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We present the design, fabrication, and measurement of a 2-way modified Wilkinson divider constructed in a coplanar geo-
metry exhibiting ultra wideband isolation, transmission, and port matching in the millimeter-wave frequency range. The pro-
posed divider replaces the lumped resistor in the conventional Wilkinson divider with two quarter-wave length transmission
lines, a phase inverter, and two 2Z0 resistors. Except for the three ports that are coplanar waveguides (CPWs), the main body
of the divider uses coplanar striplines (CPS). The phase inverter is realized using a simple airbridge-based crossover which is
compatible with a modern monolithic microwave integrated circuit process. The divider has a ring-like configuration fab-
ricated on a 620 mm thick semi-insulating GaAs wafer using electron beam lithography (EBL) technology.
Three-dimensional (3D) full-wave electromagnetic simulations have been carried out to optimize the design and investigate
the possible effect of fabrication tolerance on the performance of the crossover and the divider. Two dividers working at center
frequencies of 25 and 80 GHz have been designed, fabricated, and tested. They all show consistent performance in terms of
bandwidth, isolation, and port matching. Experimental and simulation results are in excellent agreement.
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I . I N T R O D U C T I O N

The power divider is widely used for power dividing and com-
bining in microwave and millimeter-wave systems. The most
widely used power divider is a Wilkinson divider that has a
quarter-wave length transmission line between the input
and an output port and a lumped resistor between two
output ports [1]. This design allows good port matching and
port-to-port isolation near the design frequency with narrow
bandwidth. Figure 1(a) illustrates a schematic of a 2-way
equal power Wilkinson divider and Fig. 1(c) shows its ideal
S-parameters. Based on Wilkinson’s original design, many
modified versions of power dividers have been developed to
meet various application requirements such as high power
handling capability [2], unequal/arbitrary power ratios [3, 4],
dual/multi bandwidth [5, 6], wide/ultrawide bandwidth
[7, 8], and size miniature/compact design [9, 10]. Recent devel-
opments in the fields of imaging, communication, and instru-
mentation require broadband operation for port matching and
high port-to-port isolation [11]. The high in-band and
out-band isolation between two output ports is important to
suppress unwanted feedback and avoid unwanted oscillation
in active circuits e.g. amplifiers [12] and mixers [13].

Although several authors have demonstrated such capabilities,
their dividers mainly operated at the lower microwave fre-
quency range e.g. a few gigahertz [3, 11]. Furthermore, the
designs may be incompatible to monolithic microwave inte-
grated circuits (MMICs) [3] or bulky in size leading to
higher cost [11]. In this paper we present a hybrid coplanar
design of a modified power divider operating at millimeter-
wave frequency with ultrawide bandwidth and high
port-to-port isolation. The design takes full advantage of air-
bridges, coplanar waveguides (CPWs), and coplanar striplines
(CPSs) that are commonly used in modern MMIC processes
and forms a relatively compact uniplanar structure.

I I . D E S I G N A N D M O D E L I N G

A simplified schematic of the proposed 2-way in-phase equal
power divider is shown in Fig. 1(b). Compared with the con-
ventional 2-way Wilkinson divider (Fig. 1(a)), the new divider
comprises of four quarter-wave transmission lines, a phase
inverter, two lumped resistors, and three ports. The tran-
sitions from the transmission lines to the ports are represented
as ideal transformers. To be compatible with MMICs, a hybrid
coplanar design using symmetric CPSs as the main body of the
divider and CPWs as ports is selected. The waveguides are
finally configured in a ring structure as shown in Fig. 2.

