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ABSTRACT: In this paper, a compact and broadband 50-Ω coplanar waveguide-to-rectangular waveguide (CPW-to-RWG) transition using
a 180◦ phase shifter is proposed. The frequency range, for which the reflection coefficient is smaller than −15 dB, covers the whole X-
band (8.2 ∼ 12.4GHz). In addition to the broadband performance, the transition occupies a small length of 7.37mm. Furthermore, the
characteristic impedance of the coplanar waveguide is 50Ω, which conforms to the commonly used 50Ω impedance of radio frequency
systems. To further reduce the circuit size, a compact and broadband 50-Ω CPW-to-RWG transition using an inductance-compensated
180◦ phase shifter is proposed. The frequency range, for which the reflection coefficient is smaller than −15 dB, also covers the whole
X-band (8.2 ∼ 12.4GHz). Besides, the transition size is reduced from 7.37mm to 6.55mm, which is smaller than a quarter-wavelength.
Furthermore, the characteristic impedance of the coplanar waveguide is of the nominal value of 50Ω.

1. INTRODUCTION

In the past, many researchers have proposed various types
of coplanar waveguide-to-rectangular waveguide (CPW-to-

RWG) transitions [1–8]. In 1990, a CPW-to-RWG transition
using the ridged waveguide was proposed by Ponchak and Si-
mons [1]. Although this transition has broadband responses of
low reflection coefficient and high transmission coefficient, the
mechanical fabrication process used to implement the ridged
waveguide is quite complicated and costly, in addition to the
large size of the ridged waveguide. In 2009, the CPW-to-
RWG transition using the ridged waveguide was successfully
extended to W-band (75–110GHz) [2]. Although the transition
maintains the broadband response, the disadvantage of large
size is still a problem.
To reduce the circuit size of the transition, CPW-to-RWG

transitions using planar circuits were proposed [3–8]. Firstly,
a CPW-to-RWG transition using the dipole slot antenna was
proposed [3]. Although the structure is simple and as small as
a quarter-wavelength, the broadband response is deteriorated.
To enhance the bandwidth, a CPW-to-RWG transition using
the rectangular patch was proposed [4]. Although the transition
has a broadband response, a quarter-wavelength short-circuited
rectangular waveguide is demanded, complicating the structure
of the transition.
To prevent using the short-circuited rectangular waveguide,

a CPW-to-RWG transition using the tapered fin-line was pro-
posed [5]. The transition has a simple structure and broad-
band response, but the tapered fin-line will require a large cir-
cuit size. To reduce the circuit size, a CPW-to-RWG transi-
tion using the tapered slotline probe was proposed [6]. Al-
though the circuit size can be reduced, an intermediate tran-
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sition is required. Alternatively, a rectangular waveguide-to-
rectangular waveguide transition using the quarter-wavelength
probe was proposed to reduce the circuit size [7]. However,
a quarter-wavelength substrate overhead is required. To elimi-
nate the need for substrate overhead, a CPW-to-RWG transition
using the inductance-compensated slotline was proposed [8].
The transition has a broadband response in addition to a small
size of one-quarter-wavelength. However, the characteristic
impedance of the coplanar waveguide is 117Ω, which does not
conform to the commonly used 50Ω impedance of radio fre-
quency systems.
All of the CPW-to-RWG transitions mentioned above [1–8]

