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Simulation Study of Harmonic Oscillators

KLAUS SOLBACH, MEMBER, IEEE

Abstract —In the last few years, the operating modes of Gunn oscillators
for frequencies above 60 GHz have been discussed controversially. In this
context, a general theoretical circuit model for oscillators operating in the
fundamental and in the second-harmonic modes is studied. The model
employs a simple cubic /- characteristic of the active element and
separate embedding circuits for the fundamental and second-harmonic
frequencies. The current and voltage waveforms of both modes are con-
trasted. The oscillator source impedances and the external Q of the
second-harmonic mode oscillator are calculated.

I. INTRODUCTION

URING THE LAST YEARS, several papers have

been published concerning the design of second-
harmonic GaAs Gunn oscillators for frequencies between
50 and 110 GHz, as well as concerning methods for the
classification of existing oscillator designs in terms of the
harmonic number [1]-[4]. Indeed, there has been wide
unawareness of the possibility of harmonic operation of
Gunn oscillators in the past. Such oscillator design as the
cap-structure oscillator, used, e.g., by Ondria [5] for GaAs
Gunn devices up to frequencies of 110 GHz, exhibited
uncommonly high external quality factors Q, and it was
observed that a backshort would have practically very little
influence on the oscillator frequency. Attempts were made
in the past to explain this unusual behavior by proposing
that the Gunn elements were operated in other modes, like
the quenched space-charge mode or a hybrid mode.
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Barth was one of the first researchers to propose that
this behavior would best. be explained by assuming the
oscillators to be operated as harmonic generation circuits,
and he demonstrated this approach to be very efficient in
the design of a wide-band-tunable W-band Gunn oscillator

Two experiments have been reported [3], [4], which
analyze the harmonic behavior of GaAs Gunn oscillators
of the cap type. It is now clear that efficient second-
harmonic generation is feasible in the frequency range up
to 110 GHz using GaAs Gunn elements and it is reasona-
ble to suspect earlier published oscillator’ work relied on
the same principle.

In this paper, an effort is made to contrast the funda-
mental circuit behavior of a negative resistance element
operated in the fundamental mode with that operated in
the second-harmonic mode. A simple nonlinear negative
resistance description for the active element is adopted.
This -V characteristic is not a static property of the active
element (needs not be valid for dc), but it basically de-
scribes that the element at a certain frequency has the
ability to generate oscillations (negative resistance) which
are limited in amplitude (nonlinearity). Although this de-
scription of the element properties is rather general, it has

‘been shown that the fundamental circuit behavior of the

fundamental-mode operation of Gunn oscillators may be
modeled very well [7]. For Tunnel diodes and one-port-
transistor circuits, the model is even more realistic since
these elements exhibit static and/or dc current-voltage
characteéristics very similar to the form employed here.
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II. THE OSCILLATOR MODEL

The model to describe an oscillator, which is capable of
fundamental as well as second-harmonic operation, is
shown in Fig. 1. The active element is modeled as a real
resistance, whose current-voltage dependence is described
by a power series

I=CV+CV*+GV°. (1)

This type of IV characteristic with C, = 0 has first been
used by van der Pol [6] in his classical work on nonlinear
oscillators. The inclusion of the quadratic term C,V? serves
to shift the -V characteristic to an unsymmetric point.
The derivation from the otherwise symmetric /-V char-
acteristic is a condition for second-harmonic generation.
The magnitude of the quadratic term may be adjusted by
an appropriate bias circuitry in physical devices, e.g., Gunn
oscillators.

To act as an active source the linear coefficient C| has to
be a negative number (negative resistance). The cubic term
C, basically serves to limit the voltages across the element.
For example, a typical Gunn element could be described
by a negative resistance of about 10 & (C;= —0.1 A/V)
and a cubic term C, of about 0.01 A/V? in order to
produce about 166 mW in a fundamental-mode oscillator.

A time-invariant linear network is employed to divide
the load impedances into one, which is effective only for
the fundamental frequency « of the oscillation and one
effective only for the second-harmonic frequency 2.

This frequency-multiplexing network models, e.g., the
cap-structure oscillator design, where the cap capacitance
together with the bias-post inductance form a quasi-coaxial
resonator at the fundamental frequency «, while at the
second harmonic 2w the cap structure basically acts as a
radial transformer to the waveguide.

