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using the graphs presented in [11]. By using these graphs it
can be shown that §,,=2 cm, S, ;=21 cm, S, ,=2.18
cm, W, =1.00, W, =0.975 cm, W; =1.00 cm, W, =1.04 cm,
where S, ,,, and W, are shown in Fig. 10.

The dimensions of the slits can be evaluated by using the

formula (see [12])
Y, ,=(d2/3840)(7/b) (sech(2 V:))_Zexp( 7 ;)

where K, is a complete elliptic integral [13]. The above
equation can solved numerically to obtain d,. The input
and the output sections can be designed by using tapered
conductors and the lumped capacitors can be realized by
shaping the tip of each bar.
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Combining the Powers from Multiple-Device
Oscillators

MOHAMMAD MADIHIAN, STUDENT MEMBER, IEEE, AND SHIZUO MIZUSHINA, MEMBER, IEEE

Abstract —This paper describes the results of power combining with
multiple-device oscillators. A combiner circuit consisting of 3 osciilators
and a directional coupler is analyzed. Conditions are set to obtain the
maximum combining efficiency and a key approach is developed to control
the frequency of the combiner. It is shown that the performance of the
system is not seriously affected by the dissimilarity of the oscillators used
in the combiner. A prototype 84-diode power combiner is constructed and
total output power of 1.72 W with combining efficiency of 98.3 percent is

Manuscript received December 28, 1981; revised March 17, 1982.
The authors are with the Research Institute of Electronics, Shizuoka
University, Hamamatsu 432, Japan.

obtained at 9.7 GHz. No fundamental limiting factor for the maximum
number of devices to be combined was found.

I. INTRODUCTION

ICROWAVE POWER COMBINERS can be classi-
fied into two categories: 1) single circuit multiple-
device structures, and 2) tree structures. In the former
class, a number of devices contribute to the output power
in a single circuit provided that the phase of the signal
generated by each device is properly adjusted [1]-[3]. So

0018-9480 /82 /0800-1228500.75 ©1982 IEEE
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far, the maximum number of devices combined in a single
cavity is 32 IMPATT’s as reported by Hamilton [3]. In the
latter class, the output powers from several single-device
sources are summed to produce a higher output power at a
single frequency [4]-[6]. Mizushina and coauthors [6] have
combined 13 single-diode oscillators in tandem. Practically
the number of devices in the former and the number of
sources in the latter are limited because of the size and the
circuit stability of the structures, respectively. So, one can
incorporate both approaches to devise a class of combiners
to increase the total number of devices; hence, the output
power. Perhaps the reason for the void of any reported
work on this subject has been the lack of an appropriate
combining structure. For this purpose the combining cir-
cuit reported earlier by one of the authors [6] is useful. It
combines the powers from 3 oscillators using a 3-dB short
slot coupler 7] in conjunction with high-level injection-
locking. The technique is fundamentally based on increas-
ing the output power of a high-level injection-locked oscil-
lator to the sum of the free running power and the injected
power by properly adjusting the oscillator, and can be
explained by oscillator injection-locking theory [8]-[10].
Using this circuit as a starting point to increase the number
of devices that can be combined, we have succeeded in
combining 84 Gunn diodes using one 12-diode plus two
36-diode oscillators. The output power obtained was 1.72
W, and the oscillation was quite stable. The present paper
treats the operation of the combiner circuit by employing
oscillator phase locking theory. It describes the conditions
for optimum operation and demonstrates experimental re-
sults.

II. Circulir OPERATION OF THE COMBINER

Fig. 1 represents the schematic diagram of the 3-oscilla-
tor power combining structure. Three oscillators and a
matched load are connected to the four ports of a direc-
tional coupler. Under free running conditions oscillators 1,
2, and 3 generate maximum powers P, P,, and P;, respec-
tively. Let the scattering matrix [S] represent a lossless
directional coupler with the coupling coefficients « and 8
[7]. Furthermore, let a, = |a,|exp(jy,) and b,=|b,|
exp(jA,) be the power waves going into and out of kth
port of the coupler, where k =1,2,3,4, and v,, and A, are
the phase of the power waves with respect to an ap-
propriate reference plane. Using the scattering matrix [S]
the power waves b, can be obtained in terms of a,

b, a, aa, + jBa,
b, a, aa,
=S = . 1
b, [S] a, iBa, (1)
b, a, JBa, + aa,
where
0 a jB8 O
a 0 0 jB
[s]=
B 0 0 a
0 B a 0
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(b
Fig. 1. (a) Schematic diagram of the 3-oscillator power combiner. (b)
Scattering matrix of the coupler in (a).

and
a?+p2=1.