use a high value of the characteristic impedance of the copla-
nar waveguide, which does not conform to the nominal 50-
Ω impedance of the radio frequency systems. To conform to
the nominal 50-Ω impedance of radio frequency systems, a
compact and broadband 50-Ω CPW-to-RWG transition using
a 180◦ phase shifter is proposed. The bandwidth can cover the
whole X-band (8.2–12.4GHz), and the circuit size is as small
as 7.37mm, which is smaller than a quarter-wavelength. Fur-
thermore, the characteristic impedance of the coplanar waveg-
uide is 50Ω, which conforms to the commonly used 50Ω
impedance of radio frequency systems. To further reduce the
circuit size, a compact and broadband 50-ΩCPW-to-RWG tran-
sition using an inductance-compensated 180◦ phase shifter is
proposed. The bandwidth can also cover the whole X-band
(8.2–12.4GHz), and the circuit size is as small as 6.44mm,
which is smaller than a quarter-wavelength. Furthermore, the
characteristic impedance of the coplanar waveguide is 50Ω,
which conforms to the commonly used 50Ω impedance of radio
frequency systems.
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FIGURE 1. The structure of the 50-Ω CPW-to-RWG transition using the 180° phase shifter. (a) 3-D view. (b) Planar view.

2. COMPACT AND BROADBAND 50-Ω CPW-TO-RWG
TRANSITION USING THE 180◦ PHASE SHIFTER

2.1. Topology
The 50-Ω CPW-to-RWG transition using a 180◦ phase shifter
is depicted in Figure 1, where Figure 1(a) shows the 3-D view,
and Figure 1(b) shows the planar view. As can be seen from
the 3-D view shown in Figure 1(a), the transition consists of
four parts, including a 50-Ω coplanar waveguide, a 180◦ phase
shifter [9], a meandered dipole, and a rectangular waveguide.
The 50-Ω coplanar waveguide is packaged with a housing di-
mension of 10.16mm × 10.16mm to eliminate the TE10 mode
from propagating in the housing. Besides, three air-bridges are
used to connect the ground planes of the coplanar waveguide
to eliminate the coupled slotline mode from propagating in the
housing. The 180◦ phase shifter is used to convert the copla-
nar waveguide mode into the slotline mode, which is then con-
nected to the meandered dipole. Finally, the meandered dipole
couples its energy into the rectangular waveguide, accomplish-
ing the transition from the coplanar waveguide to the rectan-
gular waveguide. The rectangular waveguide used is WR-90,
which has a dimension of 22.86mm× 10.16mm, ensuring sole
TE10 mode propagation in the X-band (8.2–12.4GHz).
As can be seen from the planar view shown in Figure 1(b),

the planar circuit consists of a 50-Ω coplanar waveguide, a 180◦
phase shifter, and a meandered dipole, which are fabricated on
a Rogers®RO4003 substrate with a relative dielectric constant
of 3.55, a loss tangent of 0.0027, and a thickness of 0.8mm.
To successfully couple the energy from the planar circuit to the
rectangular waveguide, the planar circuit is placed in themiddle
of the rectangular waveguide, where the electric field of the
TE10 mode is the strongest, as shown in Figure 1(a).

2.2. Equivalent Circuit
The equivalent circuit for the 50-ΩCPW-to-RWG transition us-
ing a 180◦ phase shifter shown in Figure 1(b) is depicted in
Figure 2. As can be seen from Figure 2, the coplanar waveg-
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FIGURE 2. The equivalent circuit for the 50-ΩCPW-to-RWG transition
using a 180◦ phase shifter.

uide consists of one signal trace and two ground planes. The
air-bridges are denoted by a simple electrical connection be-
tween the ground planes of the coplanar waveguide. The longer
path PA of the 180◦ phase shifter is represented by an ideal
transmission line with a characteristic impedance Zs and elec-
trical length θA; the shorter path PB of the 180◦ phase shifter is
represented by an ideal transmission line with a characteristic
impedance Zs and electrical length θB . The input impedance
looking into the meandered dipole is denoted by Za. As the
ground planes of the coplanar waveguide are short-circuited,
the relationship V1 = V3 must hold. As the load Za connects
V2 and V4, the Kirchhoff relationship V2 − V4 = ZaI2 should
be satisfied. As I2 and I4 flow in opposite directions, the rela-
tionship I2 = −I4 must be satisfied. By applying these criteria
on the equivalent circuit, the input impedance looking into the
180◦ phase shifter, which is denoted by Zin, can be expressed
by (1).

