
research paper

Design and analysis of a high-power radial
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In this paper, the design analysis of a multi-way and high-power radial combiner is presented. This combiner incorporates a
rigid stripline-type combining structure. This analysis, based on an equivalent circuit model and segmentation of the radial
transmission line, provides simple design formulae. The developed methodology, after fine-tuning with the help of an electro-
magnetic full-wave simulator, is physically demonstrated by developing a high-power (16 kW average) and high
combining-efficiency (98.9%) 16-way combiner at the center frequency of 505.8 MHz. Its efficient and repeatable perform-
ance, fabrication-friendly structure, and absence of the heat-related problem, caused by the isolation resistor, are the
main features of this design.
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I . I N T R O D U C T I O N

The radio frequency (RF) and microwave power combiner
plays a vital role in the solid-state RF amplifier/transmitter
[1], due to the moderate power-handling capability of RF
transistors, used therein. Such transmitters, delivering
output RF power in kW regime, are gaining a widespread
interest for communication systems [2] as well as for particle
accelerators [3]. A multi-way divide and combine architecture
[4] is adopted in such high-power solid-state transmitter.
The N-way power combiner, in such architecture, needs to
handle high power as it sums output signals from multiple
amplifier modules. Its insertion loss and any imbalance [5]
in forward transmission coefficient directly affect the trans-
mitter efficiency [6]. It governs [7] the graceful degradation
[8] performance and thus available output power of the trans-
mitter [9].

The N-way power combiner [10], where power combining
action is achieved in a single step, proves to be very efficient
compared to the tree [11], and traveling wave [12, 13] type
schemes. The popular N-way power combining families
include the resonant [14], non-resonant [15], and the spatial
type [16] combiners. The latter one, using the free space as
a power-combining medium, is preferred near millimeter-
wave frequencies. In resonant type of combiners, the use of
a peculiar shape for the structure with size comparable to
wavelength, leads to a frequency-dependent field patterns in

the structure [10], resulting in a resonant mode spatial distri-
bution [17]. By properly spilling-out the resonating energy,
through branch ports located at suitable positions, it is poss-
ible to perform the power-combining functions. Such combi-
ners [18] are narrow band and their performance is very
sensitive to its structure’s dimensions. Among non-resonant
types, N-way Wilkinson combiner [19] is one of the widely
adopted power-combining structures. Its various modified
versions [20–22] were reported in the literature. Apart from
the Wilkinson type, several other approaches, including
sector shaped [23] and exponential [24] combiners, were pro-
posed for N-way topology. The operation of the
Wilkinson-type combiners is limited in power due to the
embedded nature of the floating isolation resistors (and
their connection) and increased energy dissipation require-
ment. Gysel [25] provided a solution for such problem by
modifying circuit topology, so that a grounded resistor can
be used instead of the floating one. Its power rating can be
made very high placing and cooling it outside the main circuit.

Another popular N-way topology for high power is the
radial combiner [26–28]. All radial combiners have one
circuit element that distributes the electromagnetic energy in
the radial direction, and this element characterizes the type
of combiner. One of the first radially divider/combiner was
developed by Schellenberg and Cohn [29] for an X-band
application. It was composed of a coaxial transformer and a
microstrip line. A different approach, using radial waveguide
and coaxial transformer, was followed by Belohoubek [30].
Fathy et al. [31] outlined the simplified approach for the
radial combiner, incorporating an isolation resistor and
quarter wave resonators in the microstrip configuration, fol-
lowed by its physical verification at 12.5 GHz and 30 W of
power. Villiers et al. [32] presented a transverse electro mag-
netic (TEM) conical transmission line-based power combiner
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for X band. Recently a radial–coaxial waveguide-based power
combiner [33] at 4 GHz was reported with a door-knob and
L-shaped branch port design. However difficulty, encountered
during its fabrication and assembly, degrades its combining
efficiency. Also high-power test results were not reported
therein. Majority of the reported techniques are suited for
low power [34]. At high power, the conventional microstrip
line-based power combiner cannot be used due to their poor
power-handling capacity. Furthermore, for frequency regime
in Ultra High Frequency (UHF) band, the waveguide-based
combiners [35–37] are rather bulky. Hence, there is growing
research interest to develop a high-power, efficient, repeatable,
fabrication-friendly, and scalable power combiner.

