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Experimental Evaluation of Noise Parameters

in Gunn and Avalanche Oscillators

MOTOHARU OHTOMO

Abstract—Equations are presented that express noise-to-carrier
ratio and rms frequency deviation of a negative-resistance oscillator

with a multiple-resonant circuit in terms of effective available noise
power densities of both I/j and white-noise sources, an effective
saturation factor, and an appropriate Q~ of the oscillator. Experi-
mental evaluation of the noise parameters in Gunn and avalanche

oscillators by use of these equations is described.
AM and FM noise measurements have been made on X-band

Gunn oscillators and Si and GaAs avalanche oscillators for frequency

off carriers extending from 1 kHz to 10 MHz. Both 1/f and white
noise have been observed in these oscillators.

The validity of the above equations has been verified for Gunn

oscillators from the dependence of the noise spectra on Q~. For Gunn

oscillators and Si and GaAs avalanche oscillators, the effective noise-
temperature ratio for white noise, N/k TO, has been found to be
23w29, 41 N51, and 38N44 dB, and the effective saturation factor

to be 2=2.9, 0.5-2.4, and 2, respectively. An increase of N/kTO

with the RF voltage across the diode has been observed in Si ava-
lanche oscillators. Parameters for I/j noise have also been evaluated

approximately.

I. INTRODUCTION

HUNN AND AVALANCHE oscillators are now

L
becoming useful microwave sources in practical

applications such as local oscillators and low-

power transmitters. Noise inherent in these oscillators

is an important factor for these applications, and noise

spectra of these devices have been measured and investi-

gated by several workers [1 ]– [5 ]. Edson [6] and Mullen

[7] individually developed the theory of noise in oscil-

lators and obtained essentially the same results for out-

put power spectra. Reformulation of the theory has

been undertaken by Kurokawa [8]. To simplify the

treatments, however, these theories have been developed

under the conditions that 1) the oscillator consists of a

single-tuned LCR circuit, 2) nonlinear characteristics of

the negative resistance or conductance of the device are

considered, while those of the reactance or susceptance

are neglected, and 3) only a white-noise source is con-

sidered, except in [8]. Using Edson’s theory, Josenhans

[I] has given the expressions for noise-to-carrier ratio

and rms frequency deviations, which are generally used

to specify oscillator noise. Here they are called “Edson’s

equations” for brevity. The effective noise temperature

and the saturation factor included in the equations are

important device parameters governing noise charac-

teristics of oscillators. Experimental evaluation of these
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parameters will be of great use in designing an oscillator

in which noise is a great concern. The equations, how-

ever, are restricted by the above conditions, which are

not necessarily obeyed by actual oscillators. This may

be one of the reasons why there have been few papers

published that dealt with the experimental evaluation

of these parameters [1]. Recently, generalized theories

of noise in oscillators have been developed by Kurokawa

[9] and Okabe and Okamura [10] to remove these limi-

tations, Their results are given in elegant but such gen-

eral expressions that one might at first sight find some

difficulties in applying them to the interpretation of

measured noise spectra. The interpretation, however,

will be facilitated if a relation between an oscillator Q

and the frequency derivative of a circuit impedance is

introduced.

The purpose of this paper is to present generalized

Edson’s equations in terms of the suitably defined pa-

rameters, to report on the AM and FM noise measure-

ments of X-band Gunn and avalanche diode (Si and

GaAs) oscillators, and to describe the evaluation of the

noise parameters in the generalized Edson~’s equations.

In Section II, definition of noise is first described,

and the generalized Edson’s equations for an oscillator

with a multiple-resonant circuit are derived from

Kurokawa’s theory [9] by defining an appropriate QL

of the oscillator and available noise power densities of

1If, as well as white-noise sources and an effective

saturation factor. In Section III, the method of noise

measurement is described in detail so as to shc)w that

accurate measurements can be performed with careful

calibrations over a wide range of frequency off carrier

from 1 kHz to 10 MHz. In Section IV, the results of the

measurements on Gunn and avalanche oscillators and

the evaluation of their noise parameters are given.

II. SPECIFICATION OF NOISE IN OSCILLATORS

A, Definition of Noise

The output waveform of an oscillator is usually ex-

pressed by

u(t) = /40{1 + a(t)} Cos {4+ @(t)} (1)

where U(t) represents a voltage or current, A o and coo

are the peak amplitude and the angular frecluency of the

carrier, respectively, and a(t) and @(t) are real functions

of time varying slowly as compared to cos CW+. Noise
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sidebands arise from AM and PM (or FM) modulation From (6) and (7), one obtains the relation

of the carrier by real random variables a(t) and ~(t)
(~/C) PM,DSB = Aj,~,’/j~’.

[or ~(~) ], respectively.
(8)

When a(t) and +(j) are stationary random variables, B. Generalized Edson’s Equations

they have auto- and crosscorrelation functions l?.(r), An oscillator is generally represented by the circuit

R@(r), and .Ra@(~) from the inverse Fourier transform of shown in Fig. 1 (a) [9]. The active device represented by

which power spectral densities S.(f) and S+(f) and – ~+j~ and the load RL are coupled through a multi-

cross-spectral density S.$ (f) are obtained [11]. The pie-resonant reciprocal circuit. Looking from the active

autocorrelation function of U(t) is given by device, the circuit can be equivalently expressed, as

12u(~) = A02 [1 + a(t)][l + a(t + 7)] cOS [Qd + o(~)] cos [~o~ + @oT + $(~ + 7)]

= ~ ~02[1 + a(~)a(~ + T) + a(~) + a(~ + 7)] [cos COOTcos {+() + T) – +(~)} – sin COOT sin {d(t + ~) – +(t)]]. (2)

If la(t) I <<1, lo(t)] <<l, and l@(t+~)–@(t)l <<1 aresatis-

fied, the above equation is approximately calculated

to be

Ku(r) = : Ao2~@[{l - R+(O)) {d(f -fo) +df+fo)]

+ {s.(;: .fO) + Sa(f +~o) }

+ {s@(j –jo) + &(f+-/o)}

+ { Cao(.f – fo) – GJf +-fo) ] ]eiw’ aj (3)

where the terms to the second order of a(t) and ~(t) are

retained, d~) is the delta function, and C.+(f) is de-

fined by

C~@(j) = – 2 Im {S~+(~)] (4)

where Im denotes “imaginary part of. ” If we consider

only the high-frequency components of @(t) or make

measurements in a time much shorter than the period

of coherence ~~ [6], c#J(t)2 can be considered to be much

less than one. Then the first term in the integrand of (3)

represents a carrier spectrum, and the second, third,

and fourth terms correspond to AM, PM, and AM–PM

correlation noise spectra, respectively.

