
Chinese Physics C Vol. 40, No. 8 (2016) 087002

A method for designing a variable-channel high-power
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Abstract: Cavity combiners have been put forward for high power combining due to their advantages of larger

combining ability, variable input channels and less power loss. For a high power cavity combiner, it is better to keep

the power loss ratio in a reasonable range, because large power loss would lead to strict requirements on the cooling

system. A combiner with variable input channels is convenient for outputting different power levels according to

practical demands. In this paper, a method for designing a variable-channel high-power cavity combiner is proposed,

based on the relation between input and output coupling coefficients obtained by analyzing the equivalent circuit of

the cavity combiner. This method can put the designed cavity combiner in a matching state and keep its power loss

rate in a reasonable range as the number of input channels changes. As an example, a cavity combiner with 500 MHz

and variable input channels from 16 to 64 is designed, and the simulation results show that our proposed method is

feasible.
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1 Introduction

The high power Radio Frequency (RF) Solid State
Amplifier (SSA) has been widely employed as the power
supply in accelerators in the past ten years and more
[1, 2]. At present the SSA commonly adopts a multi-
stage coaxial or waveguide combining structure, whose
capability in accommodating input ports per stage is
poor. The number of inputs is not normally more than
12 in the coaxial or 4 in the waveguide structure. In the
case with high output power of 100 kW or even more,
the SSA’s combining tree will be very complicated, and
therefore it is inefficient and expensive.

To resolve this problem, a cavity combining technique
that can accommodate dozens or even hundreds of input
ports was proposed by the ESRF, and has been devel-
oped in recent years [3–5]. The condition of an ideal
lossless combiner Nloop∗βloop = βoutput is obtained in the
design and calculation of the cavity combiner [6]. But
in our opinion this approximation ignoring the cavity
dissipation is, in fact, probably unsuitable. The cavity
loss should be considered at first when designing a cav-
ity combiner, since it determines the combining efficiency
and the necessity to use the cooling system for outputting

high power. In the paper we will analyze the character-
istics of a cavity combiner with power loss, derive the
relationship between the input and output coupling co-
efficients and then propose a method for designing a cav-
ity combiner to achieve proper combining efficiency and
coupling coefficient range. In order to demonstrate the
method, a numerical study of a cavity combiner as an ex-
ample of the application of the proposed method is done
using the Computer Simulation Technology Microwave
Studio (CST MWS) [7].

2 Equivalent circuit of a cavity combiner

The cavity combiner can be considered as a cavity,
coupled with n identical input ports and one output port
[8, 9]. The simple way to analyze such a RF network is
to take the output port as the source end, and the equiv-
alent circuit in this case is shown in Fig. 1, where I is
the driving current, R0 is the impedance of output port,
RS is the cavity shunt impedance, Ri is the impedance of
input port, and n1, n2 are the transformer ratios of the
cavity to input, output coupler, respectively. The cou-
pling coefficients of input and output couplers are defined
as
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. (1)

We can simplify the equivalent circuit by normalizing Ri,
and the normalized equivalent circuit is shown in Fig.
2, where the input, output impedances and the shunt
impedance of the cavity are represented by 1, βi/β0 and
βi, respectively. Referring to the normalized circuit in
Fig. 2, the impedance of the load end is

ZL0 =

1

n
βi

1

n
+βi

=
βi

nβi +1
, (2)

and the reflection coefficient of the output port is

Γ0 =

ZL0−
βi

β0
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=
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β0 +nβi +1
. (3)

Similarly, specifying an arbitrary input port i as the
source end, the load impedance is

ZLi =
1

n−1+
1

βi

+
β0

βi

=
βi

β0 +(n−1)βi +1
, (4)

and the reflection coefficient of the input port is

Γi =
ZLi−1

ZLi +1
=−

β0 +(n−2)βi +1

β0 +nβi +1
. (5)

In general, the output port of the combiner must be
matched to the transmission line, which means

Γ0 = 0. (6)

This is the fundamental characteristic of the perfect
multi-channel combiner or splitter.

The following derivations are based on the precondi-
tion of matching. Therefore, we have

β0 = nβi +1, (7)

Γi =−
(n−1)βi +1

nβi +1
. (8)

According to the equivalent network theory, the trans-
mission coefficients are derived as

Si0 =

√

βi

nβi +1
, (9)

Sij =
βi

nβi +1
(i 6= j), (10)

where i and j ports are different input ports. It can be
proved that the relation between the output power P0

and the power dissipated in the cavity Pc is

β0 =
P0

Pc

. (11)

Then we can define the power loss ratio ηl and combining
efficiency ηc of the combiner as

ηl =
Pc

P0

=
1

β0

, (12)

ηc = 1−
1

β0

. (13)

Fig. 1. Equivalent circuit of the n-channel cavity
combiner.

Fig. 2. Normalized circuit of the n-channel cavity
combiner.

