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Fig. 2. Plot of error coefficients against normalized input impedance.
Solid curves foru = 10mho/m anddotted curves foru = 100mho/m.
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and de and dp~ are the errors in the measurement of phase and

magnitude of p!.

For measurements using a transformer a small amount of error
also creeps through the uncertainty in the value of r~ and p. As

pointed out earlier, the error in p is nil for an ideal Iossless trans-
former. With the calibration technique employed intheexpertient,
it is possible to measure the angle of the reflection coefficient of the

shorted transformer with an accuracy better than 0.3°. Numerical
computation indicates that for the experimental transformers with

thickness roundabout hg/4 this phase angle changes at the rate of
nearly 1° for a change of thickness equivalent to 0.005 rad. This

shows that the error in r~ hardly exceeds 0.1 percent.
To test the dependence of the accuracy of measurement on the

choice of the transformer material, we have computedin the case of
silicon the coefficients of (4a) and (4b) as a function of I rrz~ I for
twoconductivities 10mho/mand 100mho/m.The resultsareshown
in Fig. 2. It appears that the best accuracy is attainable when

I m, I is nearly unity, a condition which produces minimum VSWR
in the input guide. The condition is rather stringent in cases of

measurement on highly conducting samples. The choice of the di-

electric constant forthetransformer matetial under optimum condi-
tion would therefore be governed by the well-known matching

relation

Irdp=lr.llr, l. (5)

Wecanemploy the curves of Fig. 2 to test the relative accuracies
of the conventional and the modified technique. For our sample the

value of I mz I is nearly 7 for the conventional measurement, while
thesame isnearly 2.2wing the Teflon transfomer. Obviously, there

is an improvement in the accuracy by a factor of nearly 3 in the
measurement of K and by a factor of 2 in u, the overall accuracy in
the measurement of Kand abeingbetter than 4 percent for l-per-
cent accuracy in the measurement of p~.

Finally, we conclude that the application of a quarter-wave trans-
former brings about an improvement in the accuracy of semicon-

ductor parameter determination in reflection-type measurement and
also enables one to overcome the error associated with this type of

measurement due to imperfect sample geometry.

Factors Limiting the Signal-to-Noise Ratio of Negative-

Conductance Amplifiers and Oscillators in

FM/FDM Communications Systems

A. A. SWEET

Abstracf—A derivation is presented for the signal-to-noise ratio

of negative-conductance amplifiers and oscillators in FM/frequency

division multiplexing (FDM) communications applications. Results

indicate the limiting value of signal-to-noise ratio depends on the

semiconductor properties and channel loading only. This means

circuit adjustments, such as Q, cannot increase the signal-to-noise

ratio without bounds. Typical specifications are given. Limiting

values of signal-to-noise ratio for Gunn and Si IMPATT devices are

given in typical applications. Results indicate that Gmm devices have

a clear advantage over Si IMPATT’S in a signal-to-noise sense.

I. IiVTRODUCTION

IMPATT and Gunn devices are on the threshold of finding wide

application in communications systems applications. However, cer-
tain fundamental limits may restrict the usefulness of these devices

in some applications. The goodness of a communications syetem is

measured in terms of its information capacity. In” practice this re-

duces to a measure of the single-channel signal-to-noise ratio for a

given number of information carrying channels. It is the intent of
this short paper to expose those factors which limit the signal-to-

noise ratio of negative-conductance amplifiers and os cillators.

II. SIGNAL-TO-NOISE RATIO OF A NEGATIVE-CONDUCTANCE

REFLECTION AMPLIFIER

Any amplifier has a white noise output N..t which may be ex-
pressed in terms of its noise figure F as

No., = FGkTB (1)
where

G amplifier power gain;
k Boltzmann’s conetant 1.38 X 10-23.J/K;

B measurement bandwidth;
T’ 300 K.