Since S.($), S@(~), and S~@(f) are considered to be

dominant around f<<fo by the assumption that a(t) and

~(t) are slowly varying functions of time as compared

with cos tid, the inequalities S.(f –f o) >>s.(f +f o),

.% (f –.fo) >>s~(f+f o), and G (f–f o) >> C.~(f+f o) will

generally hold. The [double-sideband (DSB) noise

power contained in a bandwidth B around frequency

-hfmaway from carrier] to (carrier power) ratio is then

given by

(~/C)A~,DSB = 2s.(jm)~ (5)

(~/C) PM,DSB = 2s4(fJ~ (6)

for j~>>l/~.. If AM–PM correlation exists, noise side-

bands become asymmetrical about the carrier, since

C’a@(f~) = – Cab( –j~). The correlation terms cancel out,

however, if we take the sum of both sidebands.

The rms frequency deviation in a bandwidth B is

given by [12]

Afrms= ~ v’25’4(f.).B = d’2fm2SG(fnJB. (7)

shown in Fig. 1(b), where e(t) represents equivalent

noise voltages or injected signal voltage. The similar

representation of an oscillator can also be obtained in

terms of admittances. Both representations are dual to

each other.

Let us now neglect the frequency dependence of Z

and ~, which is generally justifiable over the frequency

of interest. According to Kurokawa [9], the equations

governing the amplitude and phase fluctuations a(~)

and @(t) are represented by

da(t) X’(WJ)
aa(t) + \ Z’(uo) 12— = ~ [n,(t) + n.(t) I

dt

+ + [n,(t)+ ?zX(t)] (9)

d@(t)
pa(t) + I Z’(coo) 1’ ~ = * [n,(t) + n.(t)]

X’((do)
– ~ [m(t)+ W(O] (m)

where m(t) and nz(t) are the cosine and sine voltage

components of the white-noise source (RF noise source),

respectively, and ?’tR(t) and nx (t) are the equivalent

voltage components of l/f noise. Although n~(t) and

fix(t) have not been included in Kurokawa’s paper [9],

they can be introduced as above by defining nR(t)

= –A OAR and nx(t) =A OAX, where AR and AX are the

fluctuating parts of R(c.o) – i? and X(a)+ ~, respec-

tively, in equations (8) and (9) of [9]. Such procedures

of introducing l/f noisel have been described earlier by

Kurokawa [8]. The coefficients a and @ are defined by

a = S120X’(OJo) — rRoR’(coo)

. ROI Z’(WO) I ~s2 + r’ sin (@ – 0) (11)

~ = sRoR’(uo) + YRoX’(tie)

. R. I Z’(LOO)I <S2 + r2 COS(8 – @ (12)

I The term 1/f noise is employed throughout this paper, though
the term modulation noise-may be more adequate, since fluctuations
AR and AX may have various origins and may not always have 1/f
dependence [3].
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Fig. 1. (a) Schematic diagram for an oscillator.
(b) Itsequivalent circuit.

where

R, = ~(Ao)

Z’(oJo) = R’(cwo)+jx’(cdo) = lz’(coo)]e~~

m
SRO = — Ao—–

dA

d~
7R0 = Ao—–

dA

s +jY = 4s2 + 9.2 ~jb’.

For stable operation of the oscillator, sin (@ –0) >0 is

required [9],

From the differential equations (9) and (10), the

power spectral densities of a(t) and ~(t) are calculated

to be

427

= OJo] Z.X’(coo) I /2RL is termed the “Q.X of an oscillator

circuit. ” Similarly, we can define QL of an oscillator by

QL = QL,. sin (@ – 8) =
(.00] Z’(CLIJ I

2-R,
sin (G -- 19) (16)

and, by introducing circuit efficiency 7v1, as explained

in the Appendix, we have

QL/Qex = QL,JQe.,c = 721 = pO/IpC (17)

where P.= ROA 02/2 is the carrier power generated by

the active device and PO is the output power dissipated

in RL.

Combining (5), (7), (13), and (14), we finally obtain

the generalized Edson’s equations:

A(N.+NR.)B
(N/C)AM ,DSB c ~

i

where

1

(S’+Yz) sin’ (@ –d) + (2 QLUm/COO)2

~jrm,_ j-o d(N. +Nx.)B

QL P.

N,= ~N, NRe = (NE, Nx, = $Nx, ancl

(s2 + r’) sin2 (@ – 0) + (2QLf-0~/Wo)2
—.—

t = (SZ + .2) sin’ (@ – O) + (2 QL,JJJLJO)Z

N = I el’/2Ro

(18)

(19)

1 2 I Z’12 I e 12 + X’2S.~(f) + R’2~.x(j) + 2X’R’ Re (S.~.x(j) ]
s.(f) = ~

I 2’[’02 +d
(13)

.
S&f) = —1— [2 I Z’ l’ \ e 1’ + R“SnR(f) + X“.!$nx(f) – 2X’R’ Re {.S.,.x(~) }

C@ Z’14Ao’

— 2 ~ Im {S~~~x(f) ] + i12A02S.(f)l’(14)
w

where I Z’(OAJ 1, X’(COJ, and I? ’(we) are abbreviated as

IZ’I, X’, and R’, respectively, ~~1(~) =&,(~) =21 el 2,
NR = ~. [.SnE(fm) sinz @ + .S’.x(f.) COS2 @

and correlations between nl(t), nz(~), and n~(t) or nx(t)

are assumed to be absent. Cross-spectral densities Sa,j, + Re [S...x (jJ } sin 2@]

.%d,etc., can also be obtained and C.@(f),defined by (4),
4~o * [S.~(j.){COS’@+~sin26)]

is calculated to be
NX = —-

+ ~.,(j~) { sin’@ + { cos’ @ }
G(f) = ~2 \ Z:14A02 [-oJB I z’ !2A02S.U)

– (1 – f) Re {S~n~X(fJ } sin 2@

+ I Z’1’ Im {.5ifi~mx(f)]].
‘“~~~u~’2 lm {S.AfJ } cos (@ -- o)]

As shown in the Appendix, Qex of an oscillator mea-
—

sured from injection-locking or frequency-pulling ex-

periments is represented by
(s’ + 7’) Cos’ ( e – e)

f=

~o I Zex’(@o)j sin ~@

(S2 + r’) sin’ (@ – O) + (2 QL,,+ti/wo)’ “

Q.. = Q..,. sin (8 – O) = – o) (15) The parameter $ is introduced here so as to make the
2RL

forms of (18) and (19) resemble, those of the familiar

where Zex’(u,) = [dZ~~(a,A)/du]ti=tiO,~=~O and Q~~,. Edson’s equations [1]. Note that if ~s2+r2 sin (@ –6)
——
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>>2QL,.Um/Wo holds, N.= N, NR. = NR, and Nx. = Nx,

since & = 1.

