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A 3A4-Device Cavity-Type Power Combiner

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

Abstract —Tfds paper describes a new class of combiners which com-

bine the powers from 3M ( M = 1,2, . ..) active devices by coupling them

to both magnetic and electric fields inside a rectangular wavegnide cavity.

The structure employs coaxi+ lines and probes for magnetic and electric

coupling, respectively. Up to 18 Gunn diodes have been combkred with

combining efficiencies higher than % percent at X-band. The operation of

all combiners was stable and neither spurious oscillations nor jump phe-

nomena were observed. An eigenfunction approach is used to anafyze the

operating princip~es of the combiner network systematically. A description

is given to operate the circuit under optimum conditions.

I. INTRODUCTION

I N RECENT YEARS, a variety of cavity-type power-

combining structures have been reported which sum the

outputs of N active devices in a single cavity and demon-

strate high combining efficiency and satisfactory operation

[1]-[6]. Nevertheless, it is desirable to develop new meth-

ods which increase the density of devices in a cavity-type

power combiner, hence, the output power. Hamilton [7]

has succeeded in increasing the number of deviees com-

bined per half guide wavelength in the Kurokawa oscil-

lator. In his circuit a group of coaxial modules each

containing an active device are placed symmetrically about

the peak of the magnetic field. Similarly, Diamond [8] has

suggested an approach to double the number of devices in

the Harp and Stover circular cavity by coupling them to

the magnetic field from both the top and bottom of the

cavity.

In previous work, we reported on an oscillator circuit

which couples active devices to both magnetic and electric

fields inside a rectangular waveguide cavity [9]. The present

paper uses this building-block circuit to develop a combin-

ing structure incorporating 3it4 active devices. The com-

bining network is analyzed employing an eigenfunction

approach in a form applicable to the treatment of non-uni-

form networks. Experimental results obtained from com-

biners with M <6 are presented.

IL PRINCIPLES OF OPERATION

Fig. 1 shows a 3M-device combiner. Active devices on

the sides of a rectangular waveguide cavity are coupled

to the magnetic field and those at the center are coupled to

the electric field inside the cavity where the fields are
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Fig. 1. The 3M-device power combiner.

maximum for the dominant TEIO~ mode. Coupling is by

means of coaxial lines and probes, respectively. The cavity

is short circuited at one end, and coupled to a matched

load through an inductive window at the other end. DC

bias is applied to the side devices through the inner con-

ductor of the coaxial lines, and to the center devices using

thin wires connected to the probes inside the cavity.

The structure can essentially be considered as a combi-

nation of the Kurokawa oscillator and probe-coupled oscil-

lator. An equivalent circuit of this structure nezir each

resonant frequency of the cavity is depicted in Fig. 2,

where 3i14 identical devices represented by the impedance

– Zd are coupled to a common cavity denoted by the

parallel RLC circuit with R as cavity internal losses and

UO=1/~ as the resonant frequency. XP is the series

reactance of each probe, and the ideal input transformer

(@),g=l,2 ,”””, M, represents the electric coupling [10].

RO denotes the impedance of the flat-type absorbers seen

from the cavity mid-height, and the ideal input transformer

(nh:l), h= M+l, M+2, ”’. , 3it4, represents the magnetic

coupling. ZC, 1~, and 1~ are the characteristic impedance

and lengths of the coaxial sections in the center and side

modules, respectively. The window is denoted by the ideal

output transformer (n ~: 1), and RL stands for the output

load. The effects of the discontinuities introduced in the

coaxial lines, probes, and cavity are incorporated into the

parallel circuit indicating the cavity. The direct coupling

between any pair of coaxial line-to-coaxial line, coaxial

line-to-probe, and probe-to-probe is neglected.

The 3M.-port network is apparently non-uniform due to

the existence of different series elements in each branch,
i.e., J”XP, RO, an d the coaxial sections with different lengths.

However, if we select the reference planes of the network at

the terminals of the input transformers (nj: 1), j =

1,2,... ,311, it is possible to make the network uniform,
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Fig. 2. Equivaknt circuit of the 3M-device power combiner.

2M broruhos

and consequently, to apply an eigenfunction approach for

a systematic analysis of the circuit.

