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Microwave Power Combination Using
a Bifurcated Waveguide and
a Reflecting Plate

MING WANG anp MASAMITSU NA‘KAJ IMA, MEMBER, IEEE

Abstract — A simple microwave power combining circuit is proposed.
The coupling circuit is constructed of a bifurcated rectangular waveguide
which is especially suitable for high power combination. In this circuit,
there is a thin conductor plate perpendicular to the E plane which acts as a
reflector for only higher modes, so that the reflected wave is injected back
into oscillators for mutual synchronization. Both analytical and experimen-
tal results show that a maximum power-combining efficiency near 100
percent is achievable.

I. INTRODUCTION

ICROWAVE POWER as high as several megawatts

is required for heating nuclear fusion plasma [1]. To
obtain such high microwave power, it is necessary to
combine several oscillators. In the high-power case a hy-
brid coupler, such as a magic tee of the type commonly
employed to construct the coupling circuit, cannot be used,
because discharge may occur due to the concentration of
the electric field near the matching stubs inserted in the
hybrid coupler.

This paper proposes a high power combining circuit
using a bifurcated rectangular waveguide. (This is called a
semi-infinite bifurcation in [2]; we refer to it here simply as
a bifurcation.) This power combiner has a thin conductor
plate acting as a reflector for only higher modes, for the
purpose of the mutual sychronization of the oscillators.

The structure of this circuit is quite simple and may not
produce discharge, because there is no place for the elec-
tric field to concentrate on. The detailed configuration and
operation of the circuit are explained in Section II. By
using the method of mode matching at the discontinuities,
Section 111 finds the scattering matrices for expressing the
electrical characteristics of the bifurcation and the reflect-
ing plate. Based on the simplified differential equations,
Section IV yields the steady-state solution of the two-oscil-
lator system used for power combination and discusses the
circuit design. The experimental results are shown in Sec-
tion V, which proves that almost 100 percent power-com-
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Fig. 1. Power combining circuit with an E-plane 0° Y bifurcation and a

reflecting plate.

bining efficiency is obtainable, as the theoretical analysis
predicted.

II. Circuit CONFIGURATION

Fig. 1 shows the configuration of the power-combining
circuit constructed using a bifurcation and a reflecting
plate. The left part of the bifurcation is constructed by
stacking two standard waveguides vertically. The right part
is an oversized waveguide twice the standard waveguide in
height. A thin conductor plate is inserted perpendicular to
the E plane so that the plate acts as a reflector for higher
modes but not for the dominant mode. It is evident that
this simple structure has no place for the electric field to
concentrate on, so it is applicable for high-power combina-
tion.

When the waves emanating from the two oscillators in
the dominant mode go through the bifurcation, higher
mode waves are excited, together with the dominant mode
wave, in the regions near the discontinuities of the bifurca-
tion and the reflecting plate. The higher mode waves
reflected from the reflecting plate are transformed through
the bifurcation to the dominant mode waves injected back
into the oscillators for mutual synchronization. When the
synchronization is attained, the higher mode waves are
canceled; thus the output wave going to the load is only of
the dominant mode, so complete power combination is
possible.

0018-9480,/89 /0300-0612$01.00 ©1989 IEEE



WANG AND NAKAJIMA: MICROWAVE POWER COMBINATION

Ay
T D TS
dT—r:j. ! L
ld2d1 I 1 «—1Lr—s Pr
L i | r | z
0 Lo | o1
- 4 .

Fig. 2. Scattering matrix expression [S’], [§”], and [S”” ] for the discon-
tinuities at z=/y, [y +1;, and [, + I, + [, respectively, and [S,] for the
reflecting plate. The overall matrix expression [Sg] for the reflecting
plate viewed from subregions III and IIT" is obtained by combining
(8% [S.] and [S].