N, NR, and NX have the dimension of watt/hertz. N

is the available noise power density of white-noise

source within the device. NR and NX are the effective

available power densities of 1/’ noise originating from

the low-frequency fluctuations of the resistance and

reactance of the device and circuit. If @ is not equal

to 7r/2, NR and NX include both contributions from

nR(~) and nx(t). As pointed out by Hines [13] and re-

ported by Josenhans [1] on Si Read diodes, noise

sources are, in general, dependent on large signal condi-

tions, i.e., N, NR, and NX will be affected by the resistive

loading on the device. We have s = 2 when the device

delivers maximum power [13], since d(R(A)A 2)YdA = O

at power maximum. However, the saturation factor s

first introduced by Edson [6] is now replaced by

v’s’+r’ sin (@ –6) in the generalized Edson’s equa-

tions. The latter includes a nonlinearity saturation

factor r of the large-signal device reactance, as well as s

of the negative resistance and a sine function of the

angle between the device and circuit impedance line [9].

For the simplest case in Fig. 1(b), that is, X(A) =0

and Z(w) =Ri+RL+j(wL—1/wC), we have r =0, Z’(WO)

= 2jL or O = O, and @ =z/2. Edson’s equations (18)

and (19) then become

~frm,_ -fO d(Iv + NX)B

QL P.

where N= I e 12/2R0, NE= Sn~(fJ /4R0, NX = Smx~J /4Ro,

and QL =cJoL/(Ri+R~) [14]. Furthermore, if we can

neglect circuit loss, i.e., QL = Q.., and l/f noise, the

above equations reduce to those described by Josen-

hans [I].

III. NOISE-MEASUREMENT METHOD

A block diagram of the noise-measuring system at X

band is shown in Fig. 2. Although the system is essen-

tially the same as reported by Ashley et al. [15] and

Ondria [16], fairly detailed descriptions of the method

are presented here in order to show that measurements

in a relatively wide range of frequency off carrier from

1 kHz to 10 MHz can be performed with a careful cali-

bration of the frequency response of the detectors, and

evaluation of loaded Q of the cavity resonator enables

one to make FM measurements continuously from 1

kHz to beyond the half-power frequency points of the

cavity.

In AM noise measurement, path 1 in Fig. 2 is used

with the waveguide shorting switch closed and path 2 is

made at a maximum attenuation. Path 2 alone, of

course, may be used instead. The oscillator output is

fed into the H-arm of the magic tee balanced detectors,

each of which contains a GaAs Schottky-barrier diode

in a modified lN23-type package. Each diode is loaded
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Fig. 2. Block diagram of AM and FM noise-measuring system.

by a metal thin-film resistor of 10 kfl and a stray ca-

pacitance of about 140 pF. Input power to each detector

is typically 1-5 dBm and the two detector mounts are

adjusted so as to have detector characteristics as identi-

cal as possible. This adjustment can be performed rela-

tively easily by monitoring two detected dc outputs on

an X– Y recorder. One of the detector mounts is dc

blocked from the magic tee by a 0.5-mm thick Teflon

sheet so that the two outputs can be electrically

switched to obtain their sum or difference, thereby

enabling us to cancel out system noise. Especially, the

dc isolated mount is electrically shielded to avoid power-

line and other radio-frequency pickup. The output of

the switching circuit is then fed into a low-noise video

amplifier that has an input impedance of 200 kfl and a

flat gain of 40 dB from 300 Hz to 2 MHz. The fre-

quency components of the output are measured with a

tunable wave analyzer. Since the meter indication usu-

ally fluctuates, the output of the analyzer is read on a

recorder.

If the output waveform of the oscillator under test is

represented by (1), the ac component of the output

voltage from each detector is given by

7); = c~dca(t) + %$, i=l,2

where ~dc is the dc output voltage, v.; is the noise volt-

age originating from each detector diode, and C is the

correction factor defined by Ashley et al. [15]. The GaAs

Schottky-barrier diodes employed exhibited least noise

around Vd. = 1.2 V and C = 1.47 was typically obtained.

C is evaluated from “vdc versus normalized RF voltage”

curve [15 ]. It is, however, frequency dependent because

of a stray capacitance C,. By simple calculations, the

frequency dependence of C is given by

c(j) = c(o) /<1 + (f/f.)’ (20)

where C(0) denotes the dc value of C and f. = (1/27rCs)

. (1/Ru + l/R). R. and R are the video and load re-

sistances of the diode, respectively. From R =10 kfl,

C,= 140 PF, and Rv = 1 k~ measured by a dc method,

f.= 800 kHz is anticipated. On the other hand, C(f) was

experimentally evaluated by applying an amplitude

modulated CW signal to detectors and taking the ratio
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Fig. 3. AM threshold for GaAs Schottky-barrier diodes and Si
point contact diodes (1N23 G) compared with that of Si Schottky-
barrier diodes [15].

of the outputs with R=1O kfl and 50 0. Since fC~20

MHz is expected for R =50 Q, the ratio will be propor-

tional to C(f) for f~10 MHz. C(f) thus obtained was

found to be approximately expressed by (2o) with

f.= 700 kHz. The unbalance of the two detectors was

also evaluated to be less than — 20 dB from 1 kHz to

10 MHz by taking the ratio of the sum to the difference

of their outputs.

Corresponding to the sum and difference of the de-

tector outputs, the rms voltages measured with the

wave analyzer at frequency fm in a bandwidth B are

represented by

Vm(fm) = G(fm) VS.m(fm)l?

~th(fm) = G(fm) tifkh(fm)~

where G(fJ is the voltage gain of the amplhier, S.m (fro)

and Sobh(fm) are the power spectral densities of Vm = VI

+V2+V?UZ = Zcvdca(t) +Vrq+vn, +%l amf Vth =vl–v2+vna

= v., –v., -I-v.., respectively, and v~~ is the equivalent

input noise voltage of the amplifier. Hence, in a l-Hz

bandwidth basis, we have

~~’(f~) – ~th’(f~)
(21)(N/C) A~,DSB = z~.(ffi) = ~cz(jm)‘p7do’2G2(jm)B

since a(t), Vnl, V.2, and v~~ are incoherent. A measure of

the system sensitivity (N/C)AM ,th! is tem-mxf the AM

threshold [15 ] and is obtained by substituting V~2(.fJ

= 2 v&2(fm) in (21). When a high-Q Gunn oscillator was

employed as a signal source, the GaAs Schottky-barrier

diodes used exhibited (N/C)AM ,~h as low as that of Si

Schottky-barrier diodes [15], as shown in Fig. 3 together

with (N/c)AM,th for Si point contact diodes 1N23G.

The value of (N/C)AM ,DSB less than (N/C) A M,th can be

evaluated by (21) with less accuracy.