In this paper, a design methodology is outlined; using sim-
plified formulae, for a kW level, even mode excited, multi-way
radial combiner; realizable in slab line structures without any
isolation resistor. The designs of its output and combining
structures are based on the coaxial and radial transmission
line (RTL) theory, respectively. The rigorous and lengthy cal-
culation for the radial line impedance is replaced by a simpler
segmentation method. Based on this design methodology, a
16-way combiner, operating at 505.8 MHz and 16 kW
(average) of power was physically implemented after perform-
ing its design optimization with the help of a full-wave three-
dimensional (3D) simulator viz. High-frequency structure
simulator (HFSS). Due to its desired incorporation in the
solid-state amplifiers for particle accelerators, its performance
metrics such as round-the-clock high-power operation, low
loss, and repeatability were emphasized in this design. Its sat-
isfactory measured results, for return loss, amplitude and
phase imbalance and prolonged time testing; all at low as
well as at full-rated power of 16 kW, validate the proposed
methodology and prove its suitability for the high-power
applications.

I I . P R O P O S E D R A D I A L P O W E R
C O M B I N E R D E S I G N

The proposed design of radial combiner is shown in Fig. 1.
This structure consists of three parts: the feed line, combining

path, and N-way branch ports. It is an (N+1) port network
endowed with the rotational symmetry around its main
port. Being a passive component, it can equally work as a
power divider. The feed line is a cascaded structure of the
coaxial line sections. These sections are needed for converting
the input impedance at the main port (50 V) to somewhat
lower impedance, as seen by the radial line, at its junction
point. At this junction, the feed line and the combining path
are connected. The feed line is perpendicular to the junction
plane. This line transfers power from the combining path to
the output (main) port. The combining path is a circular
RTL, realized with low-loss parallel-plate slab-line-type disc
structure. The feed line is connected at its center, whereas
branch ports are located near its circumference. These ports
can be placed either in the radial direction or parallel to the
axis of the main port (as shown in Fig. 1). They are usually
designed for a characteristic impedance of 50 V. The radial
line accomplishes the task of impedance matching, at high
power, without incorporating quarter wave transformer.
Along with providing a mechanical rigidity, its symmetry
minimize insertion loss and phase imbalance. The dielectric
inserted here, helps operation at higher power and support
to the inner structure of the combiner.

Although a detailed full-wave analysis for the scattering
characteristics, based on a mixed potential integral-equation
formulation [38], has been developed for the N-way radial
power combiners, it is numerically too intensive to deal with
the present structure. Being rotationally symmetric structure,
it was also analyzed [39] by a partial spectral decomposition of
its scattering matrix. This approach produces N/2 one-port
boundary value problems, as well as a single two-port
problem, which can be solved by means of standard full-wave
simulators by applying Floquet boundary conditions. In an
effort to devise a simpler approach to aid the combiner
design in present work, the transmission line theory was
used to deal with the design of radial and coaxial matching
networks. In order to explore this, a circuit model of the pro-
posed combiner was developed in Microwave office [40] simu-
lator, as shown in Fig. 2. In this model, three coaxial line
sections represent stepped transmission lines for the impe-
dance matching between the main port and the circular

Fig. 1. Proposed N (¼16) way radial power combiner.
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radial line. These sections have different characteristic impe-
dances and electrical lengths. The sub-circuit RTL junction
is radial-to-coaxial line junction, to be discussed later. The
sub-circuit RTL describes the radial line, having varying
input impedance with respect to its radius as seen from the
center. At the radius ofra, terminating admittance (Yt) is a
sum of parallel resultant of branch ports’ admittance (1/Zb)
and input admittance (1/Zc) of open-circuited radial stub
with annular ring with a width of (rb2ra).