3 Design method

A significant advantage of the cavity combiner is that
the input couplers can be designed and manufactured
in a removable way. So according to the actual out-
put power requirement, we can adjust the number of in-
put channels, and meanwhile maintain the RF amplifier
modules that are connected to the input channels operat-
ing in an efficient state. Even in the case that the SSA’s
output power and the number of the input channels of
the cavity combiner are determined, the removable in-
put coupler is still suggested. The reason is that in the
design and test stages of the combiner, a prototype usu-
ally needs to be manufactured. It will be convenient for
carrying out the RF measurement and the power test-
ing of the prototype, which is coupled by partial input
couplers.
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We redefine the input and output coupling coeffi-
cients as βi(n) and β0(n), respectively. Their relation
is

β0(n) = nβi(n)+1, (14)

where n is the number of inputs. If the maximum num-
ber of input channels is set to N , we have

β0(N) = nβi(N)+1. (15)

When outputting high power, the combining efficiency
is important for the cavity combiner. For example, in
the case of 100 kW output, it is better to set the loss
rate ηl to be less than 1%, because in this case the air
conditioning can meet the cavity cooling requirements.
Otherwise, a water-cooling system probably has to be
used.

According to Eq. (12), ηl is inversely proportion to β0.
The larger β0 is, the higher the combining efficiency ηc

becomes. But if the β0 is larger than 200, it is difficult
to achieve due to a strong perturbation of the electro-
magnetic field caused by the output coupler. Therefore,
β0(N) is suggested to be in the range of 100 to 200,
which corresponds to ηl in the range of 0.5%–1% for a
cavity combiner with 100 kW or more output power. In
addition, βi(N) < 1 (under-coupling state) is also un-
suitable. In this case the geometrical dimensions of the
input coupler are small, so it is hard to keep the cou-
pling coefficient stable, due to the coupling coefficient
being easily changed by even a small mechanical devi-
ation or deformation in the coupler. Therefore, when
designing an N -channel cavity combiner with maximum
output power of 100 kW or more, the range of the pa-
rameters are suggested as

{

100 6 β0(N) 6 200

βi(N) > 1
. (16)

The upper limit of N is

N =
β0(N)−1

βi(N)
6

200−1

1
= 199. (17)

If the number of input channels decreases from N to n,
there are two methods to maintain the cavity combiner
under the matching condition.

The first method is to keep β0(n) = β0(N). This
method has the advantage of maintaining a stable com-
bining efficiency of the cavity combiner. But the input
coupling coefficient will increase as the number of inputs
n decreases,

βi(n) =
N

n
βi(N). (18)

Due to a large number of inputs being mounted on the
cavity, it will take a lot of work to tune the input cou-
plers when the input number decreases. Besides, it will

increase the electromagnetic field perturbation, because
the geometrical dimensions of loops are very large if n is
small.

The second method is to keep βi(n) = βi(N), and the
output coefficient is changed as

β0(n) = nβi(N)+1. (19)

The advantage of this method is that we can only tune
the output coupler to maintain the cavity combiner
matching. With this approach, it will change the com-
bining efficiency of the cavity combiner since it is deter-
mined by β0(n). The loss power can be maintained in
the acceptable range, however, by choosing a proper in-
put coupling coefficient. The number of inputs n may
vary from one to dozens, and thus the output coupler
must be tunable in a large range. So the waveguide cou-
pler should be taken into consideration [10, 11].

On the basis of the above analysis, compared with the
first method, the second method is more convenient when
the number of input couplers changes. Therefore, the
second method is adopted for designing the high power
cavity combiner.

The relation between the input and output coupler
coupling coefficients that are calculated with different
values of power loss ratio ηl varying from 1%–5% is pre-
sented in Fig. 3. From this figure, it can be clearly seen
that for a given constant βi, we can obtain the ranges of
combining number and power loss ratio, which are con-
venient for designing the cavity combiner.
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Fig. 3. (color online) The change of βi with input
channels n at different power loss ratios ηl.

4 Application

To demonstrate the method, we carried out a nu-
merical study on a 500 MHz cavity combiner prototype
design using CST MWS. The coefficient βi was set to
1.5, referring to Fig. 3, which corresponds to the ranges
of n and β0 being 16-64 and 20-100, respectively. The
specific parameters of the cavity combiner prototype are
listed in Table 1.
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Table 1. The parameters of the cavity combiner prototype.

frequency/MHz 500

max. output power/kW 80

input power per channel/kW 1.5

range of the input channels n 16, 32, 48, 64

input coupling coefficient βi 1.5

output coupling coefficient β0 20–100

4.1 Resonant cavity and couplers design

The layout of our designed cavity combiner operating
at 500 MHz is shown in Fig. 4. The cavity is made of
aluminium and the cross-section of the cavity is a reg-
ular hexadecagon. The sixteen side walls of the cav-
ity are assembled and disassembled, eight of which will
totally employ 64 input couplers. The TE010 mode is
chosen as the operating mode and the radius of the hex-
adecagon incircle is R0 = 2.405∗λ0/(2∗π) [12]. To make
sure that there is enough bandwidth between TE010 and
other modes, the height of the cavity must be set to a
proper value.