In FM noise measurement, power from the oscillator

under test is divided into paths 1 and 2. In path 1, called

the signal channel, the carrier is suppressed by more

than 40 dB with a very nearly critically coupled high-Q

cavity resonator tuned to f 0, and the reflected noise side-

bands are fed into the magic tee balanced detectors.

Path 2, called the reference channel, is used to give the

detectors the reference carrier for demodulation of the

FM noise sidebands fed from the signal channel, If the

phase difference ~R between the signal and reference

channels is adjusted as ] sin ~E I = 1 by means of the

phase shifter, the difference of the output volta,ge from

the two detectors is proportional to rms frequency devia-

tion with AM noise being suppressed [Ifi ], [16 ]. Fur-

thermore, by using narrow-band noise expressions for

a(t) and ~(t) in (1), one can easily show that the rms

component of the difference voltage at frequency ~~ in

bandwidth B is expressed by

s
Vo,rrns = Afme

/1 + (2 QL&J2

where Af,~, is the rms frequency deviation in bandwidth

B around j-fro off carrier, & =fJfo, Q. is the loaded Q

of the cavity, and S is a constant of the system propor-

tional to [QLf0–1] X [power input to path 1 ] 1/2. since

the frequency response of the detectors is proportional

to C(f~) /C(0), as in the AM measurement, the wave

analyzer reading ~o,,~, is equal to vo,r~, multiplied by

C(~~)/C(0) and G(~~). Thus we have

C(0) /1 + (2 QL&J2 Vo,rm.
——— .

‘frms = C(fm) G(fJ
(22)

s,

Af,~~ in a l-Hz basis is obtained by dividing the right-

hand side of the above equation with @’. If Vo,,m, is

comparable to the system noise, it should be replaced by

~ V.,,mS’ – Vth,rmj as in AM measurements, where yth,,~,

is the analyzer reading with the signal channel attenu-

ator being adjusted at a maximum attenuation [15].

Usually, the measured V.,,m, was greater than V$h,,m,

by more than 20 dB. Q. was measured by a swept-

frequency technique viewing the reflected wave from

the cavity on a spectrum analyzer with the cavity in situ

and found to be N9000 typically. Since the cavity was

almost critically coupled by means of al slide screw

tuner, the half-power frequency points were easily found

from the intersection of a doubly exposed spectrum

photograph taken with the cavity at resonance and de-

tuned. In the detuned case, the reflected wave was at-

tenuated by 3 dB by means of the precision attenuator.

S was calibrated at a frequency where 2QL8~<<l by the

carrier null method [1.s ], using a varactor-tuned Gunn

oscillator. During this calibration, OR was adjusted to

obtain the maximum analyzer reading. Once Q. and S

have been found, Afr~Z can be evaluated continuously

with (22) for a frequency from near carrier to beyond the

half-power frequency points.

The accuracy of the measurement was estimated to

be Y 1 dB for (N/C) *~,LXW and +10 percent for Af,~s.

IV. RESULTS AND DISCUSSIONS

Noise measurements have been performed on ~-band

Gunn and avalanche diode (Si and GaAs) c)scillators for

frequency off carrier from 1 kHz to 1.5 MHz, or some-

times to 10 MHz, with the previously described method.

The diodes used are mounted in prong-type packages,
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Fig.4. Various types of circuits used for Gunn
and avalanche oscillators.

the ceramic portion of which has an outer diameter of

2 mm and a height of 1 mm. The various oscillator cir-

cuits employed are schematically shown in Fig. 4. The

AM and FM noise spectra are given in a l-Hz band-

width by reducing the data measured in a bandwidth of

B =200 Hz, 1 kHz, or 3 kHz.

A. Gunn Oscillators

The Gunn diodes (Toshiba S3020 and S8201) have a

n++-n-n+ sandwich , structure made from epitaxially

grown n–GaAs. The n++ layer was formed by liquid-

phase epitaxy on the n-n+ epitaxial wafer grown in vapor

phase.

Fig. 5 shows AM and FM noise spectra of three Gunn

oscillators with different Q.. values. FM noise measure-

ment was extended to 8 MHz for the oscillator @. These

oscillators contained the same diode, whose active layer

is 9 pm and doped to about 8 X 1014 cm–3. The oscillator

circuits are type A for@ and@ and type C for@) (see

Fig. 4). The diode was operated at a constant bias

voltage of 10 V around which the output power reaches

a maximum. The operating current in each oscillator

was also made equal to 0.63 A by circuit adjustments so

as to keep the resistive loading seen from the diode chip

terminal as identical as possible, since the dc current

through a Gunn diode is experimentally known to be a

sensitive parameter for the loading conditions. Q.X of

the oscillators was measured from the frequency pulling

by inserting a slide screw tuner (VSWR = 1.2) between

the matched load and the oscillator. The evaluation

formula for Q,x is shown in the Appendix, Section D.

Q,X thus measured agreed with that measured from in-

jection locking (see the Appendix, Section C) within

10 percent in the case of oscillator o.

Much improvement in FM noise is observed with the

increase of Q.x, as shown in Fig. 5, while the AM noise

spectra do not change appreciably and have very low

values comparable to (~/C)AM ,ih (see Fig. 3). For

~m~ 100=200 kHz, modulation noise or l/j noise pre-

dominates in both AM and FM. Above j~~300-500

-IBOI I I I I
i 10 ,.2 10’ ,@

fm (kHz)

(a)

100
I I I

I FM NOISE I fO=ll IGHz, S=IHZ 1

fm (kHz 1

(b)

Fig. 5. Measured noise spectra of three Gunn oscillators containing
the same diode and with different Q,x. The diode was biased to
10 V and 0.63 A. (a) AM noise spectra. (b) FM noise spectra.

kHz, both noise spectra become white, showing that RF

noise or white noise is dominant. Especially curve@ in

Fig. 5 (b) indicates that Af,m, is nearly constant to 8

MHz. If we assume the frequency dependence of the

noise spectra in the form

(N/c) AM,IMB W 1 + (-f~/j# (23)

Aj,~, ~ [1 + (fx/-f~)’] ’12 (24)

where p and v are constants and fR and fx represent

‘(noise corner)’ frequencies, we obtain

v = 0.8

v = 0.9

fR = 100 x 160 kHz

fx = 190 ~ 230 kHz

by approximately fitting the curves in Fig. 5. The con-

stants I.L and v are nearly equal to 1, indicating that the

noise spectra approximately follow the I/f law for f~ <f~

or fx.

The output power to the load Po decreased with the

increase of Q,x, as seen from the inset of Fig. 5(b). On

the other hand, the carrier power Pc would not change

regardless of Q,x if the resistive loading on the diode chip

terminal is equal. This is what was expected by adjust-

ing the bias voltage and current equal in each oscillator

of Fig. 5. Po, however, is given by

Po = wPC = (QL/QJPc (25)

as described in the Appendix, where qzl is the circuit effi-

ciency. If we assume that P. is constant for the oscillator
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TABLE I

NOISE PARAMETERS OF GUNN OSCILLATORS
.

