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algebraic methods alone. This may be the main advantage

of the present geometrical method.

As reported here, following this geometrical method,

two practical systems for automatic measurements of 2 are

designed here. One can be used under fixed but adjustable

frequency, swept-power conditions, and the other, under

swept -frequency, swept-power conditions. The band-

widths of both these systems should be about the same as

those of the waveguides themselves if the probe loading is

very slight. These systems can be used in either high-power

or low-power levels as long as the probes can pick up

enough signals without loading the waveguide. Also fol-

lowing this new method, further generalization of the

system may be reached. For example, we may use differ-

ent probe arrangements on a “loop line” for measuring

the transfer functions or the scattering matrix of an un-

known microwave component, or, we may use more probes

to check and to enhance the measurement accuracy.
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Corporate and Tandem Structures for
Combining Power from 3~

and 2N+ 1 Oscillators

SHIZUO MIZUSHINA, MEMBER lEEE, HIROSHI KONDOH, AND MltTSUAKI ASHIKI

Abstract-T’he output power from three Gmm osciffators was eomtdmed

using a short-slot coupler in conjunction with high-level injection locking

with the power mmb~ efficiency of ahout 100 percent at 9.7 GHz.

Using the 3-oscfffator structare as the building bl~ we constructed

(3Z = )9-oscillator corporate structure and (2X4+1=)9- and (2X6+1

= )13-nacWator tandem stmctures to demonstrate power combining ef-

ficiencies of 92,95, aad 93 percen~ respectively, at 9.6 GHs.

INTRODUCTION

v ARIOUS TECHNIQUES for combining power from

microwave solid-state sources have been described by

many authors over the years [ 1]– [9]. Some of the tech-

niques, most notably, the single-cavity-multiple-device
techniques reported by Kurokawa and Magalhaes [2] and

by Harp and Stover [3], have gained practical importance

to fulfill a class of communication and radar transmitter

requirements during the last several years. Nevertheless, it

is always interesting to explore new high-efficiency power
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Fig. 1. (a) A 3-oscillator structure using a hybrid coupler. (b) A short-
slot coupler used in the present work.

combining techniques that would offer possibilities of

achieving higher power at higher frequencies. This paper
describes a new method of combining power from multi-
ple oscillators using short-slot couplers [10] in conjunction

with high-level injection locking.

PRINCIPLES

Three identical oscillators and a matched load are con-

nected to a four-port hybrid coupler to form a 3-oscillator

structure, as shown in Fig. l(a), which is the building

block of our power combining structures. The coupler
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Fig. 2. (a) An impedance diagram explaining the effects of the resona-
tor cavity tuning. (b) The power generated by the active device versus
the value of inductance L, where the change in L. represents the cavity
tuning effect.

Fig. 3. A 9-oscillator corporate structure.

symbol represents the short-slot coupler shown in Fig.

l(b) in the present work, but other types of couplers, such

as the 3-dB strip-line coupler, can be used as well. Refer-

ring to Fig. l(a), we let oscillator 1 generate power 1’1 at a

frequency ~l. P, is equally divided and injected into oscil-

lators 2 and 3. Operation of oscillators 2 and 3 under a

high-level injection signal can be explained using the

impedance diagram shown in Fig. 2(a) according to

Kurokawa [7], where – Z(A), ~(ti), and ~ represent the

device impedance, circuit impedance, and injection signal,

respectively, and A is the amplitude of oscillation current

in the device. We assume here that the oscillators are

designed to generate the maximum power under free-

running conditions, as implied by the location of the

maximum-power operating point (x mark), and that the

device line is slightly slanted. Now suppose that one tunes

the oscillator cavity to vary the value of inductance L

while keeping the frequency ~1 and intensity IEl of the

injection signal constant. As L increases, the circuit im-

pedance locus shifts upwards and the impedance diagram

changes as shown in Fig. 2(a). Frequency locking takes

place at L values between L 1 and L3. The power gener-

ated by the device varies as shown in Fig. 2(b), taking the

maximum value of Pz ( P3) which is equal to the output

power under free-running conditions at L~. When L =_L~,

the i~jection signal impedance bridging between Z(A)

and Z(O) is purely reactive and the net power transferred

from the locking source to the locked oscillator is zero.

Thus the locked oscillators 2 and 3 generate Pz and P3 and

reflect all the locking-signal power, P, /2 and P1/2,
simultaneously, when they are detuned properly.

When the oscillators 2 and 3 are adjusted for the

maximum power, the relationship

a3 =jaz (1)

is automatically satisfied because the injection signals of

equal magnitude into the identical oscillators have a 90°

phase difference, where a~ and b~ (k= 1,2,3, 4) are the

power waves going into and out the coupler at ports 1

through 4, respectively. Under the condition of (l), one

has

bl=O (2)

bb =jfi exp je = ~ exp je (3)

where II is the phase shift between ports 1 and 2 (3 and 4).

