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Study of the Harmonic Effects for Waveguide
Gunn-Diode Oscillator Optimization

EZIO M. BASTID~ MEMBER, IEEE

Abstract-The dependence on fmrmonfc load conditions of wavegukfe

Gnrm oscfflator porformsnce is themeticaffy sod experlmentsfly studfed A

sfrnple waveguide mount fs presen~ whfch by controlling the dfode

harmonfc load conditio~ with one sfngle adjustment permfts considerable

sinudtaneous improvement fn output power, L&m tmd~ and vmnctor

tmdng Iinemitiq ss welf ss fn frequency stabtity wfth the temperature,

The oscillator noise level ma afso be ~ though not at the same

time as the other improvements. Ftrmtly, the usefulness of bsrnmnic

control fn sfmpfifying some typicaf thermsf pmeerbnw is shown.

I. INTRODUCTION

F OR SOME YEARS waveguide Gunn-diode oscilla-

tors have played an important role as tunable micro-

wave sources. This is due not only to their electrical

properties but also to the fact that they can be very easily

constructed. Their electromagnetic behavior, however, is

Manuscript received July 25, 1979; revised November 19, 1979.
The author is with the Centro Informsxioni Studi Esperienze,

CISE—P.O. Box 3986, 20100, Milano, Italy.

remarkably complex and for this reason a great deal of

attention has been devoted [ 1]–[5] to the synthesizing of

oscillator equivalent circuits, The possibility of obtaining

high power, efficient electronic tuning, a low FM noise

level, and a good frequency stability with the temperature

is, however, often affected by some nonlinear harmonic

effects that are usually not considered in oscillator mod-

els. This work first presents a survey of the effects that

limit oscillator power and FM–AFC performance, An

analysis of the reasons for these limits allows us to bring

out interesting properties of oscillator electronic tuning

and to predict a nonnegligible effect of the diode

harmonic load conditions on the oscillator frequency sta-

bility with temperature and on the FM noise level. Circuit

requirements for overcoming the demonstrated limits arc

then discussed, and a Gunn-diode waveguide mounting
that satisfies the requirements is described. Finally, ex-

perimental results obtained by using the mount are pre-

sented.
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II. PH~NOMENOLOGICAL DESCRIPTION OF THE

EFFECT OF HARMONICS ON OSCILLATOR OUTPUT

PowER AND FM–AFC O+ARACTERISTICS

When the cavity size d of a post coupled oscillator (Fig.

l(a)) is varied sharp power fluctuations are often observed

[6] which can be correlated by a parametric self-pumping

mechanism-studied by Carrel [7] and other authors [8],

[9]—with harmonic frequency long-line effects. Such un-

desired efficiency fluctuations and the very wide loaded Q

variation with the cavity size d [10], make this very simple

oscillator design rather impractical. A very smooth tuning

is usually provided in ins-coupled oscillators (Fig. l(b)).

Sharp power fluctuations are then rarely observed and,

owing to some decoupling due to the iris, they depend

very slightly on the load. The output power level is,

however, strongly affected by the harmonic frequency

impedance seen by the diode.

The oscillator frequency ~ can be tuned (though only in

very small bands) by changing the diode bias voltage V&

This phenomenon was used to obtain frequency-mod-

ulated or automatic frequency controlled oscillators

[11]-[13]. These systems have a drawback in that the

bias-tuning sensitivity a = d!/ dVd varies from one diode

to another, while depending for the same diode on the

circuit Q factor at the operating frequency [ 12]–[ 14].