No. fo Po Q
(N/C) AM,D~B fR fx NfkToafo’av ~Jl) Q~Z) ~HAff&z)

(GHz) (mW) ‘x (MHz/V) (dBIHz) ~
_ .i.(@ .@)

v (kHz) (kHz) (dB)

@ 11.1 275 24 -20 24 24 1.53 -170.5 0.8 0.85 100 230 29 2,2

@ 11.1 196 146 -4.3 104 113 0.27 -173.0 0.8 0.87 160 190 27 2.5

@ 11.1 113 696 -1.6 286 30!3 0.10 -173.6 0.83 0.91 160 200 27 2.6

@ 11.1 120 780 — 320 — 0.056 -176.5 0.8 0.85 400 140 23 2.0

@ 9.4 125 136 — 136 — 0.03 -170.5 0.75 0.94 350 280 28 2.9

100
i=fm= I kHz
. 10kHz
. 100kHz
o 1000kHz

.z

2

4- 1 \

01,62 103 ,04

QL ~ (w)

Fig. 6. Plots of AfM, versus Q~<z for the oscillators
of Fig. 5. Q~@Jin Table I is employed as Q~.

@m@ and p. is equal to 1’., La, QL = Q,. for @, we have

P. =275 mW for@ and@ and, by (25), QL = 104 and

286 for @ and @, respectively. Let us denote these QL

by QL (l). Meanwhile, the voltage pushing figure of an

oscillator frequency is, in general, inversely proportional

to QL. Assuming again QL = Q,. =24 for@, we can evalu-

ate QL [denoted by QL (Z)] for@ and @ from the mea-

sured pushing figures. QL (1) and QL (2J are given in

Table I from which they are seen to agree with each

other within 10 percent. From this, we can safely say

that P.= 275 mW in oscillators @w@.

By keeping the resistive loading on the diode as identi-

cal as possible, it is expected that N, NE, Nx, and

tis2 +r2 sin (@ –0) described in Section II are almost

unchanged for oscillators @=@, provided that @ does

not vary appreciably. Then the generalized Edson’s

equations (18) and (19) predict that, to the first order,

Af~~, K QL–lPC
–112 and (N/C) AM, DSB is independent of

QL if f~<<tds2+v2 sin (@– 0)/2QL. The log-log

plots of measured Af,~, (of Fig. 5) versus (Q~v’~a) are

shown in Fig. 6, where QL(2) was used for QL since the

voltage pushing seems to be less sensitive to the loading

conditions. From this, we find that Af,n. ~ QL–lPC–lIZ

nearly holds. On the contrary, the AM noise does not

vary appreciably with QL, as seen from Fig. 5(a), indi-

cating <s2 +Y2 sin (@ —6) >>2QL-fm/f o for fm = i.5 MHz.

To check whether the measured Afr~fl may arise from

a modulation by voltage fluctuations in the power sup-

ply (hp is 6101 A-) or not, the bias voltage fluctuations

AV,~, were measured. The rms frequency modulation

calculated from AV,~, times the voltage pushing figure

was found to be an order of magnitude smaller than the

measured Afrms shown in Fig. 5.

Let us now evaluate N., NR., Nx., and 4s2 +Y2

. sin (@ — 0) from the measured noise data using

Edson’s equations (18) and (19). Since -/s2 +T2

. sin (43 —0) >>2QLj~/’O, we have & = 1. Hence, N = N.,

N.= ~R~, and ~X = Nx.. Substituting A~,~~ of Fig. 5(b)

at fm = 1 MHz, where the white noise predc}mina tes, i.e.,

N>>NX, into (19), we obtain N. Then substituting

N(>>N~J and measured (N/C)A~ ,Ds~ into (18) we have

~- sin (0–6). N divided by kTo (– 174 dB/Hz),

called the effective noise-temperature ratio for white

noise, where To is the standard noise temperature

(290”K), is 27=29 dB and ~s’+r’ sin ((3-0), the

effective saturation factor, k 2.2 N2.6, as shown in

Table I. Since (N/C).4 M,DSB and Af,~, are approximately

expressed by experimental formulas (23) and (24), we

have

NE = N(fE/f.)~

Nx = N(fx/’J.

The values of M, V, f~, and fx for each oscillator are given

in Table 1.

Sweet and MacKenzie [17 ] have observed that FM

noise of their Gunn oscillator consisted of both l/~ and

white components. From their results, N/k TO= 15 dB

and fx = 4~40 kHz are inferred, indicating their diode

is very quiet. Their results also imply that Nx is a sensi-

tive function of voltage pushing figures which may be

controlled by the resistive loading, as well as the bias

condition.

Noise spectra of other Gunn oscillators are shown in

Fig. 7 with that of klystron 2K25 (Toshiba) for compari-

son. The diode in the oscillator @ belongs to the same

lot as that of Fig. 5. The diode in@ has an active layer

about 10x11 pm thick and is doped to =1 X 1016 cm–3.