It is cuetomary to refer this noise to the amplifier’s input by divid-
ing N.uti by G. In the presence of a signal, white noise power is equally

divided between FM and AM sidebands [1]. The FM noise-to-carrier
ratio contribution of the amplifier is

(2)

where Pin ie the power input to the amplifier.
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Fig. 1. Amplifier signal-to-noise ratio S/N = (2Pin/F’~2’B) c (Af./fM)’.

Now from small-signal FM theoryit is well known [2] that in
terms of rms frequency deviation, Af,~,, and baseband frequency
jm, the FM noise-to-carrier ratio may be expressed as

(3)

By equating (2) with (3), an expression for the mean-square

frequency deviation may be obtained as

(4)

The intrinsic signal-to-noise ratio of the amplifier is then obtained

by dividing @i by the square of the maximum single-channel devia-
tion A~.. For the high-capacity system (1200 and 1800 channels)
Aj, = 140 KHz rms is customary. For the lower capacity systems
A$. = 200 KHz rms is used:

S,N . ~ = Zpin()—92
Aj2 FkTB fm

(5)

Expression (5) tells us that as the baseband frequency increases,
the signal-to-noise ratio decreases at 6 dB/octave. A frequency-

division multiplex system occupies an amount of baseband in pro-
portion to the number of multiplex channels. As the upper baseband
frequency is pushed out to accommodate more channels, the value

of S/N decreases. Channel bandwidth plus guard band is 4 KHz in
frequency division multiplexing (FDM ) telephony systems, so
(~m)~.. = N X 4 KHz. For a fixed S/N specification, the number
of channels which may be accommodated by a particular amplifier

can be calculated from (5). Of course, S/N may be increased with
a fixed noise figure by increasing Pi.. This is the philosophy behind
using a quiet preamplifier ahead of a noisy power amplifier. How-
ever, in high-capacity systems even preamplification to the 1-W
level may not be sufficient if the power amplifier’s noise figure

exceeds 50 dB.
Fig. 1 shows a comparison of the calculated S/N for an F = 20-dB

Gunn amplifier with that of an F = 50-dB Si IMPATT amplifier.

These noise figures are typical of the respective devices, as dis-

cussed by Sweet [3], Perlman [4], and Thaler [5]. The IMPATT
amplifier curves are extended to the cases of Pin = 1 mW, 10 mW,
100 mW, and 1 W. The Gunn amplifier is only evaluated at P,. =
1 mW. Dashed lines on Fig. 1 show the maximum baseband fre-

quency used by the five different channel capacities being consid-
ered. The acceptable signal-to-noise ratio really depends on the
noise budget of a particular system, however: 80 dB is a typical

specification. The Gunn amplifier meets this specification easily
with l-mW input. The IMPATT amplifier with l-mW input does not

even meet this specification at 400 channels. In order to meet S/N =
80 dB for 1800 channels, the IMPATT amplifier will require noiseless
preamplification to about 400 mW. Such preamplification may not

even be sufficient since recent results have indicated that Si IMPATT
effective noise figures may be over 60 dB at high power levels [5].

III. SIGNAL-TO-NOISE RATIO OF A NIIGATIVE-CONDUCTANCE FM
OSCILLATOR

Varactor-tuned IMPiiTT and Gunn oscillators are now being con-
sidered as directed transmitters of baseband information to radio
frequencies. YIG-tuned oscillators may also be useful in these

applications, but will not be considered in this analysis. The basic
signal-to-noise ratio limitation in these oscillators comes about as
follows. High baseband channel capacities require high electronic-

tuning bandwidth. The aggragate deviation Aj~ of an FDM signal
is given by

(&)z = N(Aj,)’ (6)

where N is the number of channels and Af. is the maximum devia-
tion per channel (140 KHz,~. for 1200 and 1800 channels).

The bandwidth of an electronically tuned oscillator is inversely

proportional to its loaded Q, This means that if the channel capacity
is increased, the oscillator’s loaded Q must be decreased. It will be

assumed that linearization techniques are employed so that the
oscillator’s full electronic-tuning bandwidth is useful (a large prac-

tical problem). A decrease in loaded Q means an increase in FM
noise [2]. Since the single-channel maximum deviation Aj, has not
changed, the single-channel signal-to-noise ratio has been lowered.