The multi-purpose probes (M_Probe) were inserted at RTL
and coaxial transmission line (CTL) nodes. Being an (N+1)
port network, the branch ports are numbered from 1 to N,
whereas the main port is indexed at zero. The design of
radial combiner depends upon the ability to model the RTL,
to be discussed next.

A) RTL and design of combining path
A circular RTL, useful for the present combiner, consists of a
parallel plate and its counterpart, either another plate or a
ground plane. When excited at the center, it will generate elec-
tromagnetic waves, guided radially outwards from the source.
In the dominant or nearly TEM mode, it contains Ez(r) and
Hw(r) only (where w is rotation about the z-axis), E and H
are electric and magnetic fields, respectively. Such a wave
has no variations in the z-direction or circumferentially. For
such mode, the description of wave equation and input impe-
dance of the line in terms of radial line parameters were given
by Marcuvitz [41] and Ramo et al. [42]. This value of input
impedance, being a function Bessel and modified Bessel
(Neumann) functions is not real but complex value. Also its
characteristic impedance shows spatial dependence. Hence,
the calculation of input impedance, required to deduce sub-
circuit RTL, in Fig. 2, is significantly complicated.
Nevertheless, this calculation of the input impedance for the
dominant mode can be approximated by using a different
approach [43] that leads to a simpler formulation using avail-
able CAD programs.

In this approach, with reference to Fig. 3, a radial line
having outer radius of Rp and inner radius of Ro is segmented
into p numbers of narrow concentric, annular, and adjacent
strips. Each of these strips is a RTL with small width, for
which constant characteristic impedance can be assumed.
When these impedances are cascaded, the resultant input
impedance approximates the one for the original radial line.
Thus, sub-circuit RTL in the circuit model is characterized
by the cascaded transmission lines, all operating in nearly
TEM mode.

Since the curvature of the strip limits the accuracy of this
approach, segmentation is performed in such a way that the
ratio of strip width to its radius is always equal to a constant.
Or

w0

R0
= w1

R1
= · · · = wn

Rn
= Cr. (1)

Here wn and Rn are the width and the radius of the nth
strip, whereas Cr is a curvature constant. Using this condition,
it can be easily shown that

Rn = R0 1 + Cr( )n, (2)

wn = w0 1 + Cr( )n. (3)

The average radius of the first strip is

R1,ave = R0 1 + Cr

2

( )
, (4)

and the average radius of the nth strip is

Rn,ave = R1,ave 1 + Cr( )n. (5)

Fig. 2. A circuit model of proposed N-way combiner with RTL.

Fig. 3. A circular RTL segmented in strips.
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Also the total number of strips p can be determined from

Rp

R0
= 1 + Cr( )p. (6)

This averages radius of the piecewise approximated radial
strip is used for the calculation of its characteristic impedance
as described next.

Due to symmetric or even mode excitation, the electromag-
netic interaction in the radial combiners is predominantly due
to radial waves in dominant mode, axially symmetric with
respect to the feed line which only excite TEM mode. This
even mode description is valid as combiner is used normally
in electrically symmetric configuration with equal potential
on all branch ports. In practice, propagation of higher-order
modes is easily prevented by careful design and good mechan-
ical symmetry. As stated earlier the dominant mode descrip-
tion for a circular RTL resembles the TEM mode. In fact,
the electromagnetic field configuration for the segmented
radial line is nearly identical to that of an ideal strip line,
having planar inner conductor in the middle and ground
planes on its top as well as bottom, duly separated by a dielec-
tric material having adopted here, the segmentation mechan-
ism is used for the calculation of [r. The radial line in the
proposed combiner is strip line type (or slab line). Hence, suit-
able changes in calculation, for taking into account the finite
thickness t of the strip/slab, is needed. The characteristic
impedance for the slab-type radial line, at the radius r,
becomes [44]

Z0 r( ) = d − t( )
8pr

ZTEM, (7)

Here r is the radius of the slab-type radial line. Also d and t are
defined in accordance with Fig. 1 and ZTEM is given as

ZTEM = 120p���
er

√ . (8)

Although, this formula was derived by neglecting presence of
fringing capacitance, it gives approximate real value to probe
ahead. By substituting the value of average radius from (5) in
(7) in place of r, the characteristic impedance of the successive
strips can be calculated.