The various noise parameters derived by the same pro-

cedure as above are given in Table I. Although the Gunn

oscillators exhibit more AM noise near carrier than the

klystron, they become less noisy by more than 5 dB at

~~~1 MHZ.
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Fig. 7. Measured noise spectra of another Gunn oscillator and
klystron 2K25 (Toshiba). Bias conditons are 11 V, 0.62 A for
@and9V, 0.49 A for @. (a)AM noise spectra. (b) FM noise
spectra.

In applications such as local oscillators for mixers, the

AM noise component of the local oscillator degrades the

mixer noise figure. The noise-figure degradation due to

LO noise of a single-ended mixer is given by [18 ]

.pLO (~/c)AM ,DSB
F2–F~=

2kTo
(26)

where PLO is the LO power fed into the mixer,

(N’/C)A~ ,=s~ is the value in a I-Hz bandwidth at

.frn ‘fIF, and Pz, PI are DSB noise figure of the mixer

with the noisy LO and the noiseless one, respectively.

For the Gunn oscillator@, 10 log (FJFJ = 4.6 dB is

expected from (26) using the (~/C)AM ,DSB calculated

from (18) with ~=1, F1=3 dB, ~1F=70 MHz, and

PLO = 5 mW. For the klystron 2K25, the corresponding

degradation is calculated to be 10.2 dB if we use the

(N/C) .~,D~. at 1 MHz. Meanwhile, the degradation

was measured in a single-ended mixer (jlF = 70 MHz,

FI = 3 dB) and was found to be 6.2 dB for the Gunn

oscillator @ and 9 dB for the klystron at PLO = 5 mW.

FI was evaluated with (a Gunn oscillator)+ (a high-Q

bandpass filter) configuration. The agreement between

the measured and calculated values is fairly good. Thus

once the noise parameters have been evaluated, we can

predict the noise degradation of a single-ended mixer by

use of (18) and (26). Recently developed Gunn oscil-

lators exhibit 10 log (F~/FI)~O.5=1 dB because of the
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Fig. 8. Measured noise spectra of Si avalanche oscillators.
(a) AM noise spectra. (b) FM noise spectra.

improvement in the device fabrication and a high-Q

low-loss circuit design.

B. Avalanche Oscillators

Noise spectra of Si and GaAs avalanche oscillators

have also been measured. The Si avalanche diode

(Toshiba S3019) has a p+-n-n+ structure made by boron

diffusion into an epitaxially grown n-n+ wafer. The

junction diameters are N140 Mm, and the breakdown

voltages of the diodes used were 67-68 V. The GaAs

avalanche diodes recently developed in our laboratory

are capable of operation at an efficiency as high as

12N13 percent [19]. They are made by Zn diffusion into

an n–GaAs epitaxial wafer by an open-tube method.

The tested diodes have a breakdown voltage of 46M49

V and a junction diameter of about 90 ~m.

Fig. 8 shows AM and FM noise spectra of Si ava-

lanche oscillators. The diodes 18-3 C#431 and 18-3 C#300

were operated in the type-B circuit and the rest in the

type C (see Fig. 4). Contrary to the case of the Gunn

oscillators, the Si avalanche oscillators exhibit almost

flat spectra, except for the diode 18-3#14. According to

Scherer [3], the AM noise of avalanche oscillators aris-

ing from the modulation by white appearing low-fre-

quency current fluctuations can be greatly suppressed

below the RF noise level by making the bias circuit

impedance high. We have also observed about 4 dB

variation in AM noise by changing the bias circuit im-

pedance, and found that the AM noise reaches a mini-

mum if a resistance of more than 100 Q is connected in

series to the dc power supply (hp is 6106 A) employed

in a current-limiting state. Thus we operated all the

diodes in this condition. The gradual increase in AM

noise of the diode 18-3C#431 for ~~~3 MHz may be
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TABLE II

NOISE PARAMETERS OF AVALANCHE OSCILLATORS

Material Diode fo *O ~ +ms (NIC)AM,DSB ‘R fx NlkTo
No. ( GHz) (mW) ‘x (Hz16) (dB/Hz) v

-Sin( @ L@)
v (kHz) (kHz) (dB)

Si 6# 62 11.1 300 33 8.2 -142.5 — — <1 <1 47 0.65

Si 18-3#14 11.1 300 27 5.1 -146.0 0.55 0.72 20 14 41 0.50

Si 18-3 C#431 11,3 350 115 3.6 -149.0 — — <1 <1 51 2.1

Si 18-3 C#300 11.3 352 114 2.4 -154.0 — — <1 <1 47 2.4

GaAs 119T20 11.3 350 109 1.8 -155.0 0.9 1.1 3 90 44 2.0

GaAs 119T20 11.3 150 109 1.3 -158.0 0.9 1.1 2 60 38 2.0
—-
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Ll-

85

OIODE 6#62, l~. =90mA

400 fo=ll IGHz 84
Po

300 83 ~

200 82 9

oo~ 8rJ
I50 200 250

Q..

(a)

:m

-,,oo~
250

Q,.

(b)

Fig.9. (a) Dependence of output power POandthe dcbias voltage
Vd. of an Si avalanche oscillator on Q,x. (b) Dependence of
(JV/C)PM,DSB on Qex. The diode is 6#62 of Fig. 8 and the type-C
circuit (Fig. 4) was used to obtain various Qex. The calibration
points mean that (iV/C)PM,DsB wascalibrated with the measured
A~_ of Fig. 8(b).

attributed to the fact that thestray capacitancesin the

RF choke section and the bias feed cable lower the im-

pedance as the video frequency increases. Meanwhile,

the corresponding A& is almost flat to 10 MHz, sug-

gesting that it is mainly composed of RF noise [3].

If we assume that the white appearing modulation

noise is well suppressed and the main noise sources are

white in Fig. 8, N/kTo and dsz+rg sin (@ –0) can

be evaluated in a similar manner as in the Gunn oscil-

lators. They are given in Table II. Carrier power P. was

considered to be equal to the output power P. and the

minimum (N/C) AM ,DSB and corresponding Af,~8 were

used in the above evaluation. The effective noise–

temperature ratio N/k To ranges from 41 to 51 dB and

the effective saturation factor {sg+rz sin (@ –6)

from 0.5 to 2.4.

It is often observed that noise in avalanche oscillators

is very sensitive to the loading on a diode. Fig. 9(b)

100

50

F:

t I
oo~l

250

Q,X

Fig. 10. Dependence of the effective noise-
temperature ratio N/k TO on Q...

shows the dependence of (’N/C) P M ,DSB on the coupling

between the diode and load. The diode 6#62 was

mounted in the type-C circuit of Fig. 4, which has three

stubs, each separated by &/8, with these stubs, Q,X

of the oscillator could be continuously varied. With the

increment of Q.X, PO increased to a maximum and further

increments of Q.X diminished PO, as shown in Fig. 9(a).

Since decrease of dc voltage corresponds to, the increase

of the RF voltage across the diode chip terminal [20],

the RF voltage can be considered to increase with Q.X in