The free-running oscillation condition for the 3M-device

oscillator, then, can be obtained from

(Z-z;)i=o (1)

where i is the current vector with its component the RF

current flowing into each port, and Z a (3M X Y@ imped-

ance matrix representing the network

1 ~ ‘]

n; n1n2 “ . “ n1n3~

nznl n; ““” n2n3~

Z=zo . . (2)

n3~n1 n3~n2 . “ . n ~~

with

ZO =~(j(~/tiO – tiO/u)+l/QO +l/Q,X,)-l,

Qo= R/Luo, Q.., = n~R~/Lao.

Z;, on the other hand, is a diagonal matrix with its element

the negative’ of the device impedance seen from each

reference plane

–z;l=–z;~=. ..z; ~;~

_ Z~ + jzctan(~lfi) = – Zj~ (3)

= ~xp + ‘c Zc – jzdtm(@E) –

–ZJM+l= –Z;M+2= . . . = –Z;3M
– Zd + jzcmn(~l~) ~ – .zjH

=RO+ZC
ZC – jZdtan(~l~)

(4)

where ~ is the propagation constant of the coaxial sections.

Unless otherwise stated, it is assumed that (3) and (4) are

made equal, i.e., – Z& = – Z& E – Z’, by proper selec-

tion of 1~ and 1~.

The eigenvectors X and associated eigenvalues A for the

matrix Z are given by

[

nl

n~
Xo= .

n3a4

I l/nl

exp(jma)/n2
Xm =

1exp(jm(3M–l)a)/n3~

(5)

and

A.= bZo Am=o (6)

respectively, where a = 27r/3M, m =1,2,”” ., 3M -1, and

b=n~+n~-t-””.+n~~.

In regard to a discussion presented in [11], possible

solutions to the port currents are given by

i=X~ (7)

provided that

Z:= A# (8)

where k =0,1,2,””” , 3J4 – 1, and 1 is the identity matrix.

With respect to (7) and (8), there are altogether 3M modes

of oscillation for each resonant mode of the cavity. The

eigenvector X. and associated eigenvalue A. correspond to

the desired in-phase mode of the combiner, while Xm and

Am are associated with anti-phase modes of no RF output.

III. DESIRED MODE OF OSCILLATION

For the desired mode of oscillation, except for a possible

difference in the sign, all the coaxial lines see the same

magnetic-field configuration, and all the probes see the

same electric-field configuration

n~=n~=...= n~=n~ (9)

nL+l =n&+z =.. “ =n~~ =n$. (lo)

Hence, the port current and oscillation condition will be,

respectively, given by

[:11‘E

M

HI
n~ Ji=
nH

2M

nH

(11)

and

( H)z’= M n~+2n2 Zo. (12)

It is worth noting that despite the device impedances – Z‘

presented to all the ports are identical, the currents are

different by the factor n~/nH. This physically reflects the

fact that a part of the power generated by the side devices
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Fig. 3. Graphic realization of oscillation condition for the 3M-device
combiner. (a) Side modules. (b) Center modules.

is dissipated in the respective resistor R ~. Therefore, the

net power delivered to each transformer (n ~: 1) is less than

the power delivered to each transformer (nE: 1).

A graphic realization of the oscillation condition for two

different branches representing the side and center mod-

ules is shown in Fig. 3. Let us suppose that the actual

deviee line Zd is located as shown in the figure. We note

that

A.= njV/ij, j=l,2,. ..,3M

where

nj = the turn ratio of the transformer of the j-th port,

V = the voltage developed across ZO, and

ij = the current flowing into the j-th port.

Therefore, the locus of & varies in the Smith chart as

represented by the dotted circle in Fig. 3(a). Adding R. to

this circle and rotating the new locus by an electrical length

2 ml~/A, one can obtain circle (A) which represents the

impedance locus seen by the side devices. Similarly for the

center devices, by adding jXP to AO, we obtain the dotted

circle shown in Fig. 3(b). Then rotating this circle by an

electrical length 2 nl~ / A and adjusting the electric cou-

pling, in effect n ~, one plots circle (B) which can coincide

with (A) in the vicinity of the cavity resonant frequency

Oo. Finally, by proper selection of the window width,

effectively no, the diameters of the two loci, hence, the

operating point on the device line zd can be adjusted for

maximum output power.

Stability conditions for the desired mode of oscillation

are the same as those derived by Kurokawa for his circuit

[1].