In summary, the radial waveguide is modeled by a cascade
of transmission lines with the characteristic impedances and
physical lengths, described by the geometric progressions.
This completes the calculation for the relative input impe-
dance of the radial line. Using this analysis, the value of the
input impedance Zc (Fig. 2) at radius ra, contributed by the
annular ring of length (rb2ra), can also be computed with
the radial line theory described above, by treating the open
circuit at one end. The calculation of rc depends more on
the electric field, which can be sustained in the annular
region having width of (rc2rb) and also on the footprint of
N connectors to be placed along the periphery of the radial
line. This placement must provide some space for the cable
movement, while making a connection. Hence, a few iter-
ations may be required before the final selection. As the
outcome of this calculation process, values of radii ra, rb and
rc can be calculated. Having analyzed the combining path,
the next step in this procedure is the design of the feed line.

B) Designing feed line
The feed line consists of cascaded sections of CTL with
stepped inner conductor (Fig. 1) to match the radial line impe-
dance to the 50 V impedance at the main port. The radius of
the outer conductor of these line sections is kept equal. Thus,
the length and the radius of inner as well as outer conductors,
for each line section, are used as the design parameters for
impedance matching [45] in the circuit model optimization.
The fringing effect caused by the abrupt step discontinuity
of inner conductor is modeled by a small static capacitance
Cj, [46] given by

Cj =
10

100p
t2

1 + 1
t1

ln
1 + t1

1 − t1

( )
− 2 ln

4t1

1 − t2
1

( )[ ]

+ 1.11
1000

1 − t1( ) t2 − 1( ) pF/cm
( )

, (9)

where

t1 = r3 − r2

r3 − r1
, and t2 =

r3

r1
. (10)

Here r3 is the radius of the outer conductor of a coaxial line
having step discontinuity. Also r2 and r1 are the radii of the
larger and smaller inner conductors, respectively. The capaci-
tance is obtained by multiplying this equation by the circum-
ference (2pr3) of the outer conductor. For the present design,
there are two coaxial steps in the feed line. Hence, the calcu-
lation needs to be performed twice by substituting the set of
(r1, r2, r3) in (9) with (a1, a1, b) and (a2, a3, b), with reference
to Fig. 1. This step completes the first-order design of the feed
line.

In order to account for the effect of the discontinuity at the
coaxial/radial line junction (modeled by sub-circuit RTL junc-
tion in Fig. 2) additional reactive components, contributing to
the input impedance of the coaxial and radial lines, need to be
estimated. Williamson [47], modeled this junction in terms of
reactive components viz. B1, B2 and B3, as shown in Fig. 4.

Using this model and the expressions given in [31], the
impedance at the coaxial port of the junction can be derived as

ZCTL = 1
1

T2ZRTL
+ j B1 + B2 +

B3

T2

( ) , (11)

where ZCTL is the impedance at the coaxial port (measured
at M-probe CTL in Fig. 2), ZRTL is the impedance of the

Fig. 4. Equivalent circuit of radial-line/coaxial-line junction.
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radial line and T is the turn ratio of the transformer, as shown
in Fig. 4.

