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ABSTRACT A planar implementation of N-way radial power combiners with isolated input ports is
presented. While keeping the design simple, the presented combiner can be manufactured solely using
printed circuit board technology, and as a result, has a low weight and manufacturing cost. As proof
of concept, two power combiners are designed and built. First, a 6-way combiner working at the center
frequency of 3.1 GHz with a fractional bandwidth of around 30% was designed. Our measurements of the
fabricated combiner showed an input and output return loss of better than 10 dB in a frequency band of
2.65-3.55 GHz where an isolation of higher than 23 dB, amplitude balance of±0.1 dB, and phase balance of
±1 degree between the input ports were obtained. Then, a simple approach was implemented to widen the
frequency band, achieving a fractional bandwidth of 80%. According to our measurements, the wideband
combiner has an operating frequency band of 1.35-3.15 GHz, in which an input and output return loss of
better than 10 dB with an isolation of higher than 21 dB, amplitude balance of±0.15 dB, and phase balance
of ±1 degree were achieved.

INDEX TERMS Isolation, low cost fabrication, microstrip, N-way power combiner, printed circuit board,
wideband, Wilkinson power combiner.

I. INTRODUCTION
One of the most diverse devices used in communication
systems are power combiners [1]. They can be categorized
based on power combining method, combining medium,
number of ports, power handling, size, combining stages,
isolation, etc. In literature, power combiners are usually
first divided into two groups based on the combing method
and then into subcategories based on combining medium,
etc. [2], [3]. These two main groups are single- and multi-
stage combiners. Single-stage combiners inevitably need to
be N-way to be capable of combining any given number
(to some extend) of ports in a single stage. On the other
hand, multi-stage power combiners have a limitation when
it comes to the number of ports. Combining a large number
of inputs in these combiners requires multiple stages and, as a
result, a larger combining network, usually meaning not only
more weight, a larger size, and higher costs but also higher
loss. From this aspect, single-stage power combiners have
a significant advantage over multi-stage combiners since a
higher number of ports has little effect on their size, weight,
cost, and losses.

The associate editor coordinating the review of this manuscript and
approving it for publication was Wenjie Feng.

Aweakness of most single-stage N-way combiners (let say
N-way combiners for simplicity) is the low isolation between
input ports. The low isolation is such a magnificent factor
in decision making that system designers usually prefer the
higher loss, cost, and size of multi-stage power combiners
over the low isolation of N-way combining. As such, an
N-way power combiner having isolated inputs would be of
much value in system design. Considerable effort has been
done to achieve this goal [4]–[13]. It is also notable that,
generally speaking, increasing the input ports would increase
the isolation [14]; however, depending on geometry, not all
ports would have the same isolation from each other, and in
case of a failure, some will be affected worse than others.

One of the best-known types of power combiners,
which also has good isolation, is the Wilkinson power
combiner [15]. Although the two-input port variant of this
combiner is the one that is most used and well known,
it was originally introduced as an N-way combiner. The
reason that the two-input variant is by far more popular than
the higher-input variants is the way the isolation resistors
are mounted. While the two-way variant of the Wilkinson
topology can be implemented in a planar structure, with a
higher number of input ports, mounting the resistors on the
signal plane is no longer possible.
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FIGURE 1. Proposed narrowband power combiner: (a) exploded view and
(b) schematic. The combiner is implemented on a three-layer PCB (two
dielectric substrates and three layers of metalization).

The significance of a planar structure lies in manufac-
turing. A planar structure can be realized using standard
printed circuit board (PCB) technology. PCB will signifi-
cantly reduce the cost and weight of the design [16]–[19].
In addition, implementing isolation resistors in a PCB ismuch
easier than other media such as waveguides.

In this paper, we present a planar implementation of
N-way power combiners. Our proposed designs are based
on the Wilkinson topology and so provide high isolation
between the inputs. Meantime, using a three-layer PCB and
implementing the isolation resistors on the third layer of
metalization, the realization of a planar combiner using a
multilayer PBC technology becomes possible. As a proof of
concept, two combiners were designed and fabricated. The
first one is a 6-way narrowband combiner. After explaining
the design approach and exploring the results, some tweaks
were applied to increase the bandwidth of the combiner for
broadband scenarios. The wideband design was validated by
manufacturing a 5-way combiner. To close this section, the
advancement of this work is to bring the following features
for an N-way power combiner together. First, the input
ports are highly isolated from each other. Second, owing to
the planar structure of the design, it can be realized using

FIGURE 2. Fabricated combiner: (a) top and (b) bottom and (c) side view.