Moreover, the a value depends on the load conditions at

the harmonic frequencies and marked a fluctuations may

also occur if the oscillator is connected to a very strongly

harmonic reflecting load [15]. Output power level also

depends on the harmonic load and the power–voltage

curves (P– JQ show an irregular trend, when the a( Vd)

values also fluctuate. We systematically analyzed the

(~- V~) and (P- Vd) curves of an iris-coupled oscillator
connected, at different distances d’, to a harmonic reflect-

ing filter (HP-X-362A). We observed marked nonlineari-

ties in both types of diagrams but, choosing the proper

distance d’, it is always possible to obtain a flat a( Vd)

trend and a smooth P– V~ curve with a very high power

level. Similar behavior was observed using a post coupled

oscillator. Finally, we should point out that in varactor-

tuned oscillators the frequency–varactor voltage (~– VO)

and the power–varactor voltage (1’– Vu) curves exhibit a

fluctuating trend very similar to the one described here for

bias-tuning. Experimental results given in the final part of

this work document this situation which holds true for

both parallel-type (Fig. l(c)) and series-type varactor
mountings.

III. ANALYSIS OF HARMONIC EFFECTS ON

OSCILLATOR PERFORMANCE AND DESCRIPTION OF

CIRCUIT REQUIREMENTS FOR PRACTICAL OPTIMIZATION

The previous section shows the limits of waveguide

Gum-diode oscillator performance. The power level may

be much lower than that the diode could supply. When

the oscillator is frequency modulated, undesirable ampli-

tude modulation may occur. The distortion of frequen-

cy–voltage plots limits FM performance and when it

produces a variation of the df/dV sign compromises the

ckc.ke
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ckoke= dielectric rod
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I d—. -*
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Fig. 1. (a) Full-height waveguide-tunable Gunn diode oscillators:
Plunger mounting. (b) Ins and dielectric screw mounting. (c) A
parallel type varactor mounting.

automatic frequency control capability. Since these effects

strongly depend on the second harmonic load [6], [15], it is

important to design a mount in which both the level and

the trend of the second harmonic impedance seen by the

diode can be widely varied without affecting the load

conditions at the fundamental frequency, which can thus

be independently optimized. Such a structure should also

ensure considerable improvement in FM noise and in

frequency stability with the temperature.

To demonstrate this statement and clarify the

mechanisms mentioned, further analysis of the link be-

tween frequency pulling effects and oscillator harmonic

load conditions is required. In this connection, there is a

useful work by Quine [16] who found that for an oscillator

using a two terminal negative resistance element the

following resonance condition must be fulfilled:

(1)
/r=l

where E. k the voltage nth harmonic applied to the diode

and B. is the total circuit susceptance at this harmonic.

The assumption is made that in steady-state the I(t) and

V(t) coordinates point describes zero-area cycles in the
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1– ~ plane. This assumption does not hold completely true

for Gunn-diode oscillators, as was shown by Tsai and

Rosenbaum [12] and was experimentally confirmed by the

low-frequency Gunn-diode 1– ~ characteristics [17], and

as we also ascertained for microwave diodes by using a

general computer program, calculating the current and

electric field profile in a Gunn diode operating into a

linear circuit [18]. As was shown in another study [19], we

too observed a marked dependence of these cycle areas on

the amplitude of the oscillator signal.

Despite this situation, several authors [16], [20], [21]

agree on the essential likelihood of the conclusions to be

drawn from (1) concerning frequency pulling effects in

Gunn-diode oscillators. It should also be noted that Wu

[20] obtained experimental results supporting the reliabil-

ity of (l).

As a first example, let us consider a diode coupled to a

hypothetical cavity [16] formed by the parallel capaci-

tance c (including the diode capacitance) and inductance

L. which is supposed to differ from one harmonic to

another. Taking j& = l/(27r~ ), the circuit suscep-

tance B. at the nth harmonic of the operating frequency is

given by

(2)

If we let t3&= nj–~o~ and if we suppose that, 18~~1/&<< 1,

from (1) and (2) we obtain:

where the tlf~ cannot have all the same sign of 8f1 in order

to satisfy the oscillation condition with E. # O. Let us now

suppose that, by acting on capacitance c, we pass from the

operating frequency fa to the frequency fp = fa + ~f. If we

let dfo ‘folfl –jola, it is easy to find

1 + i n(fo./f0JlEJEJ3

af = afo
n=2

1 + ~ n2jE~/E11:
~=z

sn(l-E./E,lj- IWE,li)Mjp
_ n=2

(4)

1 + ~ n21Em/E11~
n=z

where indkes a and ~ indicate the values assumed, re-

spectively, by the various parameters in the initial and

final condition.