IV. UNDESIRED MODES OF COMBINER

There are two different phenomena which may bring

about mode instabilities. One has to do with higher reso-

nant modes of the cavity and the other is associated with

different modes of oscillation for each resonant mode of

the cavity.

Due to the existence of the absorbers, there is no cou-

pling between the side modules and the cavity at higher
resonant modes [1]. On the other hand, the next higher

cavity mode which couples to the probes in the center

modules is TE30M mode. However, the cutoff frequenCY of

this mode is 19.6 GHz, hence, outside the frequency range

over which the devices exhibit a negative resistance. Fig. 4

shows a picture of the circuit impedance jXP + A o, corre-

sponding to the dotted circle in Fig. 3(b), measured over a

frequency range of 6.7–18 GHz. The measurement assumes
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Fig. 4. A picture of the circuit impedaace seen by the probes in the
center modules over a frequency range of 6.7–18 GHz.

the probe’s input terminal as the reference plane. The locus

forms a circle representing the coupling between the probe

and the cavity in the vicinity of the resonant frequency of

9.7 GHz, and stays at the periphery of the chart at other

frequencies. With these observations, one may conclude

that the possibility of having oscillations at frequencies “

removed from the dominant resonant frequency can be

practically eliminated for this combiner.

On the other hand, for the dominant resonant mode of

the cayity, there are 3M – 1 undesired modes of oscillation.

With respect to (6) and (8), the combiner will oscillate in

these modes if

Z;= AmI= O, m=l,2,. ..,3l–l. (13)

Expressing (13) in terms of the circuit elements in the side

and center modules, respectively, one can write the follow-

ing two equations:

R.+ jZCtan(~l~) ~ z
Zd = Zc

ZC + jRotan(Pl~) H
(14)

Zd = Zc
jXP + jZCt~(@~) ~ z

ZC– XPtan(~l~) ~“
(15)

Equations (14) and (15), respectively, state that in the

3it4 – 1 undesired modes of oscillation, each side device
observes the impedance R o transformed by an electrical

length 2 nl~/X, and each center device sees the reactance

XP transformed by an electrical length 2771~/A. Therefore,

the combiner can be prevented from oscillating in unde-

sired modes so long as Zd # Z~ and Zd # Zz. These condi-

tions have been achieved in the actual circuit by choosing

the lengths lH and 1~, in order to obtain an’ optimum

operation in the desired mode.
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Fig. 5. Configuration of the3-device building-block structures. (a) Top
view. (b) Cross-sectional view at AA.

We did not observe any oscillation related to either

higher resonant modes of the cavity or undesired modes of

oscillation during the circuit adjustments using Gunn di-

odes, which, generally, exhibit negative resistance over, say,

a frequency range of 7–15 GHz.

V. OUTPUT POWER AND CIRCUIT E~FICIENCY

To calculate the output power and circuit efficiency of

the combiner, we assume that the oscillation frequency is

approximately equal to the resonant frequency of the cav-

ity, and losses of the coaxial sections are negligible. The

combined power delivered to the load is thus given by

Pc= R P
R+n~R~

(16)

where P, the power presented to ZO, is equal to

P= M(PE+2PH). (17)

P~ and PH are the power contributed by each center and

side device, respectively, at the reference planes. Thus

PE = PE (18)

and

( R.

‘H= l–Re{Zd} )
Pg (19)

where P~ is the power generated by an individual device.

Inserting (17)–(19) into (16), one can write

( 1

)(

2R0
Pc = 3M

1 + Qext/Qo
i–

3Re{Zd} )
Pg. (20)

The circuit efficiency of the combiner is, therefore, equal to

Pc

(

1

)(

2R0
n.= ~ = I+ Qext/Qo 1–3Re{Zd} )

(21)
g

which is larger than that of the Kurokawa oscillator [1].

VI. EXPERI~NTS

The validity of the descriptions given for the 3M-device

combiner has already been experimentally verified using

3-device oscillators [10]. The experiments carried out here

increase the total number of devices up to 18 (M= 6), by

cascading pretuned 3-device building-block structures as

shown in Fig. 5.