Zin =
V3

I1 + I3

=
Za cos θA cos θB + jZs sin (θA + θB)

2 cos (θA + θB)− 2+j(Za/Zs) sin (θA + θB)
(1)
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FIGURE 3. The structure of the 180◦ phase shifter.

As can be observed from (1), when the denominator of the
input impedance Zin is zero, the value of the input impedance
Zin will be infinite, where there will be an undesirable reso-
nance. By setting the real and imaginary parts of the denomi-
nator of the input impedance Zin equal to zero, the relationship
θA(fr) + θB(fr) = 2π must be satisfied at the resonance fre-
quency fr. This can be further rewritten as (2) where θA(f0)
denotes the electrical length of the longer path PA of the 180◦
phase shifter at the center frequency f0, and θB(f0) denotes the
electrical length of the shorter pathPB of the 180◦ phase shifter
at the center frequency f0.

fr
f0

× θA (f0) +
fr
f0

× θB (f0) = 2π (2)

Besides, reconsidering the equivalent circuit shown in Fig-
ure 2, since the 180◦ phase shifter is designed to have a 180◦
electrical length difference between the longer path PA and
shorter path PB at the center frequency f0, the relationship be-
tween the longer path PA and shorter path PB shown in (3)
must hold.

θA(f0)− θB(f0) = π (3)
The resonance frequency fr is the inherent characteristic of

the 180◦ phase shifter. It is inevitable and should be pushed
out of the operational band (8.2–12.4GHz) of the transition
so that the transition performance will not be degraded. To
prevent affecting the transition performance, the value of the
undesirable resonance frequency fr is deliberately chosen to
be 13.63GHz, which falls outside the operational band (8.2–
12.4GHz) of the transition. Given the value of the center fre-
quency f0 = 12.2GHz and the value of the undesirable reso-
nance frequency fr = 13.63GHz, the electrical length θA(f0)
of the longer path PA and the electrical length θB(f0) of the
shorter path PB at the center frequency f0 can be calculated
through (2) and (3). Their values are θA(f0) = 251◦ and
θB(f0) = 71◦.

2.3. Implementation of the 180◦ Phase Shifter
Reconsidering the planar circuit shown in Figure 1(b), the 50-
Ω coplanar waveguide is implemented with the dimensions of
WCPW = 2.6mm and SCPW = 0.2mm. As SCPW =
0.2mm, the characteristic impedancesZs of the longer path PA
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FIGURE 4. The frequency responses of the reflection and transmission
coefficients for the 180° phase shifter.

and shorter path PB will be 100Ω. As the electrical length of
the longer path PA is θA(f0) = 251◦, it can be implemented
with a path length of 11.6mm. As the electrical length of the
shorter path PB is θB(f0) = 71◦, it can be implemented with a
path length of 2.6mm. The height, width, and length of the air-
bridges are 0.4mm, 0.3mm, and 2.6mm, respectively. The dis-
tance Lair between adjacent air-bridges is 1.9mm. The struc-
ture of the 180◦ phase shifter is redrawn in Figure 3 for clarity,
where Lsub = 11.42mm and Wsub = 10.16mm. To obtain
the frequency responses of the reflection and transmission co-
efficients of the 180◦ phase shifter, the structure of the 180◦
phase shifter shown in Figure 3 is simulated by using the An-
soft HFSS. The frequency responses of reflection and trans-
mission coefficients are shown in Figure 4. As can be seen
from Figure 4, there is an undesirable resonance frequency at
13.18GHz, which is slightly lower than the designed value of
13.63GHz. The reduction in the resonance frequency is at-
tributed to the meandering effect of the longer path PA, which
will increase the effective electrical length of the longer path
PA. As a result, the resonance frequency will be reduced. Even
so, the resonance frequency still falls outside of the X-band
(8.2–12.4GHz), so that the performance of the transition will
not deteriorate.