The first term on the right in (4) gives the frequency

variation when the diode voltage signal does not change

its spectrum shape. A weak dependence of the oscillator
frequency variations on the load conditions at harmonic

frequencies is shown here (ti~< ~fo for inductive suscep-

tance at all harmonics and ~f > 8fo for capacitive suscep-

tance). However, the value of this term in any case is very

close to tlfm TMs can be easily verified by assuming that

only the first two voltage harmonics are present. (We

should point out in this connection that for waveguide

Gunn-diode circuits, relative pulling effects 8~1/j usually

lower than 10-2 are observed, which is practically impos-

sible to observe in computer simulations [18].) If we

suppose for example that 8f1/f= 2”10-3 and IE2/E1 I =

0.1, then from (3) jo2/f =jo2/jol = 2.1 so that the first term

on the right in (4) is equal to 1.0028jo. The fluctuations in

tuning sensitivity are thus due to essential modifications

of the signal spectrum shape and can really be observed

only for small variations in the tuning itself.

This explains why for mechanical tuning, which often

covers various gigahertz bands, no irregularities in tuning

curves are usually observed [6]. The second term on the

right in (4) (which is a nonlinear term as it depends on tlf

itself) shows that for harmonics that are all capacitively

loaded (81 >0, n > 2), a reduction in tuning sensitivity is

obtained when, as the frequency decreases (~f, tifo < O), the

harmonic content of the diode voltage spectrum is re-

duced. In this case the sign of the second term on the right

in (4) is the opposite of that of dfo. The contrary occurs

when the diode is inductively loaded at the harmonics.

Interesting experimental results reported by Pollmann and

others [22] concerning a coaxial oscillator operating in

parallel resonance conditions confirm the validity of (4)

and show that load conditions minimizing the output

power level (P= PmJ are almost coincident with maxi-

mum frequency conditions (f =jm) while, vice-versa, op-

timal output power level conditions correspond to the

frequency minimum. The same thing usually occurs in

waveguide oscillators as well. In both conditions

(fmm,P~ and (jtin,P~ high values of the lE2/E11

ratio are measured [8], [24]. This observation allows us to

show the possibility of simultaneously maximizing the

output power and the temperature stability of an oscilla-

tor operating frequency which, as in our case, presents a

negative derivative with temperature. This is due to the

fact that as the temperature increases and frequency de-

creases, the relative harmonic content of the diode voltage

signal usually also decreases. Reduction of the signal

harmonic content is also observed when the computer

program and circuits reported in [18] are used. The tem-

perature dependence of the GaAs electron drift velocity

reported in [23] was used for the computer simulation.

The harmonic content reduction with increasing tempera-

ture is confirmed by Fig. 2(a) and (b), which show the

P-d curves at two different temperature values for a post

coupled oscillator connected to a harmonic filter: at the

higher temperature, a much lower relative amplitude of

the power fluctuations is observed. In this connection, it is

worth emphasizing, as pointed out by Kiehl and Gunshor

[19], that small signal amplitudes facilitate the attainment

of device linear dynamics.
As a second example, let us consider the case of a

capacitance CD (the diode capacitance) tuned in parallel

by a series resonant circuit which is assumed to consist of

a constant capacitance C, an inductance L., and a resis-

tance & both differing from one harmonic to another.
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Fig. 2. Output power as a function of the position of the short-circuit
plunger d for a post coupled X-band oscillator connected to a low-
pass harmonic filter. The diagrams are for two different temperatures.
(a) 20°C. (b) 60”C. The diode bias voltage was Vd = 11.5 V.