TABLE 1. Value of design parameters indicated in FIGURE 1a and
FIGURE 2 (all in mm).

the standard PCB technology. Third, the design method is
straightforward with very low complexity. And fourth, the
proposed designs provide competitive performance with the
state-of-the-art.
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FIGURE 3. Magnitude of measured and simulated reflection coefficient of
port 1 (main port).

II. NARROWBAND DESIGN
A. STRUCTURE AND DESIGN
This combiner is designed on a three-layer PCB, with
signal strips on the first (top) and third (bottom) layer of
metalization. The second (middle) layer is mostly dedicated
to the ground. An exploded view of the combiner is shown
in FIGURE 1a. Also, a schematic view of this design can be
seen in FIGURE 1b.

1) SIGNAL CIRCUIT
The main signal path of the combiner, from input ports to the
output port, is on the top layer of the PCB and is shown in
FIGURE 2a. On the periphery of the combiner, input SMA
connectors are placed on 50 � microstrip transmission lines.
These short lines have no role other than providing enough
space for soldering the connector. At the end of the 50 �
line, a quarter-wavelength transmission line moves toward
the center of the combiner. At the center, this λ/4 joins with
others from other ports to form the circular pad that, in radial
combiners, is sometimes referred to as launcher. The output
connector is mounted on this pad.

The characteristic impedance of the quarter-wavelength
transformer (QWT) is the geometric mean of the impedance
of the input port (i.e., 50 �) and the impedance that should
appear at the end of the QWT to keep the output port at 50�
(i.e., 50× N �), i.e.,

Zq = Z0 ×
√
N (1)

whereN is the number ofways andZ0 = 50� is the reference
impedance at the input and output ports. In our case, since
N = 6, then Zq = 122.5 �.

In the side view picture of the fabricated combiner in
FIGURE 2c, the means by which the output connector is
mounted to the combiner can be seen. The inner conductor
of the connector is soldered to the launcher, while two brass
spacers connect the outer conductor to the ground (middle)
layer. The spacers (having 4 mm length) sit on screw pads
connected to the ground plane.

2) ISOLATION CIRCUIT
On the top layer of metalization, at the connection point of
the Z = 122.5 � λ/4 and 50 � lines, there is a via between
the top and bottom layer of metalization, passing through the
middle layer (the ground plain) without touching it. In case

FIGURE 4. Magnitude of measured and simulated reflection coefficient of
port 2 (one of the peripheral ports).

of unbalanced working conditions, part of the input signal
will pass through this via to the bottom layer. On this layer,
which can be seen in FIGURE 2b, a microstrip transmission
line with a characteristic impedance similar to that of the
λ/4 line but with a length of λ/2 connects the via to an
isolation resistor which is placed at the center of the combiner
on the bottom layer. The other end of the resistor is connected
to a circular pad, which in the Wilkinson power combiner
is known as virtual ground. The resistors have the same
impedance as Z0, which in our case is 50 �.
In the original Wilkinson power combiner, the resistors

are assumed to be ideal, meaning they are assumed to have
an electrical length of zero. However, at higher frequencies,
this assumption is inaccurate. On the other hand, resistors
should all connect to the virtual ground at the input ports of
the combiner, which is the main problem with Wilkinsons of
more than two ways. In this work, we remedied both of these
issues by adding a λ/2 line. It allows us to move the resistors
to the center of the bottom layer and easily connect them to
the virtual ground. By ever so slightly tuning the length of the
λ/2 line, we can absorb the electrical length of the resistor,
i.e., the length of the resistor and the line together equals λ/2.

3) COMPUTER SIMULATION
After the initial design, which included calculating line
impedances and lengths of transmission lines for a central
frequency of 3.15 GHz and a 60 mil RO4003c substrate, the
combiner was modeled and simulated in CST Microwave
Studio. While the straightforwardness of the design put the
results very close to the desired ones, there were a few objects
which needed to be sorted out with optimization. These were
the absorption of the length of resistors and the effect of
the output connector. The height of the output connector’s
spacers showed an effect on the result, which was accounted
for by slightly varying the impedance of the λ/4 line by about
10 percent. Absorption of the length of isolation resistors into
the λ/2 line was readily done as well.