2.4. Implementation of the Meandered Dipole
Reconsidering the planar circuit of the CPW-to-RWG transition
using the 180◦ phase shifter shown in Figure 1(b) to achieve a
good transition performance, the input impedance of the mean-
dered dipole Za should be matched to the output impedance of
the 180◦ phase shifter, which means that they should be com-
plex conjugate with each other. By simulating the 180◦ phase
shifter shown in Figure 3 with the Ansoft HFSS and taking
the complex conjugate value of the reflection coefficient S22
at the output port 2, the desired frequency response of the in-
put impedance Za of the meandered dipole can be acquired as
shown in Figure 5.
The structure of the meandered dipole is redrawn in Figure 6

for clarity. To achieve the desired frequency response of the in-
put impedance Za of the meandered dipole shown in Figure 5,
the dimensions of the meandered dipole and the director shown
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in Figure 6 should be properly designed. At first, the director
is removed to determine the length of the meandered dipole.
The meandered dipole without the director shown in Figure 6
is simulated by using the Ansoft HFSS as the length of the me-
andered dipole is varied from 6.2mm to 7.2mm. The frequency
responses of the input impedance Za for various lengths of the
meandered dipole are shown in Figure 7. As can be seen from
Figure 7, the length of the meandered dipole is determined to
be 7.2mm as the frequency response of the input impedance
Za is compact. With the length of the meandered dipole set
as 7.2mm, the structure of the meandered dipole with the di-
rector shown in Figure 6 is simulated with the Ansoft HFSS as
the length of the director Ld is varied from 4.5mm to 5.5mm.
The frequency responses of the input impedance Za for vari-
ous lengths of the director are shown in Figure 8. As can be
seen from Figure 8, the length of the director is determined to
be 4.5mm, as the frequency response of the input impedance
Za is compact and close to the desired frequency response of
the input impedance Za.
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FIGURE 7. The frequency responses of the input impedance Za for
various lengths of the meandered dipole.
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2.5. Performance of the Full Transition

By integrating the 180◦ phase shifter shown in Figure 3 and
the meandered dipole shown in Figure 6, the CPW-to-RWG
transition using a 180◦ phase shifter can be formed as shown
in Figure 1(b). The dimensions for the CPW-to-RWG transi-
tion using a 180◦ phase shifter are listed in Table 1. The CPW-
to-RWG transition using the 180◦ phase shifter shown in Fig-
ure 1(b), along with the dimensions listed in Table 1, is simu-
lated by using the Ansoft HFSS, and the frequency responses
of the reflection and transmission coefficients are shown in Fig-
ure 9. As can be seen from Figure 9, the frequency range for
which the reflection coefficient is smaller than −15 dB covers
from 8.21GHz to 12.9GHz, almost encompassing thewhole X-
band (8.2–12.4GHz), and the transmission coefficient is larger
than−0.244 dB. Besides, the length of the transition is as small
as 7.37mm. Furthermore, the characteristic impedance of the
coplanar waveguide is of the nominal value of 50Ω.
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FIGURE 9. The frequency responses of the reflection and transmis-
sion coefficients for the CPW-to-RWG transition using the 180◦ phase
shifter.

Lid

FIGURE 10. The real circuit for the back-to-back CPW-to-RWG transi-
tion using the 180◦ phase shifter.

TABLE 1. The dimensions for the CPW-to-RWG transition using the 180◦ phase shifter.

Wsub WCPW Ws Wd SCPW Lsub Ls Lg Ld Le

10.16 2.6 0.5 0.5 0.2 11.42 0.7 8.47 5 1.3
Le2 Le3 Le4 Le5 Lair Dd PA PB Unit
2 2 1.7 2.2 1.9 0.5 11.6 2.6 mm