An analysis of the signal-to-noise ratio must start with an expres-
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Fig. 2. Oscillator signal-to-noise ratiofo = 6 GHz, Z% = 5 mW.

sion for FM noise. For Gunn oscillators, this expression has been

given by Sweet [6]as

Gf~2=_
+

C002(dCd/dVO) 2SAV0 ( fm) B

4CT2V12 4cTz
(7)

where

iNS2 quadrature phase component of the white noise source;

SAVO(fm) equivalent low-frequency flicker noke spectrum;
c, total circuit capacity, including the Gunn (ormm~m)

diode and varactor;

RFvoltage across the Gunn (ormw.!m) diode;
;; baseband frequency;

~o carrier frequency;

(cWd/dVO) Gunndiode’s capacity bias sensitivity.

The first term ontheright-hand side of (7) is the white noise com-

ponent. In Si IMPATT oscillators this is the only noise component
that is present [7]. Thesecond term ontheright-hand side of (7) is

the flicker noise component. At high baseband frequencies, the white
noise component will dominate, while at low’ baseband frequencies,
the flicker noise component will dominate.

Nowit can be shown [2]that forsmall-capacity variation (rela-
tive to the total capacity) the electronic-tuning bandwidth of a

varactor-tuned oscillator is

AtiT/Lw = AC/2cT (8)

where ALW is the tuning bandwidth and ACis the effective capacity
variation imparted by the varactor to the cavity.

The signal-to:noise ratio is then simply found by dividing the

square of (8) by (7):

Notice that CT (i.e., Q) maybe cancelled out in the expression for
S/N. Petiorming this rearrangement results in

AC’/N
S/N = _

ZA’S2/@02V12~ (dCd/dVO)2~AvO(fm)B”
(9)

Realizing that athighbaseband freqtlencies (high slot) only white

noise is present and at low baseband frequencies (low slot) only

flicker noise is present; (9) may be broken upintotwo parts as

AC2
S/Nll.~,w =

N(dCd/dJ’0)2fJ.vo (fm)B
(9a)

S/Nlhigh.].t =

WC19V12AC2

N= “ (9b)

Equation (9b) may besimplified byintroducing therelationshlpe

~O=012\Gdl

2

ilfsz =2kTNlGdlB

where I Gd I is the magnitude of the diodes conductance and T. is

the noise temperature of the Gunnor IMPATTdiOde. These changes
result in the final form for the high-slot signal-to-noise ratio:

S/N ]hi=b.Iot =
WzPoAC2

NkTrzB I Gd ]’ -
(9b,)

It is interesting to notice that in the low slot, the signal-to-noise

ratio is entirely determined by the ratio of the information bearing

varactor capacity variations to the random flicker noise capacity
variations of the Gunn diode. Whereas in the high slot the signal-
to-noise ratio may beimproved byraistig the carrier power and/or
raising the operating frequency. The most important idea to be
gleaned from these relationships is that the signal-to-noise ratio

depends entirely on “device parameters.” The usual degrees of
circuit freedom such as Q and admittance cannot be employed to
achieve a desired signal-to-noise ratio. In fact, only one circuit will
produce thesignal-to-noise ratio predicted by (9); all other circuits

will only degrade it. This can be easily understood by first imagin-
ing the circuit Q is varied through a wide range of values. For very
high values of Q, theelectronic tuning will beimufficient toaccom-
modate AjT. This will cause distortions which render the device USS-
less. At low values of Q where the electronic tuning exceeds Af~, the
FM noise will become excessive, decreasing S/N. This meane that

only one value of Q will produce the S/N prec%cted by (9). In a
similar way only one value of circuit admittance will allow the de-

vice to reahzeits maximum generated power. High slot S/Ndepends

on PO beiug maximized.
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Consider some typical numbers. The intent will be to provide
the best possible numbers that the present device technologies can
provide in order to establish a limiting value of S/N. For now the