The power wave a, from oscillator 1 is scattered into b,
and b,. b, is injected into oscillator 2. Oscillator 2 is then’
synchronized to oscillator 1 and the synchronized signal is
indicated by a,. Under proper conditions the output power
of oscillator 2 can be as high as the sum of the free running
power and the injected power [6]. This can be also verified
by a nonlinear theory of synchronized oscillators using a
van der Pol oscillator model [8], [9]. Applying the method
of analysis described in [8] and [9] to the present circuit,
one can write, after some manipulations, the set of follow-
ing differential equations which govern the amplitude |a, |
and the phase angle ¢,, between a, and a,:

(2Qex2/w2|a2|)d|a2|/dt'
=(3~3|a2|2/P2—|b2|2/P2)([b2|/la2|)cos¢12
"(2|b2|2/P2)0052¢12+(282Qex2lbz|/|‘12|)Sin¢12
_|‘12|2/P2"ib2|2/P2+1 (2
(2Qexa /w0;) dy, /dt
=(3~|a2|2/P2¥|b2|2/P2)(|b2|/|a2])sin¢>12

—([bzlz/Pz)sin2¢12
=(28,0c02|02| /@51 ) cO8 61, = 28,0, (3)

where 8, = (w, — w,)/w, is the degree of detuning, w, and
w, the angular frequency of oscillators 1 and 2, respec-
tively, and Q.., is the external Q of oscillator 2. The
steady-state solutions of |a,| and ¢,,=y,— 7, can be
obtained by setting d|a,|/dt =dvy,/di =0 in the above
equations. As in [8], the synchronized signal power |a,|?
and the phase angle ¢,, were calculated using a computer.
The results are shown in Figs. 2 and 3 where |a,|? and ¢,
are plotted against the degree of detuning §, for several
|by|?/P, over the synchronization range, assuming that
oscillator 2 generates the maximum power P, under the
free running condition. For every |b,|?/P, there exists an
optimum &, namely §,,, = ((«; — ©;)/®,),,, at which the
power absorbed by oscillator 2 vanishes and |a,|* becomes
maximum

a2 | fax = iazlzlaZOP:Pz'i‘ |b,]> =P, +a*|a,|>. (4)

Similarly for oscillator 3 injected by b, the synchronized
signal is a, and (2)—(4) hold by replacing subscripts 2 with
3, a with B, and by adding a /2 term in the arguments for
Jj in jB. The same applies to Figs. 2 and 3.

Equations (1)-(4) are sufficient to calculate the output
power and the synchronization frequency of the combiner.
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Fig. 2 The output power of synchronized oscillator 2 versus the degree
of detuning for several synchronization power levels.
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Fig. 3. The phase angle between oscillators 1 and 2 versus the degree of
detuning for several synchronization power levels.

A. Output Power and Combining Efficiency
From (1) the output power P, delivered to the matched
load is given by
P,=|b,|> =B?|a,|* + a’|as|* +2aB|a,| - |as|sinds,
(5)

where ¢, is the phase angle between a, and a,. Equation
(5) takes its maximum when

93, =7/2 (6a)
las|/as| =B/ (6b)
Physically (6) sets the conditions to have no power re-

flected back to oscillator 1, i.e., b, = 0. Substituting (6) into

(5) the output power becomes
P.=la,|* +|as|?

™M

which may appear similar to the broken curve in Fig. 4
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Fig. 4. Tuning characteristics of the 84-oxide combiner. Solid curve:
experimental results. Broken curve: calculated results.

over the synchronization range. Adjusting w,, w,, and w; to
set §, = 8, and 8, = 8, will maximize the output power

Pc: |a2|3nax+ la3|12nax
=a’P,+ P, + B*P, + P,
=P +P,+P

20p 3op

(8)

Qex282op = Qex383 op (93)

a’P, — Py =(B*—a?)P,. (9b)

This indicates that the sum of the maximum power is
delivered to the load.

In practice the number of couplers with different cou-
pling coefficients is limited and the oscillators to be com-
bined may exhibit characteristics far from the requirements
of (9). Because of this, losses will arise in the combiner
circuit. These losses appear as power reflected back to
oscillator 1, i.e., b, 7 0. Under such conditions the output
power is given by

Pc=P1+P2+P3—|b1|2 (10)

and defining a combining efficiency as ., =(FP,/(P,+ P,
+ P,))- 100 percent one obtains

provided that

B*(a®P, + P,)+ a*(B?P, + Py)
+2a8/(a?P, + P,)(B2P, + P;)
Me = P+ P, + P

(11)

- 100 percent.