2.6. Verification
In order to verify the simulation results, two CPW-to-RWG
transitions using the 180◦ phase shifter are connected back-
to-back and fabricated as shown in Figure 10. During the
measurement, the lid shown in Figure 10 is placed on top
of the back-to-back transition so that the back-to-back tran-
sition forms a closed structure. The back-to-back transition
shown in Figure 10 is then measured with the Agilent N5242A
PNA after the PNA is calibrated with the waveguide calibra-
tion kit X11644A STL (Short-Through-Line). The measured
frequency responses of the reflection and transmission coeffi-
cients are shown in Figure 11. For comparison, the back-to-
back transition is also simulated with Ansoft HFSS, and the
simulated frequency responses of the reflection and transmis-
sion coefficients are also shown in Figure 11. As can be seen
from Figure 11, the simulation and measurement results agree
well except for some frequency shifts, which are attributed to
the soldering effect of the air-bridges.

3. COMPACT AND BROADBAND 50-Ω CPW-TO-
RWG TRANSITION USING THE INDUCTANCE-
COMPENSATED 180◦ PHASE SHIFTER

3.1. Topology
To further reduce the size of the CPW-to-RWG transition us-
ing the 180◦ phase shifter shown in Figure 1(b), the 180◦
phase shifter is replaced with an inductance-compensated 180◦
phase shifter. The resulting CPW-to-RWG transition using the
inductance-compensated 180◦ phase shifter is shown in Fig-
ure 12. As can be seen from Figure 12, the longer path PA of
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FIGURE 11. Comparison between the simulated and measured fre-
quency responses of the reflection and transmission coefficients for the
back-to-back CPW-to-RWG transition using the 180° phase shifter.

the 180◦ phase shifter is miniaturized through the inductance-
compensated technique [8], while the shorter path PB of the
180◦ phase shifter remains the same as listed in Table 1. The di-
mensions for the CPW-to-RWG transition using the inductance-
compensated 180◦ phase shifter are listed in Table 2. The
structure of the CPW-to-RWG transition using the inductance-
compensated 180◦ phase shifter shown in Figure 12, along
with the dimensions listed in Table 2, is simulated by using
the Ansoft HFSS, and the frequency responses of the reflec-
tion and transmission coefficients are shown in Figure 13. As
can be seen from Figure 13, the frequency range for which
the reflection coefficient is smaller than −15 dB covers from
8.22GHz to 12.83GHz, almost encompassing the whole X-
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TABLE 2. The dimensions for the CPW-to-RWG transition using the inductance-compensated 180◦ phase shifter.

Wsub WCPW Ws Wd Ws1 Ws2 SCPW Lsub Ls Lg Ld

10.16 2.6 0.5 0.5 0.2 0.2 0.2 11.42 0.7 8.47 5
Le Le2 Le3 Le4 Le5 Lair Lsp Dd PB Unit
1.3 2 2 1.7 2.2 1.9 0.62 0.5 2.6 mm
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FIGURE 12. The structure of the 50-Ω CPW-to-RWG transition using
the inductance-compensated 180° phase shifter.

8 9 10 11 12 13 14 15

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

 

|S
1

1
| 

(d
B

)

Frequency (GHz)

 Reflection coefficient |S
11

|

 Transmission coefficient |S
21

|

-20

-15

-10

-5

0

|S
2

1
| 

(d
B

)

FIGURE 13. The frequency responses of the reflection and transmis-
sion coefficients for the CPW-to-RWG transition using the inductance-
compensated 180° phase shifter.

band (8.2–12.4GHz), and the transmission coefficient is larger
than −0.22 dB. Besides, the length of the transition is as small
as 6.55mm, which is smaller than a quarter-wavelength. Fur-
thermore, the characteristic impedance of the coplanar waveg-
uide is of the nominal value of 50Ω.

3.2. Verification
To verify the simulation results, two CPW-to-RWG transitions
using the inductance-compensated 180◦ phase shifter are con-
nected back-to-back and fabricated as shown in Figure 14. Dur-
ing the measurement, the lid shown in Figure 14 is placed on

Lid

FIGURE 14. The real circuit for the back-to-back CPW-to-RWG tran-
sition using the inductance-compensated 180° phase shifter.