Hence, the power injected back into oscillator 1 is zero,

while the output power P= is given by

PC=lbd12=21a212 =21a312

=2 P2+P1=2P3+P,

=P, +P2+P3

indicating that the sum of the maximum

(4)

power is de-

livered t; the matched load. It is perhaps worth mention-

ing that the high-level injection from the locking oscillator

1 into the locked oscillators 2 and 3 with no (in practice,

small) reverse injection improves the stability of the cir-

cuit operation over that of the conventional 2-oscillator
Gombining circuit.

The above principles can be extended to a larger num-

ber of oscillators. If we replace all the oscillators in Fig.

1(a) with three of the 3-oscillator structures, we obtain a

9-oscillator corporate structure shown in Fig. 3. In princi-

ple, it is possible to forma corporate structure in which 3N
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Fig. 4. A 9-oscillator tandem structure.
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Construction of an experirnentat 3-oscillator structare using
post-mount Garm oscillators and a short-slot coupler.

oscillators are combined with (3N – 1)/2 couplers in this

way. Another possibility is to replace oscillator 1 alone

with the 3-oscillator structure. In this way, it is possible to

form a tandem structure in which 21V+ 1 oscillators are

combined with N couplers. A 2 X 4 + 1 =9-oscillator

tandem structure is shown in Fig. 4.

EXPERIMENTS

Experimental power combining structures were built

using a standard rectangular waveguide (22.9 mm x 10.2

mm) and X-band Gunn diodes (NEC GD-51 lAA, 15–30

mW).

Fig. 5 illustrates the construction of an experimental

3-oscillator structure, where the coupling slot is 35 mm

long and the oscillators are of the post-mount type having

a dielectric rod for tuning. The oscillator section and the

coupling section are joined by the flanges to allow direct

access to the individual oscillators for measurements. The

3-oscillator structure can be adjusted for a maximum

output power at a prescribed frequency jC by the following

steps: 1) Operate oscillator 1 alone and tune jl to a

frequency slightly (5– 10 MHz) above~. 2) Operate all the

oscillators and adjust the tuning rods of oscillators 2 and 3

repeatedly for maximum power at&. 3) Tune oscillator 1

to see whether the combined output power becomes maxi-

mum at ~. If it does, terminate the adjustment. 4) If not,

tune oscillator 1 to bring the combined-oscillation

frequency closer to ~ and repeat the above steps 1)–3).

Typical results of such circuit adjustments in which&

LYc!Q!L
-50 0 +10

[a)
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Fig. 6. Typical tuning characteristics of the 3-oscillator structure. The
circuit was adjusted for the maximum output power at9715 MHz and
oscillator 1 rdone was tuned. (a) The output power versus oscillation
frequency over the locking range. (b) The oscillation frequency of the
combined circuit ~Cversus free-running oscillation frequency of oscilla-
tor l,~l.

TABLE I
RESULTS OF POWSR-COMRINING EXFWUMENTSAT~ = 9733

MHz USING THE STRucruRE OF FIG. 5

Free Running Combmed

Freq. Devlatlon Power Power Eff

(MHz) (row) [row] WI

No. Af, Af% Af s P, P* Pa % 7

I +11 -19-13 21.0 28.0 25.5 730 98

2 +10 ’22 ’16 19.0 180 19.0 58.0 I 03

3 +11 -23 -18 22.5 225 17.5 630 101

4 +14 -24-16 21.0 28.0 235 72.0 99

5 +9-18-16 247 233 23.1 72.0 101

was set at 9733 MHz are summarized in Table I, where P=

is the combined power given in milliwatts. The output

power and oscillation frequencies of the individual oscilla-
tors are given in the P,, P2, P3, Af,, Af2, and Af3 COIUmZIS,

where Aj. =~. – fc(i = 1,2,3). The measurements were taken

on the individual oscillators after disassembling the opti-

mally adjusted circuit of the flanges while leaving the

oscillator tunings and dc bias untouched. The power-

combining efficiency q defined by

Pc

~= P,+ P2+P3
X 100 (percent) (5)

is also given. In all the cases, the power-combining ef-

ficiency of about 100 percent was obtained.

Typical tuning characteristics of the 3-oscdlator struc-

ture are shown in Fig. 6, where the circuit was first

adjusted for the maximum power at 9715 MHz and then

oscillator 1 alone was tuned. The circuit remained mutu-

ally frequency locked over a range of A f= from – 55 to

+ 8 MHz, where A fc =fc –9715 MHz. The output power

varied over the locking range as shown in Fig. 6(a).

Measured relationship between AL and A f, is shown in

Fig. 6(b), where A fl =fl – 9715 MHz. The deviation of the
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Fig. 7. An experimental 9-oscillator corporate structure.
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Fig. 8. An experimental 9-oscillator tandem structure.

At versus A~l curve from the A&= Ajl straight line

reflects the presence of reverse injection into oscillator 1.

Experimental 9-oscillator corporate and 9-oscillator

tandem structures we have built are illustrated in Figs. 7

and 8, where the oscillator constructionist identical to that

shown in Fig. 5 and the coupler design is the same, i.e.,

the iris measures 10.2 mm X 35 mm, for all stages. We

have also built a 13-oscillator tandem structure of similar

construction. The capacitive screws to provide the correct

90° phase shift were found necessary for the couplers in

the multistage tandem structure. The use of matched-pair

diodes for each stage of the multistage tandem structure

was also found necessary to make the circuit operation

predictable, ~in particular, during circuit adjustment,

thereby to achieve a high power-combining efficiency.