This model’s greater possibilities for use with waveguide

mountings as compared to the one described before, are

made clear by Fig. 3, which shows the trend of the

admittance seen b; the semiconductor element at the

fundamental frequency when the oscillator is connected

directly with a m~tched load. In the calculations, made on

the basis of the Eisenhart and Khan [24] model, it was

assumed (Fig. 1(a)) that c =3.2 mm and d= 1.7 cm and

that the values of the case parasitic parameters were those

reported in [25]. In Fig. 3 the line – tiC~ with CD =

0.2 pF [26] is also traced. The intersection point A with
the resonant circuit susceptance gives the oscillator oper-

ating point in the case of negligible harmonic effects. For

this model, the BM values to be introduced into the reso-

nance condition (1) are given by

B.= 2mfCD –
H%”%)

1’Q’(i57r “)
where fo~n and Q. are the resonant frequency and the Q

factor at the nth harmonic of the series resonant circuit.

Y [mho]

‘-

,~-fl~ I
10 10.5

f‘ [GHZ]

Fig. 3. Circuit admittance Y.= G, + jB, calculated for a distance d=

1.7 cm from the diode to the short circuit plunger. B~ is the diode
susceptance calculated for a diode with 0.2-PF capacitance.

Now let us indicate by Af the difference between the

oscillator frequency j and the series circuit fundamental

resonance frequency fo,l. In the absence of harmonic
/w \

effects I a = ~ B.IE~/E112 = O ), if we ignore the weak

diode s;scep;a;;e slope aroundJ the operating point, Af is

given by

.f=fo3,M!izzzz. f,,,
4R,BODQ1 – 2R1BODQ,

(6)

where it has been assumed (Fig. 3) that 4R~B& <<1,

Af/fo,l <<1, and B,*= 2mfo,1 CD. For a #O, there is a fur-
ther frequency variation 84 so that

fosl = fosl
8$+ Af =f – f,,, =

2Rl(BoD+~)Ql 2R1BOD QG~~
(7)

where

Qeff=(l+&)Q,=(l-~)Q,. (7)

This equation, where the relation a = – B1 taken from

(1) has been used, describes the total frequency shift in
terms ,of an equivalent Q factor of the series resonant

circuit. Experimental data obtained, as described in [6], by

varying only the impedance seen by the diode at the
harmonic frequencies show 6“ /foJl values in the t 2.5.

10–3 range for a 1O-GHZ oscillator. Near the operating

point the slope of the circuit susceptance is dB/df =

0.1 S/GHz: this corresponds for (7’) to a t 20 percent

Qeff variation. When the admittance B1 is strongly in&c-

tive (condition ftin, Pm=) there is a maximum of Qefr On

the contrary, a minimum is obtained for strongly capaci-

tive B1 (condition fma, PtiJ. Let us now suppose we vary

the Gunn-diode capacitance by 8C~. Indicating by &z the

corresponding a variation, from (7) we obtain:

fo.!l ( &BoD+ (%3
~f(~c~) = – 2R1B.~ Q.ff

BOD-t-a -1-8BODi- & ) (8)

where

8BOD = 2z@C~ .

For a given variation of parameter a this relation allows

us to predict a lower frequency sensitivity to the variations

of the parameters affecting the diode equivalent capaci-
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Fig. 4. The harmonic tuned mounting. (a) Without varactor. (b) With
varactor.

tance (i.e., bias tuning, temperature effects, etc.) right at

the condition (jti., l’~a~ maximizing Qeff and (BO~ + a).
It can also be seen that the frequency shift is fully com-

pensated for when i3a= – i3BoD. For diodes with negative

temperature coefficients, 8BOD k positive for AT> O and

there is thus a compensating action for negative a varia-

tions. Under experimental conditions where the overall

heating effect (including cavity expansion) is given, for

any harmonic tuning condition, by a frequency decrease

with temperature, this allows us to predict the minimum

derivative at the condition (~~h, P~a~, which makes the

value a normally positive and maximum (in this connec-

tion it should be recalled that a~O at high temperatures).