Similar to the Wilkinson divider, the characteristic impe-
dance, Z0cps, of the quarter-wave length CPSs between the
input port (Port 1) and the output ports (Port 2 and Port 3)
is equal to
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Z0 for optimum transmission and matching
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at the input port. This can be derived using the well-known
even-odd mode method [14]. Z0 is the system impedance
that is 50 V in most cases. The additional two quarter-wave
length CPSs between the two output ports also have the
same characteristic impedance of

��
2

√
Z0. A crossover joins

the two parts and forms a frequency-insensitive phase inver-
ter. The combination of phase inverter, the two quarter-wave
length transmission lines and two lumped resistors (R ¼ 2Z0)
allows almost full-band isolation between the two output
ports. The schematic (Fig. 1(b)) was simulated using Agilent
ADS Schematic and its ideal S-parameters are plotted in
Fig. 1(c) against those of a Wilkinson divider. One can see
that the new divider shows excellent bandwidth and isolation
performance.

As a design guide for a practical coplanar hybrid power
divider such as the one shown in Fig. 2, the characteristic
impedances of CPWs and CPSs are derived using the follow-
ing equations or the charts given in [15].

Z0CPW = 30p
����
1eff

√
K (k′)
K k( ) , (1)

Z0CPS =
120p
����
1eff

√
K (k)
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sinh pa

2h
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sinh pb
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( ) , (5)

where a and b are defined as WCPW /2 and SCPW + WCPW /2
for CPWs and SCPS /2 and SCPW + WCPW /2 are for CPS,
respectively. Wcpw and Scpw are the central conductor width
and the gap between the central conductor and the ground
conductor of the CPWs. Wcps and Scps are the conductor
width and gap between the conductors of the symmetric
CPS. 1r and h are the dielectric constant and height of the sub-
strate, respectively. According to the design charts given in

Fig. 1. Schematic circuits of (a) an equal power (3-dB) Wilkinson divider, (b) the proposed power divider, and (c), their simulated ideal S-parameters. The
frequency is normalized to the design center frequency. Z0 is the system impedance that is normally 50 V and Z0cps is the characteristic impedance of the
quarter-wave transmission lines. lg is the wavelength at the design center frequency. |S11| and |S33| are port matching at Port 1 and Port 3, respectively. |S21|
is transmission from Port 1 to Port 2 and |S32| is the isolation between Port 2 and Port 3.

Fig. 2. The proposed hybrid power divider is configured in a ring structure.

206 chong li et al.

https://doi.org/10.1017/S1759078713000421 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078713000421


[15] and equations (1–5), a characteristic impedance of 50 V

CPW on a 620 mm thick semi-insulating GaAs substrate,
which has a relative dielectric constant of 12.9, requires the
ratio of Wcpw to Scpw to be approximately 1.3. At lower
millimeter-wave frequency range (,50 GHz) they are 60
and 40 mm while at higher millimeter-wave frequencies (up
to 220 GHz) they are normally chosen to be 20 and 15 mm
for better field confinement [16]. Similarly, the characteristic
impedance of a symmetric CPS, Z0cps, is 70.7 V and requires
an approximate ratio of Wcps to Scps to be 0.3. In order to com-
promise Wcpw, Wcps was chosen to be the same as Wcpw. This
leads to an Scps value of 24 and 8 mm at below and above
50 GHz, respectively. Once Wcps and Scps are finalized, the cor-
responding effective dielectric constant, 1eff, of the CPS can be
derived from equations (3–5) therefore the wavelength at the
center design frequency uses the following equation

lg =
l
����
1eff

√ , (6)

where l is the wavelength of the center design frequency in
vacuum. Definitions and values of all parameters for the

center design frequencies of 25 and 80 GHz are listed in
Table 1.

The length of the crossover, LCO, or alternatively the length
of resistors, LR, is optimized using ADS Momentum for inves-
tigation of extra insertion loss. Two simulation setups for an
80 GHz divider were carried out: one with a half-wave
length CPS and two differential ports excited at two ends;
the other one has two quasi quarter-wave lengths CPS that
are joined at the elevated crossover. Similarly, both ports
were set at the sides and assigned an impedance of 70.7 V.
The gap between the two sections of CPS varied from 15 to
30 mm by steps of 5 mm, the extra insertion loss, which is
the difference between the insertion loss of the crossover
and that of the CPS, is shown in Fig. 3(a). It can be seen
that the 20 mm gap that corresponds to crossover of approxi-
mately 30 mm gives the lowest extra insertion loss.