TABLE I
CIRCUSTPARAMETERSAND PERFORMANCEDATA OFTHE 3-DEVICE

STRUCTURES

!
Osc 11
No. (m

1 19

2 19

3 19

4 19

5 19

6 19

12
~:—
16
16
16

16

16

16
—

—
lE

~)

7.5

7.5

7.5

7.5

7.5

7.5

lH

m)
—

8

8

8

8

8

8
— If

d dw PE
P

~) (~) (mW)

2.5 7.1 22

2.5 7.4 23

2.5 7.1 20

2.5 8.4 21

2.5 6.1 24

2.5 7.9 25

‘H

mw:
—

43

41

44

44

42

45
—

—
P.

mW
—

60

62

66

67

68

69
— nf Af

Q
‘MHz) (MHz)

ex t

9790 32 194

9770 33 189

9790 32 194

9780 36 170

9800 30 207

9785 34 180

The 3-device structures were constructed using standard

rectangular waveguides (22.9 mm x 10.2 mm) and Gunn

diodes (NEC GD 511 AA), in the following manner. First

the side devices were mounted at one end of 50-!2 coaxial

lines and a circuit adjustment was made to find the ap-

propriate position of the devices, as well as the absorbers

(ECCOSORB), using a proper window. Then, the center

device was mounted at one end of a 50-fl coaxial trans-

former with a proper length, and the other end of the

transformer was extended into the cavity as a probe. Fi-

nally, the window width was readjusted to obtain the sum

of the powers from three devices. It is worth noting that

readjustment of the flat-type absorbers, which provide an

additional degree of freedom in circuit tuning, improved

the output power level by approximately 5 percent. The

circuit parameters and performance data of the 3-device

building-block structures are listed in Table I. P~ and 2PH

are the output power if the 3-device structures contain only

the center device or two side devices, respectively. POis the

output power with all three devices operating. Due to small

differences among the devices, the optimum window width

is not the same for all the structures.

3kl-device combiners were built by stacking first M

structures in Table I and using appropriate windows.

Moreover, we applied thin waveguide sections to adjust the

space between two adj scent structures for maximum com-

bined output power P=. Optimum spacing S was found to

be 0.5 mm< S <1.5 mm, for 2< M <6. Results of such

power combining are shown in Table II where q, the

combining efficiency, is defined as the ratio of PC to the

sum of the output powers from the structures cascaded. As

Table II shows, combining efficiencies greater than 96
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TABLE II

RESULTS OF POWER COMBINING FORM= 2,3,...,6

No. of strut. s No. of devices dw Pc fc n bf
Q

cascaded M combined 3M (mm) (row) (~. ) (%) (MHz) ‘Xt

2 6 9 120 9800 99 47 132

3 9 9.5 184 9806 96.1 57 110

4 12 9.8 248 9808 97.5 65 95

5 15 10.1 314 9815 97.4 70 90
~. 18 10.4 3’77 982o SO.2 74 84
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Fig. 6. Arrangement for injection locking of the 3M-devicestructures.

percent are obtained for all the cases of M <6. The opera-

tion of all the combiners was stable and neither spurious

oscillations nor jump phenomena were observed during the

experiments.

The effect of cavity tuning on the operation of the

circuits was examined using a moveable short; the 3 X 6-

device combiner could be tuned over 400 MHz with 0.4-dB

power variation, This implies that tuning of the cavity

causes the same frequency changes on the two loci (A) and

(B), Fig. 3. The circuit efficiency of the structures was

compared to that of the Kurokawa oscillator. With resp”ect

to Table II, the output power obtained from the 3 X 6-device

combiner was 377 mW. On the other hand, maximum

output power obtained from an 18-device Kurokawa oscil-

lator using the same devices was 362 mW. This indicates an

average of 3.7-percent improvement in the output power

level, due to the existence of fewer absorbers in the 3 X 6-

device circuit.

We also examined the injection-locking behavior of the

3M-device structures using the setup of Fig. 6. First the

circuit was adjusted for maximum output power. Then, an

injection signal providing a gain of 10 dB was applied to

the combiner and locking bandwidth A f was measured by

sweeping the injection frequency. The external Q, Q.,t, of

the structures, calculated from bandwidth measurement, is

also presented in the tables.