Fig. 9. PM or FM noise near carrier generally prevails

greatly over AM in free-running oscillators, and the

(N/c) pN,DSB was obtained by observing the outptit

power spectra on a spectrum analyzer thalt has a cali-

brated dynamic range in excess of 60 dB. The spectra

in the IF bandwidth of 10 kHz were recorded on an

X– Y recorder and calibration of (N/C) PM ,DSB was per-

formed at the “calibration points” indicated in Fig. 9(b)

from the corresponding Af,~, of Fig. 8(b). tJsing (8) and

(19), N/kTo were calculated with ~ =1, Nx<<N, Q.

= Q~~, and p. =P~. They are shown in Fig. 10, The

effective noise–temperature ratio is seen to increase

with Q,x or the RF voltage amplitude across the diode

chip terminal, and it suddenly increases near the output

power maximum. Such a phenomenon is often observed

in another avalanche diode, and it imposed a severe

restriction on the circuit design of the oscillators.

An amplifier was constructed earlier using the same

diode 6#62, and the DSB noise figure of 37~40 dB was

obtained at 10.8 N11.8 GHz at an average gain of 7 dB

[21]. Since the optimum noise measure M of an ampli-
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Fig. 11. Measured noise spectra of GaAs avalanche oscillators.
(a) AM noise spectra. (b) FM noise spectra.

fier built with a device which has an effective noise tem-

perature ratio AT/kTO is given by [8]

M = (F – 1)/(1 – I/G) = N/kTiI

we obtain N/k TO = 38~41 dB at small signal conditions.

These values are consistent with those of Fig. 10 at small

Q.x or small RF voltage.

Noise spectra of GaAs avalanche oscillators are shown

in Fig. 11. The diodes were mounted in the type-B cir-

cuit. The remarkable differences in oscillator charac-

teristics, as compared with the Si avalanche oscillators,

were that the GaAs diodes were operated at about twice

higher efllciency than the Si diodes and the frequency

pushing by the bias current was about an order of mag-

nitude larger than the Si, i.e., 1.2~1.9 MHz/mA for the

diodes shown in Fig. 11. The presence of modulation

noise is remarkable in the GaAs avalanche oscillators.

This may correspond to the large pushing figures. The

gradual rise of both AM and FM noise for j&3 MHz

may be attributed to the decrease of the bias circuit im-

pedance as in the Si avalanche diodes. When the bias

current was made smaller, reduction of AM and FM

noise was observed in the diode 119T20. The rapid de-

crease of AM noise around ~~ = 1 MHz in 119T15 is

anomalous and not understood yet. This phenomenon

was also observed in another diode. N/k To and 4s2 +Y2

. sin (6 —0) were evaluated at ~~ of minimum AM

noise and are shown in Table II, together with other

parameters. Though the effective noise-temperature

ratio is several decibels smaller than those of Si diodes,

the presence of 1/’ noise makes the AM and FM noise

near a carrier larger than Si diodes. Future progress in

GaAs device technology may diminish the 1/f noise

component.

V. CONCLUSIONS

The generalized Edson’s equations that express AM

noise-to-carrier ratio and rms frequency deviation in

terms of the suitably defined circuit and device parame-

ters have been derived for a generalized model of a

negative-resistance oscillator from Kurokawa’s theory

[9]. They have similar forms as those of an oscillator

with a simple LCR circuit, but include effective avail-

able noise power densities of l/f noise, as well as white

noise, an effective saturation factor, and a suitably de-

fined Q~ of the oscillator.

AM and FM noise spectra of X-band Gunn oscillators

and Si or GaAs avalanche oscillators have been mea-

sured for frequency off carriers extending from 1 kHz to

1.5 MHz (sometimes to 10 MHz) by using the method

reported by Ashley et al. [15 ] successfully to measure

AM noise as low as 175 dB/Hz below the carrier at

fm = 1 MHz with GaAs Schottky-barrier diodes.

The validity of the generalized Edson’s equations has

been verified for Gunn oscillators from the dependence

of noise on QL. An effective noise= temperature ratio

N/k To for white noise and an effective saturation factor

<- sin (@ –0) have been evaluated from the

measured (lV/c)AM ,DSB and Af,~. using the generalized

Edson’s equations. The Gunn, Si avalanche, and GaAs

avalanche oscillators have N/k TO= 23x29, 41N51, and

38x44 dB and ds2+r2 sin (@–fl) =2=2.9, 0.5 N2.4,

and 2, respectively. The I/f noise has been found to be

dominant near carrier in Gunn and GaAs avalanche

oscillators, and the parameters for 1/f noise have been

evaluated approximately. It has been observed that

N/k To in an Si avalanche diode gradually increases

with the RF voltage across the diode chip terminal and

suddenly degrades near an output power maximum.

APPENDIX

A. Prelimi~hary Theorem

Presume pure resistances RI and R.2 to be coupled via

a reciprocal circuit, as shown in Fig. 12. If the equations

Zl(~o) = – RI (Al)

Z2(WO) = – R! (A2)

are satisfied at o = coo, where Z1(U) and Zz(co) are the

impedances looking into ports 1-1’ and 2-2’, respec-

tively, then the following equality holds:

\ z,’(q)\ I Z,’(@o) \
= 7J21 (A3)

– RI RY

where Zi’ (coO)= [dZi(co) /dco ]~=tiO, ~ = 1, 2, and 7721is de-



OHTOMO: NOISE PARAMETERS IN GUNN AND AVALANCHE OSCILLATORS

“EE33R2
Fig. 12. Reciprocal circuit that couples

pure resistances RI and Ra.

fined and given by

7?21= (power dissipated by RZ)/(power generated byRl)

R, R1+Z1l(OAJ
_——

R, R, + Z2,(@ “
(A4)

Especially for a Iossless coupling circuit, i.e., Zll, Zzz,

and Z12 are purely imaginary [22], q~l = 1.

Proof: From the definition of the impedance matrix

we have [22]

ZI,’(OJ)
Z,(cd) = z,,(a) –

D(m) + R;Zii(co)
.

ZjJ (CO)+ R~ Ri + Z,~(ti) ‘

(i, j) = (1, 2) or (2, 1) (AS)

where D(w) = Zll(CJ)Z~z(u) —2122(0). At u = U. we obtain

[Rl + Zll(wo)] [R2 + Z2,(WO)] = Z1,2(OJO) (A6)

[D(@O) + RIZ22(coo)]/[RI + ZII(COO)] = –R, (A7)

[D(coo) + R2Zu(LOo)]/[R2 + z,,(m)] = –RI (A8)

from (Al) and (A2). Let PI and Pz be the power gen-

erated and dissipated in RI and Rj, respectively, at

w =wO. They are given by

Using (A6), we obtain (A4):

Meanwhile, differentiation of (A5) gives

.Z,’(OJ) = [{ D’(m) + R,Z’,,’(LJ) ] { Rj + Zjj(c.j) }

— Z,I’(LO) { D(oJ) + ~jztt(~) } ]/ [Rj + zjj(~)]’ .

Using (A7) and (A8) we have at u =COo

21’ R1+Z1l 2
—

Z2’ –--( )R2+ZZ2