The aim of this work is to describe the steady-state
behavior of the oscillator. It is thus sufficient to employ
nodal analysis in the frequency domain, yielding algebraic
equations in contrast to nodal analysis in the time domain,
yielding integral equations, which are far more difficult to
evaluate.

The voltage across the active element is taken to contain
only one term for the fundamental and one term for the
second-harmonic frequency with all higher harmonics set
equal to zero

V=Ve 7+ ¥, e 2 (2)

The fundamental frequency voltage arbitrarily is set real
while the second-harmonic voltage is a complex quantity
with the phase ¢, V,=V,-e/%. The physical terminal
voltage V relates to the complex quantity via V=Re {V'}.

Equation (1) is employed to calculate the currents flow-
ing in the circuit when the voltage across the active element
is given by (2). It is found that the current flowing into the
active element contains a dc component and RF compo-
nents up to the sixth harmonic

I=I,+ Le 7 + Le /2 + - + e . (3)

The direct current [, in a practical oscillator has to be
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Fig. 1. Equivalent-circuit representation employed to model the oscilla-
tor circuit capable of fundamental mode as well as second-harmonic
operation,

taken care of by the bias circuit. The first RF current
components I, and I, together with the respective voltages
V, and V, generate power in the fundamental and in the
second-harmonic frequencies. The additional higher
harmonic currents are not relevant for further analysis
since no respective voltage harmonics are allowed in the
circuit (2). In this instance currents I, 1,, I5, and I, may be
properly termed “idler currents.”

The first two RF current components readily are calcu-
lated as

k) 2%

3V V2
L=CV+ G| =+ =52

2

) + GV Vcosop

+ JGV P, sing (4)

and

R 3R ) 1%
2

I2:C1V2+C3(T+—— +C2—2Lcoscp
V2
—jCz—stimp. (5)

Nodal analysis of the network in Fig. 1 yields two
equations for the two frequencies existing in the circuit

IL+V,-Y,=0 (6)
and
L+ 7, ¥, =0. (7)

The evaluation of the nodal equations in connection with
the RF currents of (4) and (5) will be treated in the
subsequent sections for different modes of operation of the
oscillator circuit.

III. FUNDAMENTAL-MODE OSCILLATOR

The first case to be considered is the conventional funda-
mental-mode oscillator, which can be formed by letting
Y, - o0, i.e., short-circuiting the second-harmonic voltage.
With this, only-(6) remains to be solved and takes the form
of

3V . 1)
C1+C3T+G1+](wC—E)—O. (8)
This equation is identical to the original condition for
oscillation found by van der Pol.

The frequency of oscillation here is readily found from
the condition that the imaginary part j{wC —(1/wL)] in
(8) be vanishing, i.e., o =1/YLC, while the real part of (8)
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Fig. 2. Device I —V characteristic and current and voltage waveforms
for fundamental (—) and harmonic (----) modes of operation. C; = —0.1
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Fig. 3. The output powers of the fundamental- (—) and the harmonic-
mode (----) oscillator circuits as a function of the normalized load
conductances.

yields the fundamental voltage

4(—-C—G
V2=—(—~———‘ ‘).
173 G,

The current and voltage waveforms of such an oscillation
are plotted in Fig. 2 for a special set of coefficients C,, C,,
and C,. It can be seen from this plot that although the
voltage V is purely cosine shaped, the current [ is distorted
with respect to the cosine shape. This effect occurs due to
the limiting action of the nonlinear active element.

The power output of the oscillator as a function of the
load conductance G, is plotted in Fig. 3. It is seen that
maximum output power is obtained if the load conduc-
tance G, equals 1/2|C,|. For conductances G,>|C,| no
stable oscillation is possible. The external quality factor for
the circuit discussed here is simply the Q of the resonant
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circuit which forms the load for the fundamental frequency

where YOZwC:—l—

Q Se
4Gy’ wL

is the susceptance slope parameter of the resonant circuit.