The circuit adjustment can be made by tuning the

oscillators in turn suggested by the numbers assigned to

them in Figs. 7 and 8. The adjustment requires iteration.

Results of power-combining experiments are presented in

Fig. 9, where the combined power P=, given in milliwatts,

is plotted along the ordinate and the sum of the output

power from the individual oscillators along the abscissa.

In Fig. 9 the crosses represent results obtained with the

corporate structure, the circle and triangle, results ob-

tained with the 9- and 13-oscillator tandem structures,

respectively. The corporate structure can efficiently com-

bine the output power from 3, 5, and 7, as well as from 9
oscillators, as indicated by the numbers of the oscillators

in operation. Power-combining efficiencies of 92.4 percent

at 9610 MHz, 95.3 percent at 9620 MHz, and 92.6 percent

at 9607 MHz were obtained with the 9-oscillator corpo-

rate and 9- and 13-oscillator tandem structures, respec-

7.100%>

x CORP.

STR.
9-OSC. TANDEM

~
200 300

SUM OF Pi (mW)

Fig. 9. Results of power-combining experiments obtained with the
9-oscillator corporate, 9- and 13-oscillator tandem structures. x:
corporate structure, where the oscillators in operation are indicated by
the oscillator numbers. O: 9-oscillator tandem stracture. A: 13-
oscillator tandem structure.

TABLE II
FRSB-RUNNIFWOSCILLATIONFREQUENCIESAND OUTPUT POWSR

OF lNDMOUAL OSCILLATORS IN THS 13-OSCILLATOR TANDEM

STRUCTUR2

EiE
3 -20 25”

2
4 -24 23

5 -24 21

3
6 -34 16

7 -26 21

4
8 -32 28
9 -32 27

5
10 –36 27

II -40 26

6
+; :?

/:

Sum of PI= 313

Afl= fi - f~

fc= 9607 MHz, ~. 290.6 mW,

“ 7=290.6/313=0.920

tively. The output power from the individual oscillators of

the “13-oscillator tandem structure into the same wave-

guide load at 9607 MHz under free-runnin g conditions is

listed in Table II along with their frequency deviations

given in megahertz, A$ =J –~, where ~ is the free-running

oscillation frequencies and f= =9607 MHz. Table II shows

that the frequency deviation, which represents the degree

of detuning, increases as the number of stages increases.

This is to be expected, because the magnitude of the

injection-signal vector in Fig. 2(a), I~[ /A, increases as the

injection signal level increases, and a larger frequency

deviation is required for the higher order oscillators to

bring the device operating point to the maximum power

point.

The power-combining efficiency of the combining net-

works of the 3~-corporate and 2N + 1-tandem structures

is estimated for an assumed loss of – 0.1 dB per pass (loss

measured at 9.6 GHz was —0.033 dB per pass), and the

results are represented by the solid curves in Fig. 10,

where the number of oscillators combined is plotted along

the abscissa. The broken curves in Fig. 10 are the similar

plots for the 2~-corporate structure, the chain-combining
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Fig. 10. The power-combining efficiency versus the number of oscilla-
tors combined for various combining networks. Solid curves: 3~-
eorporate and 2N+ l-tandem structures. Broken curves: 2~-corporate
structure, the chain-combining structures using directionrd couplers
and circulators. A loss of – 0.1 dB per pass is assumed for alf the
curves.

structures using directional couplers and circulators, all

assuming —0.1 dB per pass, for comparison. The experi-

mental results obtained with the 3-oscillator, 9-oscillator

corporate, 9- and 13-oscillator tandem structures are rep-

resented by the boxes, cross, circle, and triangle, respec-

tively.

All these circuits readily generate the combined power

upon applying the dc bias with no need for readjustment

once they are adjusted. The stability of operation of the

tandem structures including 3-oscillator structure may be

stated as good or fair. This is because the injection signal

levels are high in the tandem structures. But, the stability

of operation of the 9-oscillator corporate structure may

become marginal when the injection signals into oscilla-

tors 8 and 9, referring to Fig. 7, are made too weak.

CONCLUSIONS

A method of combining power from 3, 3N, and 2N + 1

oscillators has been developed using short-slot couplers in

conjunction with high-level injection locking. The princi-

ples of the method were supported by the experiments

using 3-oscillator, 9-oscillator corporate, 9- and 13-

oscillator tandem structures having X-band Gunn diodes,

demonstrating power-combining efficiencies of about 100,

92, 95, and 93 percent, respectively, at 9.6–9.7 GHz. The

method appears to be applicable to all types of oscillators,

including solid-state oscillators and electron-tube oscilla-

tors. Of particular interest for future works is the combi-

nation of the present method and the single-cavity-

multiple-device techniques for it could extend the total

number of devices combined to a 100-300 range. Further

experiments are planned and, in part, currently under way

on application of the method to IMPATT, millimeter-

wave, and single-cavity-multiple-device oscillators.
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