Still using (8), it appears that the sensitivity of frequency

variations to percentage variations of BO~ is lower for

higher BOD values. The result is a mechanism that brings

about further stabilization at high temperatures and volt-

ages, due to the fact that identical variations of a produce

lower frequency shift effects as the diode temperature or

voltage becomes higher. For very small variations of CD,

(8) can be written:

2R,B,DQ:ff(1+%+J~‘8’)fy=- “f””
This relation is important for investigation of the

harmonic effects on oscillator FM noise, which as is well

known [27], is influenced to a remarkable extent by CD

fluctuations produced by diode bias voltage noise. Appar-

ently the minimum noise condition requires that 8a/M?oD
= – 1; moreover at equal &z/8BoD, the noise should be at

a minimum precisely at the maximum Qeff condition. The

strong dependence on parameter 6a/ 8BOD k however

worth some further comment. In typical waveguide

circuits, at equal variations of the tuning parameter (in

our case BOD), the impedance seen by the active element
at the nth harmonic frequency exhibits many possible

resonances, which increase rapidly with n [6]. Conse-

quently, when the frequency is varied, rapid amplitude

variations of very high frequency spectral components are

generated. These components, whose intensity however is

not such as to give easily detectable frequency pulling

effects, strongly af feet the value of &z/ 8BOD at the operat-

ing point. This may explain some results given in the last

part of this work where it is shown that harmonic tuning

may vary FM noise without remarkable changes in either

oscillator frequency or power.

Finally, let us consider the effect of small variations in

the tuning capacitance C of the series resonant circuit

(think for example of thermal deformations of the reso-

nant cavity or of varactor tuning). In this case the curve

describing the resonant circuit susceptance shifts slightly,

being deformed very little. As a result (dBJd! of the

working point remains practically unvaried for constant a.

Thus for this model as well, the effect of tuning parameter

variations appears to be less important than that of signal

spectral variations in the cavity. In this case for an in-

creasing C(8joP < O) there is a stabilizing effect at the

condition (j~,n, P~~ if a decreases.

IV. MOUNT WITH MECHANICAL TUNING AT THE

HARMONIC FREQUENCIES

The schematic of the mount is shown in Fig. 4(a). It can

be used in either iris-coupled or post-coupled configura-

tion. The possibility of varying only the impedance seen

by the semiconductor element at the harmonic frequencies

(at the second one, to be precise, in particular) without

directly affecting the impedance at the fundamental

frequency is brought about through variation of the length

dc of a cylindrical cavity. This cavity, coupled with the

circuit by a diodeless post, has a diameter such that the

fundamental frequency component of the signal is cutoff.

In the experimental tests reported herein we took +=12

mm with a length dc of the cylindrical cavity of not less

than 10 cm in order to assure a drastic attenuation of the

X-band fundamental frequency signal. Nevertheless, for

cavities whose overall dimensions do not constitute a

problem (dc = 2 or 3 cm), behavior differing from that

described was not observed. Since tuning at the harmonic

frequencies gives rise to pulling effects t3~/j< 10-2, it was

possible to draw the mechanical tuning curve. For a

plunger-tuned post coupled configuration a band 4.5 GHz
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wide was obtained by varying the plunger distance d from

the diode between 12 and 22 mm. Suppose we now

connect the oscillator to a load that is purely reactive at

the second harmonic (such as, for instance, the low-pass

filter). In this case, by varying the cylindrical cavity

short-circuit position dc, a reactance jXC ranging between

+jeo and –jcc is seen at the input of the lossless two-

port (A – A’) – (B – B‘) of Fig. 5. Thus, disregarding the

case of total decoupling, a second harmonic reactance,

also variable between –jet and +jco, is brought back

through the two-port (xl – A’) – (B – B‘) to (B – B‘) and

from there directly to the semiconductor. In this way the

same effect as a continuous cavity displacement from the

low-pass filter is obtained at the second harmonic. When

the oscillator is connected to a resistive load, the two-port

(A – A’) – (B – B’) becomes dissipative [28], [29], [30] and

the above considerations no longer apply. However, ex-

perimental measurements performed as described in [24]