value of AC must be derived from experience. A variety of practical

consideration limit AC. They are package parasitic elements, con-

siderationof resonance conditions which can lead to high losses, and

local circuit transformations. It has been the author’s experience

with a wide variety of oscillator circuits that Ac = 0.5 pF is the
practical upper limit. This number is a peak-to-peak value, con-

vertingto rms yields A~ms = 0.18PF.
The value of (NM/~VO) for Gunn diodes has been found from

experiment to beabout O.2pF/V [8]. This number has been arrived
at by two separate experiments. One experiment involved direct
observation of the capacity of a stabilized device. The other experi-
ment involved observing the pushing factor of an oscillator, and

calculating (cWd/dVO) from a knowledge of the circuit Q and the

device conductance.
Arangeof values for&O(fm) has been given ina previous paper

[6] If only the lowest noise devices are considered, an empirical
expression for this spectrum in a 3-kHz bandwidth is

3 X1 O-7
— (v).

‘AvO(fm)B= fm

The noise temperature of a low-noise Gunn diode is 30000 K [6].
Based on a noise figure of 50 dB, the noise temperature of an Si
IMPATT is 3 X 10TK. I —Gd I of a Gunn diode is approximately

10-’ mho for a 100 mW device.’ The parallel equivalent circuit of
anmmATTdi odeakohasa I –Gall of approximately 10–Zmho [8].

Fig. 2 shows a comparison of the signal-to-noise ratio of Gunn and

IMPATT devices in a 50-mW pump application. As in the amplifier

caee, 120, 400, 600, 1200, and 1800 channels are considered. Cus-

tomarily, 70kHzis thelowest baseband slot. Notice that the Gunn

oscillator can just meet the 80-dB specification at 70-kHz baseband

1Unpublished work performed at the Monsanto Company, Micro-
wave Production Group (now a part of Microwave Associates).

for 1800 channels. Under’ the same conditions the mmxr’roscillator
isnearly30dB out of spec. Evenat low channel capacity the IMPATT

oscillator is not close to the 80-dB specification, making IMPATT’S

look very unattractive for this application. It should be pointed

out that since the high noise with Gunn devices occurs at low

baseband frequencies, an advantage can be gained by moving the
low slot frequency out in baseband.

IV. CONCLUSIONS

1) Gunn amplifiers are capable of handling up to 1800 channels

with inputs less than 1 mW.
2) Si IMPATT amplifiers require noiseless preamplification to sev-

eral hundred milliwattsin order to handle 1800 channels.
3) Gunn oscillators, can handle 1800 channels, although barely

in the low slot.

4) Si IMPATT oscillators do not appear useful for carrying FM-
FDM information.

5) GaAs IMP.4TT’S, with noise properties midway between Si
IMPATT’S and Gunns may be more practical for 1800 channel ampli-

fierservice than SiIMPATT’s. GaAsmm’.mr’smayakobecapableof
low-capacity oscillator service.
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Letters

Comments on “Wave Propagation on Nonuniform

Transmission Lines”

SUHASH C. DUTTA ROY

Abstract—It is shown that the solutions for wave propagation on a

nonuniform transmission Iiie, recently proposed by Bergquist, are

alternative forms of, or easily derivable from, the results of Pro-

tonotarios and Wing, given earlier.

I. INTRODUCTION

In the above short paper,l Bergquist has proposed series solutions
for the reflection coefficient, scattering parameters, and the admit-
tance of a general nonuniform transmission line for arbitrary load
conditions. The purpose of this letter is to show that these solutions
are alternative forms of, or easily derivable from, the results of
Protonotarios and Wing, given earlier in [1] and [2].
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II. PROTONOTARIOS AND WING FORMULAS

Protonotarios and Wing formulas, generalized to an arbitrary

nonuniform transmission line characterized by a series impedance

per unit length z (z) and a shunt admittance per unit length ~ (z),

with notations as in Fig. 1 (a), are given by

(1)

where

-y (X,)Z (X,) dx, dx, dz, dx. dx, + --- (3)