C) Full-wave electromagnetic structure
simulation
After completing the design of constituting parts of the com-
biner, it is necessary to simulate its physical structure, for the
final optimization, with the help of a 3D full-wave structure
simulator. In this simulation, different geometrical parameters
of the feed line, radial line, and location of branch port con-
nectors need to be fine-tuned to achieve the desired goal.
This goal often involves optimization of important parameters
like return loss at the main port, insertion loss of the combi-
ner, and isolation among branch ports. Finally, possibility of
the electric field breakdown needs to be studied by providing
sufficient spacing between the inner and outer conductors of
the different transmission lines and by removing sharp
corners of the structure.

I I I . E X P E R I M E N T A L
I N V E S T I G A T I O N A N D M E A S U R E D
R E S U L T S

In order to demonstrate theoretical calculation described in the
previous sections, a 16-way RF power combiner was designed
and fabricated at the center frequency of 505.8 MHz. The
design concepts are equally applicable to higher frequency
range. The choice of this frequency is useful for the institute’s
on-going project of the development of a 75 kW solid-state
amplifier. The design specifications require the combining effi-
ciency to be better than 95% at the combined power of 16 kW
(average). A bandwidth of 40 MHz and a minimum return loss
of 15 dB throughout this bandwidth should be achievable. As
the output (main) port needs to handle the total power
within 16 kW, the standard rigid coaxial line with EIA 3-1/8′′

flange, was selected for this port. Similarly for branch ports,
expecting the maximum power within 1 kW, standard N-type
connectors were selected. The standard TeflonTM material
was used as a dielectric to increase breakdown strength as
well as to provide a support for the inner conductor of the
radial line. The major calculated design parameters are tabu-
lated in Table 1. No any tuning screw or isolation resistors
were used in this design. After this initial design calculation,
an electromagnetic model was developed for the full-wave
simulation using HFSS. During this simulation, the design
was fine-tuned to absorb discontinuities at different interfaces
and a care was taken to remove any high electric field hot-spots
in the constricted regions of the combiner. At such spots, a
possibility may exist for the dielectric failure at the full-RF
power. The HFSS model of the combiner and its fabricated
version are shown in Fig. 5.

For its reliable and round the clock operation, it is necess-
ary to dissipate the heat developed by the RF power loss
(incurred inside the combiner) and by the thermal conduc-
tion, from coaxial cables connecting at the branch ports.
Hence, cooling fins were provided on the outer conductor of
the feed line. The simulated value of the maximum electric
field, near the branch ports, was 1025 V/m with input
power of 1 W at the main port. This result shows an improve-
ment over the value for L-shaped probe, reported in [33].

For this combiner, low-power and high-power continuous-
wave RF measurements were carried out for validating the

Fig. 5. EM model of 16-way high-power RF combiner (left) and its fabricated version.

Table 1. Major design parameters.

Major design
parameters

Value Major design
parameters

Value (V)

Number of strips p 20 Z1c 23.54
Number of ports N 16 Z2c 29.7
rb 9 cm Z3c 97.63
rc 10 cm Main port’s impedance 49.33
d1+d2+d3 13 cm Branch ports’ impedance 50
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design procedure and for demonstrating its suitability at the
high power. At the low power, vector measurement in terms
of scattering parameters, was carried out using network analy-
zer E5071B. For the high-power measurement, a solid-state
RF amplifier at 20 kW, developed in-house [48], was utilized.
In an ideal combiner, the amplitude and phase of the RF
signal, fed from the main port, should get distributed uni-
formly among the branch ports. Thus, the ideal value of trans-
mission coefficient (soi, i ¼ 1, 2. . .16), defined as the ratio of
forward power wave from the ith port to the output forward
power wave at the main port (assigned zeroth port) with all

other ports matched terminated, is 12 dB for a 16-way combi-
ner. However, in practice, some imbalances in the amplitude
and phase are observed due to an imperfection in the mechan-
ical symmetry of the combiner structure during fabrication.
The amplitude and phase of the transmission coefficient soi,
at 505.8 MHz, are shown in Fig. 6. The calculated value
(from HFSS) is also shown here. Due to the inherent sym-
metry of the radial line, used in this combiner, the peak to
peak deviations of this coefficient are only 0.18 dB in the
amplitude and nearly 28 in the phase. Such negligible imbal-
ance allows a repeatable design with low scattering loss [6],

Fig. 6. Transmission coefficient for 16-way combiner at 505.8 MHz.

