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Abstract—This paper presents four new uniplanar 3-dB hybrid
couplers using asymmetrical coplanar strips (ACPS’s) for mi-
crowave integrated circuit (MIC) and monolithic MIC (MMIC)
applications. Experimental results show that the standard (1:5�g
circumference) uniplanar 180� hybrid-ring coupler has 3.5 �
0.4 dB coupling, greater than 21-dB isolation, and greater than
23.4-dB return loss over a 25% bandwidth centered at 3 GHz.
The 180� reverse-phase hybrid-ring coupler (1:0�g circumfer-
ence) provides better performance as compared to conventional
microstrip hybrid couplers. This circuit has a bandwidth of more
than one octave from 2 to 4 GHz with�0.4-dB power dividing
imbalance and �4� phase imbalance. The 180� reduced-size
reverse-phase hybrid-ring coupler (0:8�g circumference) main-
tains the performance of the 180� reverse-phase hybrid coupler
with the advantage of smaller size. This circuit also has a
bandwidth of more than one octave from 2 to 4 GHz with�0.3-
dB power dividing imbalance and �3.1� phase imbalance. A
new 90� 3-dB branch-line hybrid coupler is also introduced.
Experimental results show the insertion loss of this component
to be 0.5 dB at 3 GHz, and also greater than 15.3-dB isolation
and 17.1-dB return loss over a 10% bandwidth centered at 3
GHz. The circuits were designed and simulated with Sonnet
electromagnetic-circuit solver software. The measured results
agree well with the simulations.

Index Terms—Coplanar striplines, coplanar waveguides, hy-
brid coupler, uniplanar circuits.

I. INTRODUCTION

H YBRID COUPLERS are fundamental and important
components extensively used in the realization of a

variety of microwave circuits such as balanced mixers, data
modulators, phase shifters, and feed networks in antenna
arrays. Rat-race hybrids [1], reverse-phase hybrids [2], and
crossover hybrids [3] are well-known examples of 180hybrid
couplers. Most previous work is based on microstrip struc-
tures because microstrip is the most mature and widely used
transmission line. This is mainly a result of the convenience
of microstrip due to the large amount of characterization
and availability in commercial software design packages [4].
However, in recent years, uniplanar transmission lines such as
coplanar waveguide (CPW), coplanar strip (CPS), and slotline
have become a competitive alternative to microstrip with an
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increasing use in many applications. These transmission lines
have advantages of small dispersion, simple realization of
short-circuited ends, easy integration with lumped elements or
active components, and no need for via holes. Many attractive
uniplanar 90 and 180 hybrids have been proposed [5],
[6] using these transmission lines. More recently, asymmet-
rical uniplanar transmission lines such as asymmetrical CPW
(ACPW) [7] and asymmetrical CPS (ACPS) [8] have been
used as alternatives to symmetrical ones in the design of
MIC’s because of the additional flexibility offered by the
asymmetric configuration. The applications of ACPW and
ACPS to mixers [9], attenuators [10], and power dividers
[11] have been reported. To further extend the asymmetric
uniplanar techniques to MIC and MMIC applications, more
uniplanar components are required.

The CPW transmission line has its advantages, but when
used in conjunction with hybrid rings, CPW presents the
problem of having to plate the inner circular conducting
ground plane, as well as bond to it at the T-junctions. This
incorporates extra time and cost into the fabrication process.
Several different ACPS hybrid couplers are proposed to elimi-
nate this process, utilize the advantages of uniplanar CPW, and
meet desired specifications for MIC and MMIC applications.
This paper presents three new uniplanar 180hybrid-ring
couplers, and one new uniplanar 90branch-line coupler
using ACPS. These couplers have characteristics similar to
those of microstrip circuits with the advantages of a uniplanar
structure and better performance. The circuit simulations for
the ACPS lines and hybrid couplers are performed using
Sonnet Software,1 and it will be shown that the measured
results agree well with the circuit simulations.

II. A SYMMETRIC COPLANAR STRIPLINE

The ACPS configuration consists of a ground plane on one
side of the transmission line, a spacing of width , and a
conductive strip of variable width , as can be seen
in Fig. 1. Other parameters include the height of the substrate

, the thickness of the metal , and the dielectric constant
. Sonnet Software’sem was used to characterize the

ACPS transmission line. The experimental circuit in Fig. 1 was
designed and fabricated on an -mm-thick RT/Duroid
6010 ( , m) substrate at a center frequency
of 3 GHz.

1Sonnet Software is a registered trademark of Sonnet Software, Inc.,
Liverpool, NY.
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Fig. 1. ACPS configuration.

(a)

(b)

Fig. 2. Sonnet analysis of ACPS characteristics at 3 GHz. (a)Z0 versus
linewidth. (b) "e� versus linewidth.

Two different graphs were generated using Sonnet to show
the characteristics of the ACPS transmission line. Fig. 2(a),
which shows as a function of , has five different
traces for different spacing between the transmission line
and the ground plane. As can be seen, the characteristic
impedance of the ACPS line ranges from 40 to 120. Higher
impedance values may be obtained by making the space
larger and the linewidth smaller. To achieve an impedance
value lower than 40 , the width to spacing ratio has to be
made very large. This is impractical in most situations and,
therefore, limits the low impedance values to about 35–40.
Fig. 2(a) also shows that increases as the spacing between

(a)

(b)

Fig. 3. ACPS 180� hybrid-ring coupler. (a) Circuit configuration. (b) Equiv-
alent transmission-line model.

the transmission line and ground plane increases, and that
decreases as the width of the transmission line increases.