III. SCATTERING MATRIX EXPRESSION

OF THE BIFURCATION

A. Scatterihg Matrix

For studying the electrical characteristics of the bifurca-
tion and the reflecting plate through the mode-matching
technique, three homogeneous subregions I, II, and III in
the waveguide are designated as shown in Fig 2, each
subregion possessing the prescribed eigenmodes with the
corresponding propagation constants. When the dominant
mode (TE,, mode) propagates through subregion I, a
number of higher modes are excited as well as the domi-
nant mode in every subregion, due to the diffraction at the
discontinuity. The evanescent modes remain only in the
vicinity of the discontinuity. For this circuit configuration,
the excited electric fields have no x component, that is,
E, =0 for every mode, since there are no structural varia-
tions in the x direction. Hence, we can employ the longitu-
dinal section TE;, modes (they are called hybrid modes in
[3]) to express the waves in each subregion. We are then
free of the difficulty of dealing with the degenerate sets of
TE and TM modes in the normal definition.

By introducing the concept of the Hertzian magnetic
vector potential [4], the analysis for the discontinuity prob-
lem of the longitudinal section TEf, modes becomes easy,

"as reported in [5]. The numbers of the modes considered
are designated as N, (j=1,2,3) for, respectively, subre-
gions I, I1, and III with the condition N,= N, + N,. The
bifurcation may then be treated as a 2Nj-port network,
each port corresponding to one of the propagating and
evanescent modes. This equivalent 2 N,-port network can
be represented in the form of a scattering matrix [S’] with
2 N, dimensions:

() (8h) (Sh)
[87=|(s1) (85) (S%) )
(S3,1) (S3,2) (S3,3)

In this matrix expression, the (i, j) element of the subma-
trix (S,,) (u,v=1,2,3, referring to, respectively, the num-
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ber of the subregion I, II, III) implies the complex ampli-
tude of the ith mode in subregion u excited by the jth
mode of unity amplitude in subregion v, with i, j = k and
k=0,1,---, N, —1. More detailed and concrete treatments
are given in [7].

The reflecting plate can be represented by another 2 N;-
dimensional scattering matrix. Referring to Fig. 2, [S”]
and [S"] represent, respectively, the scattering matrices
for the two discontinuities of the reflecting plate, each
element corresponding to the respective element of [S’].
For the space between these two discontinuities, a 2N;-
dimensional diagonal matrix [S,] is designated as

[S]=|:(Sel) (0) :I

‘ (0) (Se2)

where (0) is a unity matrix of N, dimension. The M-
dimensional diagonal matrix (S, ) with nonzero elements
S,(k,k)=exp(—7yl,) and N,-dimensional (S,,) with
S,2(j» j) =exp(—v/'l,) represent, respectively, the wave
propagations below and above the reflecting plate, where
Y, is the complex propagation corstant of the ith mode in
subregion ».

Using a method similar to that given in [6], the overall
scattering matrix of the reflecting plate [Sy] is obtained as
a direct combination of [S”], [S.]. and [S"”] and is ex-
pressed as

2)

(3)

5.1 [(sm) (Ska) ]

(Szn)  (Sr2)

The four Nj-dimensional submatrices (Sg,) and (Sg,,)
(i, j=1,2) represent, respectively, the reflections in both
sides and the transmissions between the two sides of the
reflecting plate.

From the point of view of power combination, we need
to take into account only the parameters of [S'] and [Sy]
concerned with the propagating modes. The dimensions of
the circuit of Fig. 1 are designed so that only the TE,,
mode (here the TEJ;, mode is the same as the TE,; mode
in the normal definition) is allowed to propagate in both
subregions I and II, and the TE,, mode as well as the TE{}
mode can propagate in subregion III. Hence, the bifurca-
tion for the propagating mode may be regarded as a simple
four-port network with each port corresponding to one of
the propagating modes. The pertinent scattering matrix
[S,] can be formed with the elements taken from [S']:

Syll Sy12 Sle S 14

p2
Sa S S Sy24

sl=1. ’ J (4)
[ )] Sy31 Sy32 Sy33 Sy34
S y4l Sy42 S y43 S yda

where S;; = 571(0,0), S,12=512(0.0), S,15=5(3(0,0), S,14
= S75(0,1), etc. ‘

The reflection coefficient of the reflecting plate for the
TE}; mode is Sgy;(1,1), one of the elements in [Sk]. This is
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Fig. 3. Frequency dependence of S,;; (and/or S,,). Near 937 GHz,

the cutoff frequency of the TE,;; mode, |S;,;] becomes larger.

written as

= |Rlexp (jx) (5)

in the sections that follow.