on a scaled S-band mounting model show significant

second harmonic impedance variations even when a post

coupled oscillator is connected to a broad-band matched

load. These results suggest that the proposed mount is

suitable for the most extensive operating conditions. In

the case of purely reactive loads at the second harmonic

(i.e., filter), possible sharp resonances at this frequency

can also be eliminated by simply varying dc. Computer

simulation performed following Joshii and Cornik theory

[29] also demonstrates such a possibility (in the calcula-

tions the coupling to the cylindrical cavity, (B – B’) port

in Figs. 5 and 6, was approximated by a gap in the post

without the diode). The mounting described was then

adjusted for varactor diode operations (Fig. 4(b)) and

electronic tuning bands 40-percent wider than those for

the same size mounting in Fig. l(c), (a, b, c, s), were ob-

tained.

V. EXPERIMENTAL RESULTS OBTAINED BY MEANS

OF THE NEW MOUNT

A. Output Power

A configuration with an iris and dielectric tuning rod

was analyzed first. For each fundamental tuning condi-

tion power variations of 5–7 dB were observed when the

harmonic cavity plunger position d= was varied. The situa-

tion, for instance, was no different when a post coupled

configuration reactively loaded at the harmonic frequen-

cies was used (see the results in Fig. 6). When this oscilla-

tor was connected to a broad-band absorber, power varia-

tions of about 2 dB were obtained. The power P shows a

periodic trend with d=. The period corresponds to half the
wavelength of the second harmonic signal in the circular

waveguide TE,, mode [22].

B. Bias Tuning

Fig. 7 shows the effect of the harmonic tuning (dc) on

the (j– IQ and (P– ~d) curves of an iris coupled oscillator.

A really drastic linearization effect can be achieved for

both type of diagrams. We can see that the power curves

➤ package r two port network

,---i--l s ~ A
l—

*mo
I [
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Fig. 6. Output power variations of a post-coupled oscillator obtained
by varying the harmonic cavity short-circuit position (dC). The results
shown are for various fundamental frequency short-circuit tuning
positions (d). Because dC>10 cm, the vatues corresponding to the
maximum and minimum power varies rapidly with d and an inter-
polating curve cannot be easily drawn, so onty some d= values are
reported here.

overlap close to the same ~d values as the frequency

curves. Results of the same type were also obtained by

using an oscillator without iris connected to the harmonic

filter. Similar effects were noticed in the case of a

frequency-modulated oscillator when we observed the

curve of the modulation depth as a function of the RF

voltage ?pplied to the diode obtained with the Bessel

function method.

C. Varactor Tuning

In Fig. 8, which shows the (~– VJ and (P– VO) curves

for an iris-coupled oscillator, a drastic linearization effect

in the (~– VO) curves can be observed (the maximum

linearity deviation decreases from 8 percent to 0.5 per-

cent). Moreover, as was to be expected, a smaller df/dVo
is obtained the more P increases with V. (and therefore

with fl at the operating point. Similar results were also

obtained by using a post coupled configuration. In partic-

ular, it was noticed that very strong linearization effects

cannot be obtained when the oscillator and the cylindrical

cavity are connected to broad-band absorbers. In this case

the computer simulation [29] shows a very flat second

harmonic impedance trend. This proves that the nonlin-

earities of the frequency pulling phenomena can be ex-
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ploited in order to minimize the effects of the nonlinearity

intrinsic to the modulating mechanism itself (e.g., the

tuning with the varactor diode, whose capacitance varies
.

as l/l/~. ).