Another parameter calculated using computer simulations
was the distance of the ground plane from the vias
((D2− D1)/2 in FIGURE 1a). The final dimensions are
given in TABLE 1.

B. RESULTS
The combiner was built using standard PCB manufacturing
technology and tested using a network analyzer. The mea-
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FIGURE 5. Measured magnitude of transmission coefficient of peripheral
ports when port 1 (main port) is excited.

FIGURE 6. Measured phase balance of the combiner. The average of the
phase of S(n,1) for all peripheral ports was calculated and set as the
reference. The Phase balance of peripheral ports is reported with regard
to this reference.

sured and simulated magnitude of the reflection coefficient
of the combine port (port-1) and one of the split (peripheral)
ports (port-2) is shown in FIGURE 3 and FIGURE 4,
respectively. The inset of FIGURE 4 indicates the ports
numbering (the combine port, port-1, is not shown). Good
agreement between simulation and measurements is evident
in both cases. From these figures, considering -10 dB to be the
criteria for an acceptable matching, the achieved operational
bandwidth is from 2.65 to 3.55 GHz with a central frequency
of 3.1 GHz.

Two important figures of merit of a combiner are its
amplitude and phase balances. In FIGURE 5, the magnitude
of the measured transmission coefficient of all six peripheral
ports when port-1 is excited is plotted. It shows an amplitude
balance of less than ± 0.08 dB. Considering that in an ideal
6-way combiner, the transmission coefficient (theoretical
loss) of every peripheral port is -7.78 dB, FIGURE 5 shows
that the additional transmission loss of the combiner -caused
by mismatch and attenuation- is less than 0.3 dB within the
operating bandwidth. The measured phase balance of the
combiner is presented in FIGURE 6. The measured phases
of all the transmission coefficients (S(n, 1)|n 6= 1) were
averaged, and the average value was taken as the reference.
The difference between the phase of every peripheral port
and this reference is reported in FIGURE 6. It is seen that
anywhere in the operating bandwidth, the phase balance is
better than ± 1 degree.

The measured isolation between the peripheral ports
is presented in FIGURE 7. The transmission coefficient
between port-2 and all other peripheral ports was measured.
During these measurements, any ports not involved in the

FIGURE 7. Measured isolation of peripheral ports with each other. Notice
that due to symmetry, two port pairs have similar isolation where one is
omitted from the figure for better clarity.

measurement were terminated in a matched load. Due to
symmetry, some of the measurements were almost identical
and were omitted from the figure for better clarity. It is
observed that in the entire bandwidth, isolation was measured
to be better than -23 dB.

Finally, a comparison between the presented combiner and
state-of-the-art planar N-way power combiners manufactured
using PCB technology, albeit those with some degree of
isolation, is presented in TABLE 2. From this table, it can
be concluded that our design, with low complexity, provides
excellent isolation and phase and amplitude balances between
the input ports. However, the bandwidth of our design is not
competitive with some other works.

III. WIDEBAND DESIGN
The 29 percent of fractional bandwidth achieved in the
previous design may not be enough for some applica-
tions. Analyzing the results of the narrowband combiner
(FIGURE 3, FIGURE 4, and FIGURE 7) shows that the
limiting factor of the bandwidth of the first combiner is not its
isolation, but the input and output return loss.What affects the
bandwidth of the input and output matching is the impedance
transformation of the QWT. Generally speaking, a single-
section QWT can transform two arbitrary real impedances;
however, the impedance transformation has a narrow band-
width when the two impedances are far away. A classic
way of extending the bandwidth is employing multisection
transformers allowing gradual change of impedance. This
is the tweak we applied to achieve a wideband combiner,
as described in the following.

A. STRUCTURE AND DESIGN
FIGURE 8a shows the exploded view of a wideband 5-way
combiner. Similar to the previous design, this one is also built
on a three-layer PCB with signal strips on the top (first) and
bottom (third) layers of metalization, and the middle (second)
layer is the ground plane. However, while in the narrowband
combiner, the main signal paths (from the input to the output)
are entirely in the top layer of metalization, in the proposed
wideband design, the signals enter from the input (peripheral)
ports on the bottom layer and exit from the output port on
the top layer. The isolation resistors are also mounted on the
bottom layer as in the previous design.
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TABLE 2. Comparison between planar N-way power combiners. Operating bandwidth (BW) is calculated based on input and output return losses of
better than 10 dB and insertion loss of lower than 1 dB.

