-2. Noise Measurement Test Configuration

Amplifier noise figure is measured with a hot-cold body technique, which
involves (1) terminating the amplifier input with a precision film resistor at
laboratory ambient temperature and measuring the amplifier power output
and (2) cooling the termination to liquid nitrogen temperature (77. 3°K). The
amplifier noise figure can then easily be computed. A typical curve of noise
figure vs termination resistance is shown in Figure A-3. For the 30, 105,
and 400 MHz measurements, the noise figure is measured with precisely the
same line length as is employed when the diode noise is measured. This line
length (~5 in.) is measured by means of an impedance mecasurement of the
cable and diode mount with an open-circuited diode in the mount.

We sce from Eq. (5) that the errors in tm depend upon both the magni-
tudes, and the uncertainties in the measurements of, the quantities PoZ/pol
and N. The quantity N also depends on a power ratio measurement. The
absolute accuracy of voltage measurement on the Ballantine 320A voltmeter
varies somewhat with voitage magnitude and frequency but is on the order of
a few percent, Voltage ratios, however, should be much more accurate
(particularly if they arc close to nnity) and are probably limited only by how

well the observer can read the instrument. For many of the measurements
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A-3. Noise Figure of 10-kHz Amplifier
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a recorder or an integrating digital voltmeter is used on the Ballantine output
to further improve the measurement accuracy. For the majority of the
measurements reported here, the range of N is between 1.2 and 5, with
errors of a few percent at the low end to perhaps ten percent at the high end.
In general, then, our overall errors should be between a few percent and

perhaps fifteen percent; the errors are generally smaller for the smaller
values of t_ .
m
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