The height of the crossover, Hab, also affects the insertion
loss of the crossover. With all other parameters fixed, by chan-
ging Hab from 1 to 6 mm in steps of 1 mm, the extra insertion
loss increases at the center operating frequency of 80 GHz as
shown in Fig. 3(b). It indicates that lower the crossover height
lower the extra insertion loss of the crossover. A higher cross-
over requires extra height of crossover posts which introduces
additional parasitic inductance, therefore extra loss is induced.
This performance is better than that of the via-based phase
inverter implementation [3] due to its smaller parasitic induc-
tance from the crossover posts. However, it becomes compli-
cated when taking the entire power divider into account. This
is because the height of the crossover is also the height of the
airbridges that connect the two ground planes of CPWs at
three ports to suppress any unwanted modes or to level the
potentials. Lower airbridges lead to higher parasitic capaci-
tance, therefore higher characteristic impedance, greater mis-
match, and consequently reduced transmission. In addition,
lower airbridges may be difficult to achieve from a fabrication
point of view. Thus, to obtain the optimum height of crossover
and airbridges, a balance has to be met. Three-dimensional
(3D) full-wave simulations were performed to investigate
these geometric parameters and their effects on power
divider performance; however, due to the page limit detailed
results are not presented here. However, the final simulation
results from the divider with a Hab of 4 mm are shown in
Figs 4 and 5.

Regarding the formation of two lumped resistors, the
common method in MMIC technology is depositing conduct-
ing thin-film dielectrics or metal alloys onto a substrate. The

Table 1. Parameters and values of the proposed power dividers at the
center frequencies of 25 GHz and 80 GHz.

Parameter Description of the
parameter

Value
(25 GHz)

Value
(80 GHz)

Wcps Conductor width of symmetric CPS 60 mm 20 mm
Scps Gap between symmetric

CPS conductors
24 mm 8 mm

Rcps Outer ring radius 714 mm 228 mm
rcps Inner ring radius 630 mm 200 mm
Wcpw Center conductor width of CPW 60 mm 20 mm
Scpw Gap between center and ground

conductors of CPW
40 mm 15 mm

Gcpw Ground conductor width of CPW 60 mm 20 mm
WT

cpw Center conductor width of the
test port CPW

60 mm 60 mm

ST
cpw Gap between center and ground

conductors of test port CPW
40 mm 40 mm

LT Transition length from 60/40 mm to
20/15 mm

– 60 mm

Hab Height of airbridges and crossover 4 mm 4 mm
LCO Length of the crossover 200 mm 30 mm
WAB Width of airbridges and crossover 50 mm 10 mm

Fig. 3. Extra insertion loss for (a) different gap lengths between two sections of CPS varying from 15 to 30 mm by steps of 5 mm and (b) variation of crossover
height from 1 to 6 mm by steps of 1 mm.
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length, LR, to width, WR, ratio determines the resistance once
the sheet resistance of the material is known. We used an NiCr
thin film due to its availability in our cleanroom facility. A
33 nm thick NiCr film gives a sheet resistance of 50 V/
Square that is equivalent to a bulk conductivity of 606 100
S/m. Thus, a 100 V resistor requires the length to width

ratio to be 2. The dimensions of the lumped resistors were
chosen to be 20 mm × 10 mm for the 80 GHz divider.

The final divider was simulated using a 3D full-wave elec-
tromagnetic modeling tool Ansoft HFSSTM. Lumped ports
with an impedance of 50 V were used as port excitations. In
order to avoid interference with surrounding circuits and to
get better port isolation, NiCr resistors have also been
applied between the three ports. The simulated surface
current flows at phases of 08 and 908 at the center frequency
of 80 GHz are shown in Fig. 6 when the port excitation was
assigned onto Port 3 (left port). One can see clear evidence
of current flow from Port 3 to Port 1 (top port) but
negligible current flowing between Port 2 and Port 3 at both
08 phase (Fig. 6(a)) and 908 phase. The S-parameters magni-
tudes (dB) of the proposed 80 GHz power dividers are plotted
in Fig. 4. It is clearly seen that the port isolation (|S32|) is
better than 17 dB across the entire simulated frequency
band (10–160 GHz). The port return losses (|S11| and|S22|)
are better than 15 dB over the frequency range from 44 to
112 GHz. Return loss at Port 3 that is approximately identical
to Port 2 is not shown here.