1) CIRCUIT
A schematic of this design can be seen in FIGURE 8b. The top
and bottom layers of PCB are also shown in FIGURE 9a and
FIGURE 9b, respectively. On the bottom layer, at the periph-
ery of the board, each input SMA connector is connected
to a short 50 Ohm line. A quarter-wavelength transmission
line section, having a characteristic impedance of Zq2 in the
schematic of FIGURE 8b, connects to this 50 Ohm line
and moves toward the center, stopping some distance from
it, where it ends at a via connecting the bottom and top
layers. One pad of the 100 Ohm isolation resistor is also
connected to this via. The other end of the isolation resistor
is connected to the virtual ground located in the center of
the third layer. It is notable that since the quarter-wavelength
transmission lines help to move the resistors to the center of
the combiner, the half-wavelength lines are omitted from this
design.

At the end of the via, on the other side of the combiner
on the top layer, another quarter-wavelength transmission
line section, having a characteristic impedance of Zq1 in
the schematic of FIGURE 8b, starts to move from the via
toward the periphery of the combiner, but at about half
its length, turns back toward the center, where it joins the
other lines from other ports to form the launcher circle.
The inner conductor of the output connector is connected
to the center of the launcher, and just like the first combiner,
the outer connector of the output connector is connected both
physically and electrically to the board using brass spacers.
The spacers used were 2.5 mm long.

While the length of both QWT sections (on the top and
bottom layers) is calculated for the center frequency of
design, a decision must be made regarding their characteristic
impedances and the value of isolation resistors. The function

of these two λ/4 sections is to bring a 50 � impedance
at each input port to N × 50 = 250� at the end of
each branch at the output launcher so that we have a 50 �
impedance at the output port. When designing a multisection
impedance transformer, there is a degree of freedom in
choosing the characteristic impedances; however, this choice
directly impacts the matching response. Theoretically, the
multisection Chebyshev matching transformer provides max-
imum bandwidth at the expense of passband ripple.

Designing a two-section Chebyshev matching transformer
converting a 50 � to 250 � with a maximum allowable
reflection coefficient magnitude of 0.15 results in Zq1 =
155 � and Zq2 = 80 � (where Zq1 and Zq2 are shown
in FIGURE 8b) [1]. Alternatively, a schematic model of
the combiner (as shown in FIGURE 8b) was created in
Keysight ADS and the characteristic impedance of the
quarter-wavelength transmission lines (Zq1 and Zq2), along
with the value of the isolation resistors (R), were optimized
for best achievable performance, which resulted in Zq1 =
143 �, Zq2 = 74 �, and R = 100 �. A good agreement
between the results of the Chebyshev matching transformer
design and the circuit optimization in ADS is observed.
Considering that the ADS simulation is more comprehensive
than Chebyshev transformer analysis with regards to the
effects of the whole combiner circuit, the small drift of
impedances is acceptable.

2) COMPUTER SIMULATION
With the three mentioned parameters at hand, the length
and width of the lines were calculated for a 32 mil
RO4003c substrate. The 3D computer model was created
in CST Microwave Studio, and full-wave simulations were
performed. Naturally, due to the parasitic effects of the
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FIGURE 8. Proposed wideband power combiner: (a) exploded view and
(b) schematic. The combiner is implemented on a three-layer PCB.

vias and output connector and electrical length of the
resistors, the initial results needed some tuning. However,
after some iterations, the results were satisfactory. The final
parameter values of the combiner are reported in TABLE 3.
To summarize, the wideband combiner is designed in the
following steps. First, we choose the number of ports; second,
we calculate the length of quarter wavelength transmission
lines based on the substrate and center frequency. In the third
step, the characteristic impedance of both quarter wavelength
transmission lines and resistance of the isolation resistors are
calculated/optimized for the desired bandwidth.

It is worth mentioning that a few factors limit the
maximum number of ways in both designs. As the number
of ways increases, the impedance of the quarter wavelength
transmission lines increases with it. However, in practice,

FIGURE 9. Fabricated wideband combiner: (a) top and (b) bottom view.