IV. HARMONIC-MODE OSCILLATOR

The second case to be considered is the second-harmonic
mode of operation for the oscillator circuit. This mode of
operation can be modeled by letting G, - 0, i.e., no power
is dissipated in the fundamental frequency load. This yields
two nonlinear, complex equations for the two harmonic
voltages V| and ¥,

W2 P
4 2
. . . 1
+]C2stm<p+j(wC——a—z) =0 (9)

C,+Clcosp+ C3(

Vi K15
C1+C2—2icos<p+c3(——42—+71)

V2
- jCZE-I’/—sinqur Y,=0. (10)
2

A. Real Harmonic Load Impedance

To facilitate the discussion, it is assumed furthermore
that the imaginary part of the second-harmonic load may
be set to zero, i.e., ¥, =G,. This implies that sing equals
zero, since the imaginary part of (10) has to vanish. From
sing =0 in (9), it follows that the imaginary part reduces
to the same as in (8), which leads to the same oscillation
frequency as in the fundamental-mode oscillator circuit,
namely: o = 1/@5.

At this frequency, the nodal equations reduce to a sys-
tem of two real, nonlinear equations coupled through the
coefficient C, of the nonlinear active device I-V character-
istic.! This system was solved numerically on a computer
and for the same set of coefficients C,;, C,, C; as used in
the fundamental-mode oscillator case the waveforms of
current and voltage at the active element are plotted also in
Fig. 2. It can be seen that the voltage waveform swings
much further into the nonlinear region of the device I-V
characteristic than in the fundamental mode. As a conse-
quence, the current waveform contains much more
harmonic-distortion components than in the fundamental
mode.

The harmonic output power as a function of the load
conductance G, is plotted also in Fig. 3. For the set of
coefficients used in this example, it can be seen from the
graph that the maximum power obtainable from the circuit
at the second harmonic is about 11 dB below the maximum
power from the fundamental-mode oscillator circuit. It is
interesting to note that the maximum power is obtained for
G,=|C,|, that means that the source impedance of the
harmonic oscillator circuit is lower than in the fundamen-

'This system may be reduced to a single equation of higher degree as
well, allowing a simple root-finding algorithm to be used for the solution.
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tal-mode circuit. From calculations using various values of
C, (unsymmetry in the /—V characteristic) it was found
that the harmonic power output increases with the value of
the coefficient C,, while in all cases calculated the source
impedance was found to be independent of the two coeffi-
cients C, and C,. It was found in all cases that the
second-harmonic oscillator circuit exhibits a source con-
ductance exactly double that of the fundamental mode
circuit.

B. Complex Harmonic Load

If the second-harmonic load is allowed to contain a
small imaginary part ¥,=G,+ jB,, B,<G,, the nodal
equations split into equations for the real part and for the
imaginary part. The imaginary part of (9) becomes

(11)

. 1
ClVysing +wC + oL 0
while from (10) it follows that

(12)

Since B, is supposed to be small: ¢~0 and cosp=~1.
Thus the real parts of (9) as well as (10) reduce to the same
equations as solved in the preceding section, i.e., the ampli-
tudes ¥, and 7} in this case are the same as in the real load
impedance case, Section IV-A.

The phase of voltage V, is calculated from (12) as
sing =2V, /C,V)B, and is inserted into (11) to yield

~o-sing+ B, =0.
2

A% 1

2(71) B2+wC E—O. (13)
At frequencies near the real load impedance-case reso-

nant frequency w =1/VLC this equation may be written as

(14)

From (14) the oscillation frequency o may be calcu-
lated, which differs from that of the real load impedance
case w through the effect of B,. The load-pulling Q-factor
(external Q, Q,) from (14) is readily calculated as

Y, (V,\?
Q=35 ( A )
2 2

which compares to Q,, =Y, /G, for the fundamental oscil-
lator mode. It is interesting to note that in both formulas
the same susceptance slope parameter appears and that, in
the harmonic oscillator case, the external Q-factor in-
creases with the squared ratio of the fundamental and the
harmonic components of the active device voltage. Using
the results of Section IV-A for the source impedances of
both modes of operation it can be shown that for maxi-
mum power output in both cases (matched source imped-
ances) the ratio of both Q-factors is then

Qe2___l ﬁ ? -
Qel_Z.(VYZ). (16)

In the harmonic oscillator example plotted in Fig. 2

’

v, \? W —w
2 _
2(_1/1) B2+2Y0( . )—0.