Although extreme care must be taken when evaporating
NiCr metal alloys during the fabrication process, deviation
may still be encountered due to imperfect calibration, vari-
ation of thickness measurement, and other uncertainties.

Fig. 4. Simulated S-parameters of the proposed power divider at the center frequency of 80 GHz.

Fig. 5. Simulated (a) variation of output port isolations and (b) output port
match (Port 2) for different resistor values (in 20 V steps) of the 80 GHz
divider.

Fig. 6. Simulated surface current flows at two different phases (a) 08 and (b) 908 of the proposed power divider at 80 GHz when the port excitation was from
Port 3.
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Therefore, it is worth investigating how the variation of resist-
ance affects the performance of the divider (only 80 GHz
divider was investigated). Assuming the length and width of
the two NiCr resistors are fixed, only the resistor thickness
changes. The change directly leads to change of sheet resist-
ance and therefore change of resistor resistance. The thickness
varied from 16.5 to 165 nm which corresponds to resistance of
200–20 V. As the simulation results shown in Fig. 5, an
increase of the NiCr thickness (decrease of resistance) leads
to the reduction of port isolation and better and wide match-
ing at Port 2. The best performance is obtained when the NiCr
thickness is 33 nm or 100 V for each resistor. Both port

isolation and port matching become poorer as the thickness
of the thin film NiCr increases further. These simulation
results indicate that accurate control of resistor thickness
ensures expected device performance.

I I I . D E V I C E R E A L I Z A T I O N A N D
R E S U L T S

The dividers were fabricated on a 620 mm thick semi-
insulating GaAs substrate with a dimension of 12 mm ×
12 mm. All patterns were defined using electron beam

Fig. 7. SEM images of (a) the whole fabricated 80 GHz power divider and (b) its air bridge crossover. The dark areas between ports in (a) are NiCr that is used to
provide better field confinement within the component.

Fig. 8. On-wafer VNA measurement setup (10 MHz–110 GHz) for measuring devices with orthogonal ports and illustration of SOLR calibration procedure. (a)
The actual three-port measurement setup with the unused port terminated by a third probe and a broadband matched load, (b) SOLR calibration setup for
orthogonal ports, (c–e) illustration of three separate calibrations for three different probe positions.
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lithography (EBL). A layer of 20 nm/100 nm thick Ti/Au was
first deposited on the sample to form a set of alignment
markers for subsequent registration layers. It was then fol-
lowed by deposition of the 33 nm NiCr thin-film resistor
layer. A 0.4 mm thick gold layer was then electron beam evap-
orated to form the CPW and SCPS structures. Such a process of
depositing the gold conductor layer after the NiCr layer allows
solid contact at the NiCr/Au interface. The inverse process of
depositing NiCr after Ti/Au may lead to discontinuities and
open-circuits. The airbridges connecting the ground planes
of the CPW and the symmetric CPS crossover for the phase
inverter were formed by using EBL and a dry etch process
[17]. This airbridge development process provides a high
degree of flexibility, simplicity, reliability, and compatibility
with GaAs MMIC processes. Scanning electron microscope
(SEM) images of the 80 GHz divider and its detailed airbridge
crossover are shown in Fig. 7.

The dividers were tested using a pair of DC-110 GHz
probes with pitch separation of 100 mm from GGB
Industries and an Agilent PNA N5250C (10–110 GHz) on
a Cascade semi-automated probe station [18]. At millimeter-
wave frequencies VNAs commonly have only two test ports
making it difficult to test multi-port on-wafer devices. A
common solution to this problem is that a series of duplicate
devices are fabricated in a two-port configuration, and the
other ports are terminated with 50 V thin-film resistors.
Thus, multiple sets of measured data from different
devices are obtained and reconstructed for the final
S-parameters of the device [19]. This method assumes that
all devices are identical but in fact this may not be true.
Any variations from external causes such as fabrication
may lead to change of the devices therefore reconstructed
S-parameters are indeed not the real S-parameters of the
device.