D. Temperature Stabili~ of the Operating Frequency

Thermal variations affect both diode and cavity param-

eters. Talwar and Curtice [31] analyzed the temperature

dependence of the diode impedance. Hobson and Desa

[32] pointed out that for high ~~ the bias tuning is mainly
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Fig. 9. Frequency (dots) and power (triangtes) as functions of the
temperature for two different harmonic tuning conditions for an
iris-coupled oscillator. dC see text.

short-circuit positions dc. Under our operating conditions

the frequency variation due to cavity thermal expansion

was of the same order of magnitude as that due to thermal

variations of the diode parameters. Fig. 9 shows the (f–T)

curves obtained respectively for dc = 10.9 cm (curve 1) and

dc = 11.3 cm (curve 2). Curve 1 shows an average value of

ldf/dTl which seems to be even a little lower than the

absolute value of the measured temperature derivative of

the passive cavity resonance frequency. In any event,

there is complete compensation for the variation effect of

the diode parameters. It should be pointed out that it is

not necessary to have a high-Q cavity in order to achieve

this result (in fact, for thermal experiments, a relatively

low- Q cavity was chosen, as is shown by the fact that the

frequency drift due to the diode—fully removed by

harmonic tuning-was of about the same magnitude as

the thermal variation of the passive cavity resonance

frequency). A preliminary test with a low-Q Invar cavity

shows the possibility of obtaining frequency drift about

one order smaller. Thermal compensation is difficult in

relatively low- Q cavities such as those for pulsed opera-

tion, owing to drift variations from one diode to another.

For instance, when cavities with metallized perspex walls

are used [33], the perspex wall thickness must be different

for each diode. Compensation with a thermal sensitive rod

inserted into the cavity requires troublesome calibrations

and is limited by the nonlinearity of frequency variations

with temperature [33] especially when diodes with highly

differing thermal drift are involved. For this reason, some

designers prefer to stabilize the temperature instead of

compensating their low- Q cavities. Fig. 9 shows that

harmonic tuning makes it possible to vary the sensitivity

of the noncompensated oscillator continuously between

450 and 250 kHz/ “C, Now let us suppose that we com-
due to thermal effects. Both the bias tuning e~perimen& ‘ ~ensate this cavity by using metallized perspex walls, thus

(with only the diode parameters varied) an: th~ varactor

tuning experiments (with only the circuit load parameters

varied) demonstrated strong dependence on the harmonic
load conditions. It is therefore reasonable to expect a

nonnegligible harmonic load ef feet on the temperature

stability of the oscillator operating frequency. Such an

effect was verified by recording the oscillator frequency f

and the output power P as functions of the temperature T

of an iris-loaded oscillator for several harmonic tuning

~arying the resonant frequency the~al drift by – 350
kHz/ ‘C. In this way with harmonic tuning it is possible

to eliminate frequency drift differences, due to the spread,

of - ~ 100 kHz/ ‘C from diode to diode. This can be
done simply by bringing the frequency, by means of

harmonic tuning at low temperatures, back to the same

value that was fixed by fundamental tuning at high tem-

peratures. For mass production it thus seems possible to
utilize only one kind of low-Q cavity, making the diode
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spread correction by harmonic tuning and eliminating the

need for insertion of dielectrics of different thicknesses or

for complicated calibration. When compensation rods are

used, harmonic tuning seems useful to obtain broader

stability ranges, since at low temperatures it corrects the

overcompensation effect inherent in this system. More-

over, the possibility of employing fixed rough compensa-

tion allows the use of a standard low cost ceramic capaci-

tance mounted directly on the diode [34], instead of a

capacitance which would have to be calibrated for each

separate diode.

E. FM Noise

With the change in the harmonic load circuit, the

oscillator FM noise to signal ratio showed several dB

variations. However, outstanding correlation between

maximum FM noise and the (j~~, Pmn) condition did not

occur. This may be a consequence of the fact that at the

operating point the factor 8a/ M?od is strongly dependent

on the spectral fluctuations of the upper harmonics. These

fluctuations may affect the noise, even if they do not give

rise to easily detectable pulling or output power effects.