B. Numerical Calculation

" The circuit configuration in Fig. 1 was originally pro-
posed for high-power combination, but it is also excellent
for low-power combination. To experimentally investigate
the possibility of power combination, solid-state devices
such as Gunn diode oscillators have been used as well as
high-power devices. Based on this consideration, calcula-
tions were made at X-band frequencies for the Gunn
diode oscillators at hand.

Fig. 3 shows the frequency dependence of S,;; (and

S,2,) of the bifurcation scattering matrix [S, ], obtamed by
both calculation and measurement. § 1 (and 22) denotes
the reflection back to the oscillator. From Fig. 3 it is seen
that the operation frequency should be kept away from the
cutoff frequency of the TE;, mode to obtain smaller
reflection S5, (and S,,,) of the bifurcation.

Another calculation is made for the reflection coefficient
R of the reflecting plate for the TE;; mode. Fig. 4 shows
the magnitude of R dependent on the height 4, in the y
direction and the length I,
reflecting plate with the operation frequency given, ex-
pressed in the contour line graph. The conclusion will be
reached in the next section that a greater |R| is desirable
for the oscillators to enter into stable mutual synchroniza-
tion. In Fig. 4(b), the wide region in the lower left-hand
corner (where |R| is greater than 0.8) implies that at a
given operation frequency, a large |R| is obtainable with-
out such a stringent limitation on the dimensions of the
reflecting plate.

For the experiment in Section V, several numerical
scattering parameters of the bifurcation and the higher
mode reflector at 10.54 GHz are tabulated in Table L

IV. ANALYSIS OF THE POWER COMBINATION

The van der Pol model is commonly used to express the
electric characteristics of a microwave oscillator. For anal-
ysis of a power-combining circuit consisting of a bifurca-
tion and a reflecting plate (Fig. 1), the wave emanating
from the ith oscillator (i =1,2) is denoted by «, and the

in the z direction of the
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Fig. 4. Magnitude of the reflection coefficient of the reflecting plate for
the TE}, mode as a function of frequency, height /,, and length /.
(a) /, =20 cm. (b) f,=10.54 GHz.

TABLE 1
PARAMETERS OF THE BIFURCATION AND THE REFLECTING PLATE
AT 10.54 GHZ WITH a X d; = 22.6 X22.7 MM?

T 3
R=|R‘€JBR (1,=20mm)
Terms S S s
y11 y12 y14 -
h,=3.5mm h,=7.0mn
Magnitude - 0.108 0.126 0.688 0.945 0,455
Angle Phase 0.229 -0.817 0.030 0.385 0,510
(7T)

The septum thickness of the bifurcation is 1.1 mm, and that of the
reflecting plate is 0.1 mm.

wave incident into it by b, The simplified differential
equation describing the mutual synchronization of two
oscillators can be written as [8]-[10]

da, w, (b-

: : —l)—ws-i—wi, i=1,2

a:

a0 M (6)

where both oscillators are assumed to be adjusted to
produce their maximum output power and where

R

; oscillating phase of the ith oscillator,

, free running angular frequency of the ith oscillator,
; external Q of the ith oscillator,

. mutual-synchronizing angular frequency.

e

€

In order to estimate the power-combining efficiency of
the circuit, the distance from the right end of the bifurca-
tion to the reference phase plane of the oscillators (the
reference planes are assumed to coincide for the two
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oscillators) is denoted by /,, and the distance from it to the
left end of the reflector by /;. Then, we draw the signal
flow graph of the circuit as shown in Fig. 5, where

S EEE R

are propagation constants of propagating modes, with ¢
being the velocity of light.