Fig. 7. Return loss and insertion loss of the fabricated 16-way combiner.
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incurred due to the mismatch/reflection at its various junc-
tions of the solid-state amplifier architecture.

The return loss and the insertion loss, measured at 1 kW
(average) power are shown in Fig. 7. The calculated return
loss, shown in the same figure, satisfies 15 dB criteria from
480 to 520 MHz, whereas its measured value is below 15 dB
from 483 to 520 MHz. The minima points of the calculated
and measured return loss differ by a value of 5 MHz. The inser-
tion loss, shown here, was measured by fabricating two similar
16-way combiners. They were connected back to back so that
one combiner performs dividing action, whereas other one
combines the divided power. The de-embedded insertion loss
for a single combiner was ,0.1 dB at 500 MHz. The corre-
sponding combining efficiency [5], is better than 95% from
478 to 520 MHz with a maximum value of 98.7% at
500 MHz. This value reconfirms negligible power lost due to
the amplitude/phase imbalance, measured at the low power.

Such feature makes this combiner attractive for the high-power
solid-state amplifier used in the particle accelerators.

A comparison of the calculated and measured isolation
among the branch ports, at 505.8 MHz and 16 kW of RF
power, is shown in Fig. 8. The minimum value of the isolation
(about 10 dB) is exhibited among adjacent branch ports
(2 and 16), whereas diametrically opposite ports (8, 9, and
10) are moderately isolated.

A cyclic behavior, observed in this isolation pattern, must be
due to the existence of higher-order modes in the radial line
when it is driven unsymmetrically. For the ideal case of even
mode excitation at branch ports, the TEM mode was assumed
in radial line, and as can be seen in the simulated E-field
pattern of this line, plotted in Fig. 9, this is clearly not the case
here. Here branch port 1 is driven port whereas all other ports
are matched terminated. It can be deduced that the strongest
coupling (poor isolation) from port 1 is to its nearby ports.

Fig. 8. Computed and measured isolation of 16-way combiner at 505.8 MHz.

Fig. 9. Simulated E-field pattern with port 1 (coinciding with x-axis) as driven port.
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For the prolonged time testing, this combiner was tested
using an in-house developed solid-state amplifier [48] at
16 kW RF power for more than 7 h. After this test, no any
degradation in RF performance was observed. Finally in the
series of these experiments, for safety purpose, the radiation
level was measured outside the combiner. Its measured
value was ,0.1 mW/cm2, which is well below the safe limit
prescribed in the frequency range of 300–800 MHz. As this
combiner is need to be deployed as a workhorse in the
on-going solid-state amplifiers, its performance repeatability
was checked by fabricating more than 20 such combiners.
All these units were rigorously tested at full power without
any degradation or any failure.

I V . C O N C L U S I O N

The theoretical design and experimental work on a high-
power multi-way radial combiner, required for the solid-state
amplifiers, utilizing the cutting edge technology of solid-state
devices, is presented here. This design makes use of a rigid
mechanical structure comprising a parallel slab (stripline-
type) radial line and a coaxial transmission line. A simplified
calculation of the radial line impedance using the segmenta-
tion approach is performed, followed by its full-wave electro-
magnetic simulation. Based on this methodology a 16-way
power combiner, capable of handling 16 kW of power at
505.8 MHz, was developed and experimentally demonstrated.
Its measured results, elongated time testing and repeatability
of RF performance, for 20 such combiners, pave the way
toward its implementation as a workhorse for the divide
and combine strategy adopted in the solid-state RF amplifiers.
The absence of any external tuning mechanism and the iso-
lation resistor make this design efficient, repeatable, economic,
reliable, and mechanical-friendly.
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