The structure described is therefore capable of reducing

FM noise but the condition optimizing all the other per-

formances may not coincide with the one providing the

minimum FM noise to signal ratio.

VI. CONCLUSIONS

The output power, electronic tuning characteristics, FM

noise and temperature stability of waveguide Gunn oscil-

lators depend to a great extent on the harmonic frequency

loads. Theoretical and experimental analyses of such

effects are given with the aim of identifying useful design

features. It is shown that simple practical oscillator cavi-

ties of various types can be easily constructed, which

allow considerable improvement in all the performances

mentioned by independent tuning of the fundamental and

second harmonic signals over a very broad operating

frequency range. It is proved that the frequency thermal

stability and the FM–AFC oscillator characteristics are

optimized when the harmonics are tuned to give the

maximum output power level. Moreover, for varactor-

tuned cavities, very strong reductions are obtained of

intermodulation effects, due to nonlinear frequency de-

pendence on the varactor voltage. The FM noise to signal

ratio can be reduced by several decibels, although it

cannot usually be optimized together with all the other

performances. It is finally shown that harmonic tuning

provides a simple means to continuously vary the magni-

tude of thermal drift of the oscillator operating frequency.

This can simplify the design of temperature compensated

low- Q oscillators.
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Theory and Simulation of the Gyrotron
Traveling Wave Amplifier Operating

at Cyclotron Harmonics

KWO RAY CHU, ADAM T. DROBOT, HAROLD HWALING SZU, and PHILLIP SPRANGLE

Abst*—An analytical expression for the efficiency of the gyrotron

traveling wave ampfifier is derived for the case of nonfundamental

cyclotron harmonic interaction, It scales the efficiency with reaped to the

madea and parametem of operation. This relatioq together with 8 generaf

finear dispersion relatiuq afao derived in the pre9ent paper, gives the

ckacteriatics and optimum operation conditions of the gyrotron traveffng

wave ampfMer.

L lNTRODUCTION

A N INTERESTING electromagnetic radiation

mechanism [ 1]–[3] known as the electron cyclotron

maser has been the subject of intense research activities in

recent years. This mechanism has been the basis for a new

class of microwave devices called gyrotrons capable of

generating microwaves at unprecedented power levels at

millimeter and submillimeter wavelengths. A detailed de-

scription of the cyclotron maser mechanism is given in [4]

and brief summaries of gyrotron theories and experi-

ments, together with lists of references, can be found in

recent review papers [5]–[7].

In the present study, we will concentrate on a particular

type of gyrotrons-the gyrotron traveling wave amplifier
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FY761970026.

K. R. Ch~ H. H. Szu, and P. Sprangle are with the Navaf Research
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(gyro-TWA). The cyclotron maser instability and its
wide-band amplification capability was demonstrated ex-

perimentally by Granatstein et al. [8] on an intense relativ-

istic electron beam. The basic physical processes taking

place in a gyro-TWA have been analyzed in recent linear

and nonlinear theories [4], [9]–[ 16]. In the actual operation

of a gyro-TWA, the beam-to-wave energy conversion

efficiency is one of the most important considerations.

References [ 12]–[ 14] contain detailed studies of the satura-

tion mechanisms and calculations of efficiency for the

operation at the fundamental cyclotron harmonic. How-

ever, the scaling of the efficiency with respect to the

various modes and parameters of operation has not been

considered in any detail, nor has the operation at the

nonfundamental cyclotron harmonics. The nonfundamen-

tal harmonic operation is of great importance for the

amplification of submillimeter waves if unrealistically

high magnetic fields (> 100 kG) are to be avoided. In

anticipation of the growing experimental effort aimed at

the generation of submillimeter waves, our main purpose

in the present study is to derive a general analytical

expression for the operating efficiency.

II. DERIVATION OF A GENERAL DISPERSION

RELATION

The typical configuration of a gyro-TWA consists of an

annular electron beam propagating inside a waveguide of
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