Except for the existence of a slight direct coupling
between the two oscillators expressed by S,;, (S, = S,21),
this signal flow graph is the same as that of the conven-
tional mutual synchronization system constructed with a
magic tee. This fact leads to the inference that mutual
synchronization and hence perfect power combination may
be available with the circuit configuration given in Fig. 1.

From the signal flow graph, the incident wave b, (i =1,2)
and the output wave b; through the bifurcation in the
TE,, mode can be obtained as

b,=(a, ‘S, +a, -Sv,.j)e_ﬂﬁﬂ’(’ +(a;—a;)e|S5, R|,
i, j=1,2;i#j (8)
by=(a,;+ a,) 'Sylze_jpolo )
where ¢ corresponds to the coupling phase given by
¥ =0y +2(¢y14 — Bolo— Bils) (10)
and ¢, ; denotes the phase angle of S, (i, j=1,2,3,4).

The two waves emanating from the oscillators are as-
sumed to be of the same amplitude, i.e.,

a; = |agle’™, i=1,2. (11)
Then using parameters defined as
wy + w; Wy — Wy
@ T 2a,
W, —
&, = : A=y~ & (12)
@o

we obtain approximate solutions describing the mutual
synchronization state of the circuit by setting the time
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differential of (6) equal to zero:

Q
sin“l(—) for W>0
w
A= Q (13)
sin"i — |+ for W< 0
W

1
85 = Q— { |Sy11|'5m(¢y11 - 2:30[0) + 185147 R]-sin ¢

+ (ISy12|-sin (%12 - 23010) - |Sy214-R|'sin lxb)

S (W): 1—(%)} (149

Q 2
Pom=|b3|2=|ao|2~{1+8gn(W)-\/1—(7V)} (15)

where the external Q values of the two oscillators have
been assumed to be equal: Q;=Q,=0Q.,.
The parameter

1
QCX

indicates the possible frequency range of mutual synchro-
nization, since [2| should not be greater than |W|. Accord-
ing to (15) it is evident that power combination is available
only if W is positive and the maximum power-combining
efficiency can reach 100 percent, as was expected in Sec-
tion II.

Incidentally, comparing W with its counterpart in the
conventional mutual synchronization system with a magic
tee, say the system in [11], we find there is one additional
term in the right side of (16). This additional term, arising
from S, (and S, ), causes |W| to be larger or smaller
depending on the values of the circuit parameters.

For a given waveguide and frequency, the mutual syn-
chronization range W is dependent on the length /; of the
bifurcation, the distance /; between the bifurcation and
the reflecting plate, and the length /, and the height 7, of
the reflecting plate. We can appreximately determine these
dimensions to have a positive and greater value of W for
an efficient power combination. Referring to Fig. 4, we
can determine a pair of values of /, and &, to get a quite
large value of |R|, and then determine appropriately /, and
[, to satisfy cos(¢,1, —28,/y) > 0 and cos ¢ < 0. Evidently
the best is to satisfy (¢,,—28,/y) =0 (mod.2s) and
Y =0 (mod.27).

W=——{S,15lc08 (é,1, —2Bols) — |24 R]-cos y } (16)

V. EXPERIMENTAL RESULTS

A. Experiment with Low-Power Oscillators

A low power combining experiment was carried out with
a pair of Gunn diode oscillators (ND751AAM, manufac-
tured by Nippon Electric Co.) having nominal ratings of
output power of about 10 mW at 10.54 GHz under a
bias of 8 V. With a given bifurcation whose length /; is
250 mm, measurement was made mainly to investigate the
power-combining efficiency and the frequency range W of