8 9 10 11 12 13

-60

-50

-40

-30

-20

-10

0

 

|S
1

1
| (

d
B

)

Frequency (GHz)

 |S
11

| (simulation)

 |S
11

| (measurement)

 |S
21

| (simulation)

 |S
21

| (measurement)

-10

-8

-6

-4

-2

0

|S
2

1
| (

d
B

)

FIGURE 15. Comparison between the simulated and measured fre-
quency responses of the reflection and transmission coefficients
for the back-to-back CPW-to-RWG transition using the inductance-
compensated 180° phase shifter.

top of the back-to-back transition so that the back-to-back tran-
sition forms a closed structure. The back-to-back transition
shown in Figure 14 is then measured with the Agilent N5242A
PNA after the PNA is calibrated with the waveguide calibra-
tion kit X11644A STL (Short-Through-Line). The measured
frequency responses of the reflection and transmission coeffi-
cients are shown in Figure 15. For comparison, the back-to-
back transition is also simulated with Ansoft HFSS, and the
simulated frequency responses of the reflection and transmis-
sion coefficients are also shown in Figure 15. As can be seen
from Figure 15, the simulation and measurement results agree
well except for some frequency shifts, which are attributed to
the soldering effect of the air-bridges.
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TABLE 3. Comparison between the performances of various compact and broadband transitions.

Transition Type
−15-dB Fractional
Bandwidth (%)

Circuit
Size (mm)

Characteristic
Impedance (Ω)

|S21|
(dB)

Dipole slot [3] 22.85 12.00 75 −0.17

Fin-line taper [5] 40.78 15.00 57 −0.13

Slotline probe [6] 40.00 13.97 109 −0.33

Inductance-compensated
slotline [8]

38.06 9.40 115 −0.21

180◦ phase shifter 45.50 7.37 50 −0.24

Inductance-compensated
180◦ phase shifter

44.76 6.55 50 −0.22

4. CONCLUSION
In this paper, the compact and broadband 50-Ω CPW-to-RWG
transition using a 180◦ phase shifter is proposed. By delib-
erately pushing the resonance frequency of the 180◦ phase
shifter out of the X-band (8.2–12.4GHz), the frequency range
for which the reflection coefficient is smaller than −15 dB can
cover from 8.21GHz to 12.9GHz, almost encompassing the
whole X-band (8.2–12.4GHz), and the transmission coefficient
is larger than −0.244 dB for a single transition. In addition
to the broadband performance, the transition occupies a small
length of 7.37mm. Furthermore, the characteristic impedance
of the coplanar waveguide is 50Ω, which conforms to the com-
monly used 50-Ω impedance of the radio frequency systems.
To further reduce the circuit size, a compact and broadband 50-
Ω CPW-to-RWG transition using the inductance-compensated
180◦ phase shifter is proposed. The frequency range for which
the reflection coefficient is smaller than −15 dB covers from
8.22GHz to 12.83GHz, almost encompassing the whole X-
band (8.2–12.4GHz), and the transmission coefficient is larger
than −0.22 dB for a single transition. Besides, the length of
the transition is as small as 6.55mm, which is smaller than a
quarter-wavelength. Furthermore, the characteristic impedance
of the coplanar waveguide is of the nominal value of 50Ω. To
verify the simulation results, two back-to-back 50-Ω CPW-to-
RWG transitions are fabricated and measured. The simulation
and measurement results of the back-to-back transitions agree
well except for some frequency shifts, which are caused by
the soldering effect of the air-bridges. Table 3 summarizes the
performance of some compact and broadband transitions. As
can be seen from Table 3, the CPW-to-RWG transition using
the inductance-compensated 180◦ phase shifter has the small-
est size of 6.55mm and a broad bandwidth of 44.76%. Further-
more, the characteristic impedance of the coplanar waveguide
is 50Ω, which is compatible to the nominal 50Ω impedance of
radio frequency systems.
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