TABLE 3. Value of design parameters indicated in FIGURE 8, FIGURE 9a
and FIGURE 9b (all in mm).

there is a limitation on how high the impedance of a
transmission line can be to be fabricable. Regarding the
wideband design, fitting the desired shape on the PCB is
also a limiting factor due to the curved lines. The legs of
the central SMA connector might get in the way of the
transmission lines, and there is a certain limit on how much
they can be evaded by meandering the line. Of course, the
designer can always play with the material a little to find
working solutions to these limitations to a certain degree.
All things considered, in the low GHz regime, a maximum
of around ten ways seems to be the limit of our proposed
designs.
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FIGURE 10. Magnitude of measured and simulated reflection coefficient
of port 1 (main port).

FIGURE 11. Magnitude of measured and simulated reflection coefficient
of one of peripheral ports (port 2).

B. RESULTS
The wideband combiner was tested using a vector network
analyzer. The magnitude of the reflection coefficient of the
main port (port-1) while all other ports were terminated in
50 � loads is shown in FIGURE 10. The magnitude of the
reflection coefficient of one of the peripheral ports (port-2)
can be seen in FIGURE 11, where the inset of the figure
indicates the port numbering. Both the measured results
compare well with the full-wave simulations. The increased
bandwidth of both measurements is evident compared to
FIGURE 3 and FIGURE 4. Assuming an input/output
reflection coefficient of -10 dB to be acceptable, the operating
frequency band of the combiner would be from 1.35 GHz to
3.35 GHz, corresponding to about 85% fractional bandwidth.

The amplitude of the transmission coefficients of the
combiner when port-1 is excited is shown in FIGURE 12.
It can be seen that within the -10 dB reflection bandwidth
(i.e., from 1.35 GHz to 3.35 GHz), every |Sn1| (transmission
coefficient between port-1 and a peripheral port) stays above
-8.5 dB. It is worth mentioning that for an ideal 5-way
combiner, the theoretical transmission loss is 7 dB. However,
this 1.5 additional transmission loss might be unacceptable
in some applications. If we consider 0.7 dB (or 1 dB)
of additional transmission loss to be acceptable, then the
operating bandwidth of the combiner becomes from 1.35
GHz to 3.15 GHz (or 3.25 GHz), i.e., 80% (or 83%) of
fractional bandwidth. Within this bandwidth (1.35 GHz to
3.25 GHz), the amplitude balance between |Sn1| is better than
±0.15 dB, as shown in FIGURE 12.

FIGURE 12. Measured magnitude of transmission coefficient of
peripheral ports when port 1 (main port) is excited.

FIGURE 13. Measured phase balance of the combiner. The average of the
phase of S(n,1) for all peripheral ports was calculated and set as the
reference. The Phase balance of peripheral ports is reported with regard
to this reference.

FIGURE 14. Measured isolation of peripheral ports with each other. Due
to symmetry, the isolation between some port pairs is similar where only
one is shown for better clarity of the figure.

In FIGURE 13, the phase balance of the combiner is
presented. Just like the first design, the figure shows the
difference between the measured phase of every transmission
coefficient (S(n, 1)|n 6= 1) and a reference which is their
average. It can be seen that the phase balance varies between
±0.8 degrees.

In FIGURE 14, the measured isolation between port-2 and
other peripheral ports is shown. It can be observed that at
worst case, the isolation is better than 21 dB.

Finally, from TABLE 2 which provides a comparison
between state-of-the-art planar N-way combiners, it can be
seen that the presented wideband combiner not only provides
the widest bandwidth among all the works listed in the table
but also keeps the great features of the narrowband combiner
presented in the previous section, such as the simplicity of
the design and excellent phase and amplitude balances and
isolation between the input ports.
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IV. CONCLUSION
A straightforward approach based on Wilkinson topology
for designing N-way radial power combiners having high
isolation between their input ports was presented. The
proposed designs are planar and fully implemented using
standard PCB manufacturing technology, which results
in inexpensive, light and small combiners compared to
waveguide products requiring machine work.

Two combiners were designed and fabricated, a narrow-
band and wideband. The narrowband combiner showed an
operational bandwidth of 2.65-3.55 GHz, minimum input and
output return loss of 10 dB, amplitude balance of ±0.1 dB,
phase balance of ±1 degrees, isolation of better than 23 dB,
and additional transmission loss of less than 0.3 dB. The
wideband combiner exhibited an input and output return loss
of better than 10 dB, amplitude balance of ±0.15 dB, phase
balance of ±1 degrees, isolation of higher than 21 dB, and
additional transmission loss of less than 0.7 dB, in a fractional
bandwidth of 80%, from 1.35 GHz to 3.15 GHz.
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