Fig. 5 represents the influence of the characteristics of the
oscillators on the circuit operation of the combiner for a
3-dB coupler. The abscissa plots the deviations of the
power levels P, and P; from the values satisfying (9) while
the ordinate is referenced to the calculated combining
efficiency. For P, = P;, combining efficiency takes its peak
(100 percent) and remains higher than 90 percent so long
as the difference between P, and P, is less than 6 dB. This
promises a good circuit tolerance to dissimilar oscillators.

B. Output Frequency and Injection Locking of the Combiner

Under the conditions of (9) the synchronization
frequency, i.e., the output frequency w, of the combiner, is
equal to w, which is necessarily higher than w, and w; from
Fig. 2. But when the conditions do not hold, b, # 0 and a
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Fig. 5. Effect of the difference between P, and P, on the combining
efficiency for a 3-dB short slot coupler a=g=1 /1/2— . Experimental
results—rectangles: 84-diode combiner; triangles: 60-diode combiner;
circles: 36-diode combiner.
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Fig. 6. Arrangement for injection-locking of the combiner.

signal with frequency lower than w, synchronizes oscillator
1. Subsequently the system becomes mutually synchronized
and w, is no longer equal to w,. It will be slightly lower
than it and higher than w, and ;.

To control w,, the injection-locking arrangement of Fig.
6 can be employed. Using an isolator and circulator,
oscillator 1 is injection-locked to the external signal v, =
V;cos w;t. The frequency of the signal going into port 1 of
the coupler is determined by w,. Since any signal reflected
back to this port is absorbed by the isolator, no mutual
synchronism occurs and the combiner will be injection-
locked to the external signal giving w, = w,.

III. EXPERIMENTAL RESULTS

The operation of the combiner circuit just described, has
already been experimentally confirmed using single-diode
oscillators [6]. The experiments carried out here apply the
circuit to combine multiple-diode oscillators to extend the
total number of devices combined.

A. Multiple-Device Oscillators

The multiple-device oscillators used in the experiments
should meet the two following requirements: 1) the oscilla-
tors must be stable during circuit adjustment; 2) the oscil-
lators’ circuit design must be applicable to a relatively large
number of devices (this permits one to increase the total
number of devices at will).

We selected the Kurokawa oscillator [1]. One 12-diode
and two 36-diode oscillators were constructed using X-band
Gunn diodes (NEC GD-511AA, 15-30 mW). The output
power as well as the external Q of each oscillator operating
at 9.7 GHz is presented in Table 1. The best position to
tune the frequency of the oscillators was found to be at the
point of maximum electric field located a quarter-guide
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TABLEI ‘
THE OUTPUT POWER AND @, OF MULTIPLE-DIODE OSCILLATORS

0sC. NO. POWER (mW) i Q¢
12-p1oDE osc, 280 438
36-prope osc. no,ly 700 177
36-DIODE 0SC. NO.2 770 194

TABLE I
RESULTS OF 84-DIODE POWER COMBINING

FREE RUNNING | COMB INED

FREQ, DEVIATION POWER FREQ., { POWER| EFF,

(MHz) (m) (MHz) [ (mK) | (F)

Af af, afy Py P, P £ P n.

meas. | 5 | -30[ -20 [ 280 [700 [770 9710 [1720 [98.3
cALCU., B [ [i732 o3

wavelength from tﬁe front of the oscillator cavity. Using a
capacitive screw, each oscillator could be tuned over 120
MHz with 0.13-dB power variation.

B. 84-Diode Power Combiner

By connecting the 12-diode oscillator to port 1 and the
36-diode oscillators to ports 2 and 3 of a 3-dB short slot
coupler, we have built an 84-diode power combiner.

First, to obtain the maximum output power P, the
oscillation frequencies of the oscillators were adjusted. The
results are summarized in Table II. The oscillation frequen-
cies and output powers of individual oscillators are given
in Af, = f,— f., and P, respectively, where j=1,2,3 and f,
is the output frequency. The combining efficiency 7, and
output power P, are also presented. The results of theoreti-
cal calculations to obtain the maximum P, are also given in
Table I1. To derive those values use is made of Table I, (2),
(3), (10), (11), and the value of f; from the experiment. The
differences between the experimental and theoretical re-
sults represent the fact that a signal reflected into port 1
has synchronized oscillator 1.