“[(D’+R,Zn’) (R,+Z,,)–Z,,’(D+R,ZI,)

(D’+ R,Z,,’) (R,+ZII) –Zn’(D+RIZ2,) 1
R1+Z1l

—
– R2+ZZ2

(A9)

where abbreviations like 21’ = Z1’(uo), 22’ = ZZ’(COO), etc.,
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are employed. From (A4) and (A9), (A3) is obtained.

If 211, 22,, and ZI, are purely imaginary, a simple calcu-

lation gives q2~ = 1.

B. De$nition oj Q- Value

An oscillator represented by Fig. 1 (a) is equivalent to

Fig. 12 if we replace Rl, R,, and ZI1 by – ~, R~, and

211 +j~, respectively. At the frequency of oscillation,

(Al) and (A2) hold, i.e., j~(Ao) +Z(ti~) =~(i40) =Ro

and Z..(UO,A O) = –RL. Since d pjx(i4) +2(6J) ]/d@

= Z’(u), the previous theorem gives

(Bl)

where Ze~’(tiO) = [dZ,~(u, A ) /dti ]~=tiO,~=~O and

P. R~ –Ro +j~(z’iO) + .&(@o)
——

721=X=X; R~ + Z,,(LOO)
(B2)

where Pe = ROA oz/2 is the power generated by the active

device and P. is the output power dissipated in R~. For

later use, other relations corresponding to (1

(A9) are given:

Z122(ao) = [– Ro+j~(Ao) +Zll(Wo)] [R~+Z22(wo)]

z’(coo)/zex’(coo)

= [– RO+jx(AO)+Z,,(WJ]/ [R~+Zz’(UO)

6) and

(B3)

. (B4)

We now define the loaded Q and external Q of the oscil-

lator circuit by

Q~,. = UO I Z’(@o) I /2Ro (B5)

Q ex ,C = co. \ ZeX’(rJo) I /2R~. (B6)

Then from (Bl) we have

QL,./Qe~,c = 7721 (B7)

which is usually termed the circuit efficiency of the

oscillator.

If matched load RL and the port 2-2’ in Fig. 1 (a) are

connected via a transmission line, it can easily be shown

that I ZeX’(coO) I or Q,X,. is invariant under the shift of the

reference plane of port 2-2’. Z,X’(UO) becomes purely

imaginary at a new reference plane shifted from the

original position by (A,/47r) [tan-l [1/arg {Z.x’(coo) } ]

+mr ], where n is an integer. At one of these new refer-

ence planes, Xex’ = Im { Z.X’(COO) ] is positive and Q,.,c

is given by

Q ex, c = LOoX.x’(Loo)/2R~.

This is just the usual definition of Q.. in microwave cir-

cuits [20]. It is also to be noted that Q.X,,, or QL,C may

not always be equivalent to the physical Iy defined Q,

i.e., WOX (total stored energy) /(power dissipation), in

the case of multiple-resonant circuits.

Meanwhile, the conventional Q.. of an oscillator is

measured from injection-locking and frequency-pulling

experiments. It will be shown later that {such a Q.. is
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related to Q~x,C as

Q== Q,x,.sin (~ – O) =

w,] 2,<(%) I

2RL
sin (~ –0). (B8)

By analogy, we also define QL of the oscillator by

u, I 2’(0),) ]
QL = QL,. Sin (@ – e) = sin (@ — 6’) (B9)

2R0

where QL/Qex = w Thus we had better distinguish Q of

an oscillator from that of an oscillator circuit.

C. Q.z in Injection-Locking Experiments

Usually, Q,. of an oscillator is experimentally found

by the locking equation:

Aj 2 P,
—.—
f~ .x

Q d l%

(cl)

where Af is the total locking range, Po is the free-running

output power, and P; is the injected signal power. lt will

be shown that such a Q~~is representedh (B8). Ac-

cording to Kurokawa [8], the locking range is deter-

mined by

AO 1 vAR – sAX I /a,(s2 + ?2)112 S 1. (C2)

If Icw–uOI is small we have

AR ESR(w) – R(ao) = R’(@o) (W – @O)

where ui is the angular frequency of the injected signal.

From these and from (11) in the text, the inequality

(C2) becomes

~ \ Z’(W) I Icdi - COO] sin (@ - 0) S L (C3)
a.

Since A O is the amplitude of the current through the

device and a, is the equivalent voltage of the injected

signal in series with the device, they are given by

Ao = (2 P./Ro)112 = (2 P0/Rov21)1’2

= (8R0712,P,) ‘1’,

Substituting these into (C3) we have a locking equation:

Comparison between the above equation and

shows that the Qex is represented by (B8).

(cl)

D. Q~~in Frequency-Pulling Experiments

Another conventional method to evaluate Q.. of an

oscillator is the frequency pulling. Such a Q.. is also

represented by (B8), as shown below. Presume load ZL,

which has a reflection coefficient r = aei@ (O 54 ~ 27r,

where a<<l), is connected to port 2-2’ of Fig. 1(a) in-

stead of a matched load RL. Then the condition of oscil-

lation becomes

Z,X(@, ~) + .zL = O (Dl)

where

l+r
ZL=RL— % RL(l + 2ae~@).

l–r

If Icu-wOI and I A –Ao[ is small, Z,x is expanded as

Zex(cd, A) = Zex(cdo, 440) + .zex’(@o)(@ – @o)

+ ZX(AO)(A – Ao)

where Zex’(uo) = [dzex(u,A)/dw]@=wo, A=Ao, zex(Cdo,A o)

= –R~, and

.
[–F(AO) + jx(Ao) + .zI,(ao)]’ “

Employing (B2)*(B4) we have

Ro(s+j~) Z6X’(WO)
zex(Ao) = – ‘L 4s2 + #2 ei(e-~+t)

Ao Z’(Coo) AOVZ1

where s +jr = dsz i-r2e@, Z’(CJo) = I Z’(uo) I ej~, and

Z.X’ (COO)= [ Z.X’(~O) I e~~.

Hence, (D 1) becomes

From this, we obtain

k!RLsin(d–@+ y)-@)

m – ‘0 = I ZeX’(WO) I sin ((3 – 0) “

By varying @ from O to 27r, the total frequency shift Acu

is given by

Aw 4aRL
—.

@o cOO ] Z,X’(@o) \ sin (@ — 0) “

On the other hand, we conventionally evaluate Q,x from

the measured Au by

Hence, we have again (B8).
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First-Order Nonlinear Theory in Hexagonal

Ferrites with Planar Anisotropy under

Perpendicular Pumping

JOSEPH HELSZAJN, MEMBER, IEEE, AND JOHN MCSTAY

Abstract—The first-order spinwave instability under perpendicu-

lar pumping at large signal power in an hexagonal ferrite ellipsoid
with planar anisotropy biased in the easy plane is studied. The non-
linear coupliig coefficient is obtained in terms of the physical vari-
ables of the unstable spinwaves and the uniform mode magnetization
such as the orientation and ellipticity of the unstable spinwaves, the
coordinates of the spinwave propagation vector k, and the uniform
mode ellipticity. Results obtained using a computer in the case of a
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sphere are included. Also included are experimental results on the
coincidence region with the dc field in the easy plane and with the dc
field out of the easy plane. This latter arrangement leads to a new
tunable coincidence liiiter.

1. INTRODUCTION

T
HE first- and second-order nonlinear behavior in

isotropic ferrites under perpendicular pumping at

large signal power due to spinwave instabilities are

well known [1 ]– [5 ]. The first-order nonlinear process

is usually the more important one and is the only one

considered in this paper. This instability gives rise to an

additional subsidiary resonance peak below the mag-