616
10.55
Y I
\ \ ™ <
® M @'9%‘"@ —110.54 o
\? 1 ‘Q_’
~ 7 [FE
~ 1,0} -4 10.53
o
+
R
- 0.5F
: ’ i ’ \JK
3 |
CE 0.0 ! h\/dg
4 6
Z1/cm
(a)
10.55 o
X
N
P00 specth AP 110,54 o
R ¢
(S
21,01 000%mgesce 110.53
iy
T L
S 0.5¢F
2 I
O?O.O { 1 |
- 4 6
Li/em
(b)

Fig. 6. Mutual synchronization behavior of two oscillators (P, = P, =
10 mW, f, =10.5369 GHz, f, =10.5399 GHz) with the circuit of Fig. 1.
The standard waveguide WRIJ-10 was used, with the length of the
bifurcation /;, being 250 mm. In both graphs, the upper curve repre-
sents the calculated synchronization frequency and the lower curve the
calculated power-combining coefficient. The squares and circles repre-
sent, respectively, the corresponding measured data. (a) 4, = 3.5 mm,
|R| =0.945, O = 0.3857 (mod.27). (b) h, = 7.0 mm, |R| = 0.455, 6, =
0.5107 (mod.2m).

TABLE II
SEVERAL VALUES OF /; FOR SATISFYING cosy = — 1
WITH [ = 250 MM AND [, = 20 MM

h, (mm) 3.5m m 7.0mm
ll {mm ) 3.39 6,50 7.59 3.58 6.68 9.79
lp(ﬂ) ~-29 -31 -33 ~29 -31 -33

mutual synchronization, with the parameters of the reflect-
ing plate varied.

The two oscillators individually produced P, =10 mW
at f;=10.5369 GHz and P, =10 mW at f, =10.5399 GHz.
The measured results are shown in Fig. 6, where the
theoretical curves were drawn using the data of Table I
according to (14) and (15).

It is found from Fig. 6 that the experimental result
agrees well with the analytical result for a distance /; large
enough, but disagrees for a small value of /,. The disagree-
ment must have originated from the approximation
of taking only the propagating modes into account. For
circuit design, the distance /, should satisfy cosy =
—1 (mod.2), so that the combined power may reach the
maximum. Some data are shown in Table II as examples.
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(c)

Fig. 7. Power combination behavior of two magnetrons (P, =P, =
500 W, f;=2.458 GHz, f, =2.461 GHz) with the circuit of Fig, 1. In
this case, the standard waveguide WRJ-2 was used. (a), (b) Individual
output power forms. (¢) Combined output power waveform.

The power-combining efficiency was defined as the ratio
of the combined power to the sum of the powers obtained
from the individual oscillators worked in single operation.
The power-combining efficiency occasionally exceeded 100
percent. This may be explained by the fact that the oscilla-
tors worked near optimum operation in the mutual syn-
chronization while the individual oscillators did not in the
single operation.

B. Power Combination with High-Power Oscillators

High power combining experiments were carried out
with a pair of magnetrons (2M172A, manufactured by
Toshiba Electric Co.) having nominal ratings of output
power of about 500 W at 2.460 GHz. The circuit design
considerations are the same as those for the case of Gunn
oscillators.
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- One of the experimental results is shown in Fig. 7. The
individual output power waveforms of the two magnetrons
are shown in Fig. 7(a) and (b), where the free running
frequencies are 2.458 GHz and 2.461 GHz, respectively.
The output power is modulated by the rectified sinusoidal
wave from the commercial power supply. The theoretical

calculation gave a maximum power-combining efficiency

of 98.5 percent at an operating frequency of 2.4595 GHz.
This was verified by the waveform of the combined output
shown in Fig. 7(c), where the measured synchronizing
frequency was 2.4590 GHz.

VL

We have proposed a power-combining circuit con-
structed with a bifurcation and a reflecting plate for two

CONCLUSION

microwave oscillators. It offers a simple structure and a

high power capability. Theoretical and experimental re-
sults showed that a power-combining efficiency of almost
100 percent can be achieved. This circuit may be extended
to construct a power-combining circuit with a muitibifur-
cated rectangular waveguide, or an E-plane lamination, for
higher power as well as lower power combination.
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