VII. CONCLUSIONS.

A new class of cavity-type power combiners was in-

troduced which incorporates 3kf active devices ‘in a single

cavity by means of both magnetic and electric coupling

mechanisms. A method for systematic analysis of the com-
biner network was developed which can be applied to treat

non-uniform combining structures. Up to 18 Gurm diodes

were combined at X-band to verify the validity of the

theoretical analysis. Based on the procedure established by

the analysis, the circuit parameters were adjusted to obtain

the sum of the powers from individual devices. Combining

efficiencies achieved were higher than 96 percent. Injec-

tion-locking experiment with the 3A4-device oscillators has

735

shown an increasing locking bandwidth with the number of

devices combined. The combining structure developed is

hoped to find application in millimeter-wave bands, since

it adds a third device per half guide wavelength to’ the

Kurokawa oscillator, which has been successfully applied

to these bands.
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Transversely Anisotropic Optical Fibers:
Variational Analysis of a Nonstandard

Eigenproblem
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Afssowct —The variational principle for nonstandard eigenvahre prob-

lems, recently reported by one of the authors, is applied for the study of

guided-wave propagation in an anisotropic dielectric waveguide. A sta-

tionary functional is derived for the general dielectric wavegnide with

transverse anisotropy. The functional is tested for the well-known case of

an isotropic step-index single-mode fiber. It is seen that for simple triaf

functions with only two parameters, a good accuracy is obtained. For two

types of transversely anisotropic step-index fibers, relations between the

propagation factor, anisotropy parameter, dielectric parameter, and

frequency are calculated. The functional does not assnme weak guidance

condition nor perturbational anisotropy and, hence, is afso applicable for

other rfielectic waveguides. In this application, only a modest computer or

a programmable calculator is needed. Moreover, the spurious modes caus-

ing confusion in the finite-element method of calculation do not appear

with the present method.

I. INTRODUCTION

T HE OPTICAL FIBER has become one of the most

studied subjects in electromagnetic because of its

phenomenological property of wave guidance with ex-

tremely low losses. In recent years, the single-mode fiber

has been favored because of its small dispersion, but the

problem has been the degeneracy in the polarization of the

basic HE1l mode in fibers with circular symmetry. Because

of this, the small imperfections in the ambient conditions

of the fiber have the effect of making the polarization of
the mode a statistically varying quantity after a few meters

of propagation in the fiber [1]–[5], a fact that has been

counteracted by producing noncircular or transversely an-

isotropic fibers. By analysis and actual fabrication, it has

been shown that the noncircularity in most cases is insuffi-

cient to produce the required separation of the polarization

degenerate mode propagation coefficients, whereas by in-

Manuscript received November 12, 1982; revised May 3, 1983. This
work was supported by a grant from the Academy of Finland.

The authors are with the Electrical Engineering Department, Helsinki
University of Technology, Otakaari 5A, Espoo 15, Finland 02150.

troducing mechanical stress in the fiber, an anisotropy can

be obtained high enough to produce a separation sufficient

in practice [3], [6]–[17]. This motivates an analysis of the

dielectric waveguide with transverse anisotropy, because

although the longitudinal anisotropy has been well studied

[18] -[21], there only exist a few attempts with more general

anisotropy: mainly perturbational or dealing with special

structures [22]–[26].

The analysis applies the variational principle in the

general eigenvalue problem which was called nonstandard

in a recent study by one of the authors [27]. Here, the

problem can be expressed in abstract operator form as

L(A)f=o (1)

where A is the eigenvalue parameter of the problem. If

L(A) is a linear function on A, (1) is a standard eigenvalue

problem, otherwise it is called nonstandard. The parameter

A may be chosen at will among all the physical and

geometrical parameters involved in the problem. In prob-

lems dealing with closed waveguides, there is an additional

equation corresponding to boundary conditions, which,

however, is absent in our present problem. The method is

based on the following functional equation obtained
through definition of an inner product (.,.):

(f, L(A) f)=o. (2)

If the operator L is self adjoint with respect to this inner

product, it was shown that (2) possesses stationary roots

for the parameter A [27]. If we can solve (2) for A, a

stationary functional for A is obtained, which can be ap-

plied for an approximative solution of the problem (1) in a

well-known manner [28]. In more complicated problems,

however, no explicit solution of (2) for the parameter A can

be found. In this case, we may try to take another parame-

ter of the problem as our eigenvalue parameter A. If none
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