Fig. 4. The layout of the cavity combiner.

Magnetic-coupling loops mounted on the cavity, also
shown in Fig. 4, are used to feed energy into the cavity.
The coupling coefficient can be adjusted by attaching a
rotatable flange on the coupler. The dimensions of the
loop can be estimated by the analytical equation in ref-
erence [13] and then the coupling coefficient of the input
couplers is optimized to 1.5.

A WR 1800 waveguide transition to 6 1/8 inch coax-
ial used as the output coupler is shown in Fig. 4. The
short port of the waveguide is shiftable, which has a large
effect on tuning the coupling coefficient β0. To guaran-
tee that the coupling coefficient can be varied between
15 and 110, which needs some allowance, the length of
probe and the shiftable short port of the waveguide are
calculated and chosen by CST MWS.

4.2 Simulation results

The numerical study on the cavity combiner was car-
ried out from 16 to 64 input channels, increasing in step
of 16.

There are 16 identical input couplers and an out-
put coupler optimized as above that are symmetrically
mounted on the cavity by columns, each side wall with 8
couplers. Before simulation, we define the output waveg-
uide as port 1, and the input couplers as ports 2–17 by
columns. Due to the perturbation caused by the cou-
plers, the resonant frequency of the cavity may deviate
from the design value, so a tuner is needed, which is in-
serted into the bottom of the cavity as shown in Fig.
4. The calculated results of the S parameter of the 16-
channel cavity combiner are given in Fig. 5. We can see
that the scattering coefficient S11 is better than −30 dB
at 500 MHz, which indicates the combiner is matched by
tuning the short port of the waveguide and the tuner.

Fig. 5. (color online) The S parameters of 16-channel matching cavity combiner.
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Fig. 6. (color online) The S parameters of 64-channel matching cavity combiner.

The cases of 32, 48 and 64 input couplers symmetri-
cally mounted on the cavity are studied in the same way
as in the case of 16 input couplers above. By adjusting
the short port of the waveguide and the tuner, the S11

of the 32, 48 and 64 channel cavity combiners are tuned
to less than −30 dB at resonant frequency 500 MHz,
which means that the combiner achieves the matching
condition. Compared with 16 channels, in the case of 64
channels the short port of the waveguide is shifted 100
mm along the waveguide transmission direction under
the matching condition. The matching scattering coef-
ficients of the 64 channels cavity combiner are given in
Fig. 6. Figure 7 shows the change of the maximum and
minimum input reflectance coefficients in the simulation
and the theoretical reflectance coefficients, which are cal-
culated by Eq. (8), with the number of input channels.
The variation of transmission coefficient S15 and its the-
oretical values calculated by Eq. (9) in the simulation
with the number of input channels is shown in Fig. 8.

Fig. 7. (color online) The change of Γi with num-
ber of input channels.

It can be seen from Fig. 7 that the difference between
the simulated maximum and minimum Γi is less than 0.1
dB. This is because the TE010 field strengths at different
coupling loops are slightly different. We can also see that

the theoretical Γi always stays in the range between the
simulated maximum and minimum Γi, which illustrates
that all the input channels have good RF coherence and
the simulation results are consistent with the theoreti-
cal results. We can see from Fig. 8 that the simulated
transmission coefficient S15 is also consistent with the
theoretical values.

Fig. 8. (color online) The change of S15 with num-
ber of input channels.

All the simulation results above demonstrate that the
cavity designed using the proposed method is capable of
combining 16-64 identical input channels, just needing
to tune the short port of the waveguide and tuner when
the number of input channels changes. The results are in
good agreement with the proposed method, which means
that this method of cavity combining is feasible.

5 Conclusion

In this paper, we first analyzed the equivalent circuit
of the cavity combiner, and derived the relation between
the input and output coupling coefficients, as well as
the scattering parameters under the matching condition.
Based on the obtained relation and practical application,
it is suggested that the range of power loss rate for the
maximum output power is 0.5%–1% and the number of
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input channels of the high power cavity combiner is less
than 200. Then we proposed a method for designing the
variable-channel high-power cavity combiner, in which
the input coupling coefficient is constant and the output
coupling coefficient is tunable. The method was applied
to the design of a cavity combiner with 500 MHz and

variable input channels from 16 to 64, and the simula-
tion results agree well with the theoretical RF parame-
ters, thus demonstrating the reliability of the proposed
method. In addition, to experimentally test and verify
the simulation results, a prototype is being designed and
will be manufactured.
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