Fig. 9. (a) Measured S-parameters and (b) amplitudes and phase imbalance responses from the 80 GHz divider.

Fig. 10. (a) Simulated S-parameters, (b) measured S-parameters, and (c) measured amplitudes and phase imbalance responses from a 25 GHz divider.
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In this experiment we still used a two-port VNA however
additional probes with matched standard loads were used to
terminate the unused ports. This technique allowed the
same device, rather than duplicate devices, to be tested as
shown in Fig. 8(a). Calibration of the probes shown in
Fig. 8(b) for the probe setup was performed using the
Short-Open-Load-Reciprocal Thru (SOLR) method [20]. A
commercial alumina impedance standard substrate (P/N
CS-15 from GGB Industries) containing right-angled stan-
dards was used. Since the ports of the power divider are
orthogonal to each other, three separate calibrations, as
shown in Fig. 8(c–e), were carried out on a standard probe
station with two probes while a third probe was used as
the broadband load. The S-parameters of the ring divider
were reconstructed based on the three sets of two-port scatter-
ing parameter measurements.

Figure 9 shows the measured S-parameters and amplitude
and phase imbalance responses of the 80 GHz power divider.
The results are in good agreement with the simulations
(Fig. 4). It can be seen (Fig. 9(a)) that isolation better than
20 dB is achieved across the bandwidth from 10 MHz to
110 GHz. The in-band insertion loss and port return losses
are less than 1.3 dB and greater than 18 dB from 44 to
110 GHz. Figure 9(b) shows the measured amplitude and
phase balances of the ring dividers. These indicate that the
output amplitude and phase imbalance are within +0.2 dB
and +108 in corresponding operation bandwidth.

In order to verify the consistency of device performance,
another power divider based on the same design criteria but
operating at center frequency of 25 GHz was also designed,
simulated, fabricated, and tested [21]. The device parameters
and values are listed in Table 1. The simulation and tested
results are shown in Figs 10(a) and 10(b), respectively. One
can see that there are two operation bands: one is at the
center of 25 GHz and the other is at its third order of
25 GHz which is 75 GHz. Although the device can potentially
work as a dual band power divider or at its second band only,
its performance in terms of transmission, isolation, band-
width, and port matching at the second band is not ideal.
This may be further improved by optimizing the device
design using narrower CPS and CPWs, but we here only con-
centrate on its fundamental operation band. It is obvious that
the isolation is better than 18 dB across the entire tested band-
width from 10 MHz to 110 GHz. The in-band insertion loss
and port return losses are less than 0.6 dB and more than
15 dB from 15 to 32 GHz. Figure 9(c) shows that the
measured amplitude and phase balances of the 25 GHz
power dividers are +0.5 dB and +28 up to 50 GHz.

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

A modified version of a 3 dB in-phase Wilkinson power
divider has been demonstrated. The design has a truly copla-
nar geometry which was realized using E-beam process and
EBL airbridge process. Two such dividers operating at the
center frequencies of 25 and 80 GHz were realized. Both simu-
lation and measurement results indicated greater than 15 dB
port return loss and better than 18 dB output isolation in
their corresponding operating bandwidths. Further investi-
gation on the effect of fabrication tolerance such as the
height and size of crossovers and thickness of NiCr resistors
on the performance of the dividers has been carried out. It

has been found that the height and size of the crossover
port affect extra insertion loss. Furthermore, the simulation
results show that the matching and isolation are sensitive to
the values of the NiCr resistors. In addition, since the two divi-
ders have consistently shown ultrawide bandwidth operation,
we believe that the design may be scaled with relative ease for
use at higher frequencies.
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