Next, to examine the tuning characteristics of the com-
biner, the circuit was first adjusted for maximum output
power and then oscillator 1 was tuned alone over the
synchronization range. The effect of such tuning on the
output power is shown by solid curve in Fig. 4. The
combiner remained frequency synchronized over 60 MHz
with 0.57-dB change in power level. The broken curve in
Fig. 4 plots P, from (7) using the given parameters of the
oscillators. The deviation between the curves reflects the
fact that to derive P, no effect of reverse injection into
oscillator 1 is taken into account. However, this happy
occurence, at frequencies far from the optimum, improves
the overall behavior of the combiner.

Finally, the injection-locking behavior of the combiner
was tested using the setup of Fig. 6. After adjusting the
circuit for maximum output power, the injection signal was
applied and the output power and output frequency were
monitored while sweeping the injection frequency. The
results are shown in Fig. 7 with the injection power P, as a
parameter. As the injection power level increases the lock-
ing bandwidth becomes wider. For very large injection
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Fig. 7. Injection-locking behavior of the 84-diode combiner.

TABLE III
RESULTS OF 60- AND 36-DIODE POWER COMBINING

FREE RUNNING COMBINED

FREQ. DEVIATION POWER FREQ. |POWER| EFF.

{MHZ) (mW) (MHz) | (mW)Y | (%)
Afy af, 2fg | Py Py Py | £ [P fng
MEAS , 4 | -23| -20| 280| 400} 505{9688 |1160 | 97.8
60-n10DE CcoMB,
CALCU, -15| -18 1170 1 99
MEAS, ] 3 | -19] -17| 280| 283} 2839685 | 850 | 99.8
36-DIODE COMB.
caceu. | -1{ -11 | 860 | 99.9

power level, as the injection frequency is swept over the
locking range, the change in the output power from its
peak becomes rapid however. So, a compromising effort
can be made between the injection-locking stability of the
system and the changes in the output power level.

C. 60- and 36-Diode Power Combiners

To investigate the effect of the number of devices com-
bined on the circuit operation we have also constructed 60-
and 36-diode combiners. Oscillators 2 and 3 of the previ-
ous combiner were replaced by two 24-diode oscillators
(Qexz = 290, Q.3 = 242) to construct a 60-diode combiner,
and by two 12-diode oscillators (Q.,, = Q.3 = 438) to
build a 36-diode combiner, respectively. The results of
circuit adjustments for maximum output power from the
experiments and calculations are summarized in Table HI.

With regard to Tables II and III, as the total number of
devices contributed by oscillators 2 and 3 increases the
degree of detuning § increases. The reason can be ex-
plained as follows. By increasing the number of devices per
oscillator their external Q’s are reduced [11]. Therefore, for
a given Q8. 8, should be increased to compensate for
the reduction of Q,, in order to operate each synchronized
oscillator under its maximum output power condition (Fig.
2).

From all the combiners built, combining efficiencies of
about 100 percent, not higher, at stable operation, were
obtained. The main reason for the slight deviation from
100 percent is that the parameters of oscillators 2 and 3 do
not satisfy (9). The deviation is, for example, less than 2
percent for a 105-mW difference between power levels P,
and P, for 60-diode combiner. This exhibits a good circuit
tolerance of the combiner with respect to the dissimilarity
of oscillators to be used (Fig. 5).
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IV. CONCLUSIONS

By incorporating two groups of combiners a method was
developed to increase the total number of devices that can
be combined. The combiner circuit consisting of 3 oscilla-
tors and a directional coupler was analyzed by employing
oscillator synchronization theory. Conditions for optimum
operation of the combiner were established. A prototype
84-diode power combiner was constructed and the total
output power of 1.72 W with combining efficiency of 98.3
percent at 9.7 GHz was obtained. The injection-locking
experiment with the prototype combiner resulted in 28
MHz of locking bandwidth at a gain of 16.3 dB. We have
also built power combiners including 60 and 36 diodes to
demonstrate output power of 1.16 and 0.85 W with com-
bining efficiencies of 97.8 and 99.8 percent, respectively, at
9.6 GHz. It was found that the performance of the circuit
is not seriously affected by the dissimilarity of the osciila-
tors used; combining efficiency remains higher than 90
percent so long as the difference between the power level of
the oscillators is less than 6 dB. No fundamental limiting
factor for the maximum number of devices that can be
combined was found. The experiments described, have
been conducted at X-band using low power Gunn diodes.
The combining scheme can be, however, applied to higher
frequency bands and other high power devices such as
IMPATTs.
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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.

Manuscript received February 4, 1982; revised April 14, 1982.
The author is with AEG-Telefunken, A1E32, D-7900 Ulm, West
Germany.

1]

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.

0018-9480,/82,/0800-1233$00.75 ©1982 IEEE