(15)
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(dashed line) the ratio of the fundamental and the harmonic
voltage components is V,/V, =3.71/0.45, resulting in
Q.,/Q. =17. This means that the pulling quality factor of
the harmonic oscillator circuit is more than an order of
magnitude higher than in the fundamental oscillator cir-
cuit. Furthermore, the analysis of several other calculated
examples of harmonic oscillators under different load con-
ditions has led to the conclusion that, in general, the ratio
of the Q-factors is only slightly higher than the ratio of the
output power from the harmonic oscillator over the power
from the load matched fundamental oscillator. In the pre-
sented examples the ratio of the output powers under
matched conditions is about P, /P, = —11.3 dB.

V. CONCLUSIONS

Using a specific equivalent-circuit description for an
oscillator structure capable of fundamental and second-
harmonic operations it was found that the harmonic opera-
tion mode has the following features: 1) the harmonic
oscillator output power increases with the degree of unsym-
metry of the I-V characteristic of the active element
(coefficient C,); 2) the source impedance of the harmonic
oscillator is half that of the fundamental oscillator; 3)
compared to the fundamental oscillator, the external Q-fac-
tor of the harmonic oscillator is increased roughly inversly
proportional to the harmonic efficiency, i.e., the output
power from the harmonic oscillator over the output power
from the load-matched fundamental-mode oscillator.

These theoretical results confirm the observations made
in the empirical development of harmonic oscillators using
Gunn elements as the active device. In practical oscillators,
external Q-factors in the range of 500-1500 are observed
when the harmonic efficiencies are in the range of —10 dB
[2], [3], [5]. Since the Q-factors of cap-structure oscillators
operated in the fundamental mode are generally found on
the order of 100 there exists a clear correspondence of the
theoretical and the experimental Q-factors of the harmonic
oscillator. The exceptionally high Q-factor of 10000 re-
ported in [1] for the second-harmonic mode as compared to
the Q-factor of 45 for the fundamental mode of the oscilla-
tor may be explained by the fact that in the specific design
the resonator circuit comprises a) the cap structure as
employed also in other designs and b) an additional high-Q
waveguide resonator. The high-Q waveguide resonator is
only effective in the harmonic operation mode, while it is
heavily loaded by the output waveguide in the fundamen-
tal-mode oscillator version.

With regard to the noise performance of the second-
harmonic-mode oscillator it may be stated that the noise-
limiting resonator circuit in this mode is much less loaded
by the output port than it is in the fundamental mode of
operation. Thus the noise power produced in the oscillator
is less than that in the fundamental-mode oscillator.

This topic has not been investigated theoretically, but
experimental second-harmonic Gunn oscillators have been
reported to show noise performances about 3 dB better
than fundamental-mode oscillators using the same Gunn
element.
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A Waveguide-Cavity Multiple-Device
FET Oscillator

ANDRZEJ MATERKA aND SHIZUO MIZUSHINA, MEMBER, IEEE

Abstract — A waveguide-cavity oscillator, applicable to power-combining
circuits, has been developed using probe for coupling between active device
and. cavity. No lossy stabilizing element is required. The control of cutput

power, oscillation frequency, and injection locking bandwidth are per- .

formed easily. Output power of 44 mW and dc-RF conversion efficiency of
33.2 percent were obtained at 9.2 GHz for a single-device low-power FET
oscillator. A simple technique of cascading the pretuned oscillator modules
was used to construct multiple-device oscillators incorporating up to four
FET’s with combining efficiency of about 100 percent.

I. INTRODUCTION

ALLIUM ARSENIDE FET’s offer attractive perfor-
mance as microwave power sources, especially be-
cause of their efficiency and output power capabilities
which have been steadily improving for the last few years
[1]. For further increase of the output power from FET
amplifiers several combining techniques have been devel-

oped [2]; however, no work has been reported on adding -

the power from FET oscillators. In the present paper, a
waveguide-cavity oscillator is described which can be used
to combine power from individual FET. devices with high
efficiency.
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(a) A waveguide-cavity single-device oscillator and (b) its equiva-
lent circuit.

Fig. 1.

II. DESCRIPTION AND ANALYSIS

Fig. 1(a) shows a single-device oscillater of the proposed
type in which an active device is placed at one end of a
coaxial transformer. The other end of the transformer is
coupled to the cavity by a probe. The cavity in turn is
coupled to the matched waveguide through an inductive
window. An equivalent circuit of the oscillator, for fre-
quencies close to the cavity dominant resonant frequency,

_is shown in Fig. 1(b). The active device is represented by a
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