Fig. 2(b) illustrates how the effective dielectric constant
varies over linewidth for different spacing between the
transmission line and the ground plane. Each trace shows a
different spacing, ranging from 0.1 to 0.5 mm in increments
of 0.1 mm.

Fig. 2 contributes to an understanding of the performance
and limitations of using ACPS transmission lines on this
particular substrate. ACPS has a characteristic impedance
range of approximately 35–185, and an effective dielectric
constant range of approximately 3.25–5.75 for the
substrate. These graphs, along with other Sonnet simulations,
will serve as the building blocks required to carry out more
detailed designs of complex circuit structures.

III. U NIPLANAR RAT-RACE HYBRID-RING COUPLER

As mentioned above, to fully utilize the advantages of
asymmetric uniplanar structures, additional ACPS components
need to be developed. This section describes an ACPS hybrid-
ring coupler. Fig. 3(a) shows the physical configuration of
the 1.5 circumference uniplanar hybrid-ring coupler
that is realized on one side of the substrate using CPW and
ACPS transmission lines. The circuit consists of four CPW to
ACPS -junctions and a circular ACPS ring that is divided
into three sections and one section.
The characteristic impedance of the circular ACPS ring is

, where is the characteristic impedance of
the CPW feed lines. Based on this design, an experimental
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(a)

(b)

Fig. 4. Simulation and measured data for ACPS 180� hybrid-ring coupler.
(a) Sonnet simulation results. (b) Measured data.

circuit was etched on an -mm-thick RT/Duroid
6010 substrate with a characteristic impedance
of for the four CPW feed lines, and

for the circular ring. Sonnet Software was used
to obtain the dimensions of the ACPS transmission lines as
well as to model the CPW to ACPS T-junctions at a center
frequency of 3 GHz. These four CPW feeds have a gap of

mm and a center conductor width of
mm. The 71- ACPS consists of the ground plane, a space
of mm, and a linewidth of mm.
The quarter-wavelength sections are 10.73 mm in length. The
curvature of the ACPS was not taken into consideration in the
simulation because the curvature does not affect the behavior
for the operation frequency. However, this is only true if the
transmission line is located on the inside of the curve [12].
To eliminate the coupled slotline mode propagating on the
CPW and ACPS lines, bond wires have been placed over
the CPW feed lines at the T-junction of the ACPS [13].
The equivalent transmission-line model of the
circumference hybrid ring is shown in Fig. 3(b).

The simulation of this circuit was carried out using Sonnet
Software, and the results of the simulated insertion loss, return
loss, and isolation are shown in Fig. 4(a). The simulated
data agrees very well with the measured data, which is
shown in Fig. 4(b). The measurements were made on an HP-

8510 network analyzer using standard subminiature A (SMA)
connectors from 2 to 4 GHz. Over a 750-MHz bandwidth
centered at 3 GHz, the measured results show that the coupling

or ) is 3.5 0.4 dB (3 dB for ideal coupling, the
insertion loss is less than 0.9 dB, which includes two coaxial-
to-CPW transitions and 40-mm-long input/output CPW lines),
the input return loss is greater than 23 dB, and the
isolation is greater than 21 dB. Compared to the typical
microstrip hybrid-ring coupler with a typical bandwidth of
20%, the ACPS coupler has a bandwidth of 25%.

IV. 180 REVERSE-PHASE HYBRID-RING COUPLER

The rat-race hybrid-ring coupler is the well-known and com-
monly used 180 hybrid. However, the 20%–25% bandwidth
of the rat-race ring coupler limits its applications to narrow-
band circuits, and the circumference of the ring takes
up a large area of chip real estate. This directly translates
to a higher cost per chip. Hybrid rings of smaller size that
do not compromise performance are, therefore, a sought after
component, and many have been successfully designed using
a variety of techniques [14]–[19]. To extend the bandwidth
with a simple design procedure and implement the uniplanar
structure, this section presents a new uniplanar hybrid-ring
coupler consisting of a circular ACPS ring with four CPW
feeds. The design technique substitutes a 180reverse-phase
ACPS section with a length of for the conventional

phase delay section. Since the 180phase shift of
the ACPS reverse-phase section is not sensitive to frequency,
the resulting circular ACPS hybrid coupler attains a broad-
bandwidth.

A. 180 Reverse-Phase ACPS Section

Fig. 5(a) shows the circuit configuration and the-field
distribution for the ACPS reverse-phase section. This section
consists of a slotline radial stub with a bond wire crossing over
the ACPS transmission line. The arrows shown in Fig. 5(a)
indicate the electric fields in the ACPS lines. In Fig. 1, the
input signal fed to port one propagates through the line and
arrives with a phase shift of at port two. In Fig. 5(a), the
input signal fed to port one propagates through the ACPS
crossover and arrives with an additional 180phase shift
at port two. Fig. 5(b) shows the measured amplitude and
phase differences between the circuits in Figs. 1 and 5(a). The
maximum amplitude difference is 0.5 dB from 1 to 5 GHz.
The maximum phase difference is 180 5 over the same
frequency range. The purpose of this circuit is to replace the
traditional section of the ring between ports one
and four, shown in Fig. 3. This is accomplished by replacing
a section of transmission line by the 180phase
shifter. This transformation allows the overall circuit size to
shrink, reduces the losses, and increases the bandwidth as
compared with the circumference ACPS hybrid
ring.

B. 180 Reverse-Phase Hybrid-Ring Coupler

Fig. 6(a) shows the circuit configuration of the new hybrid-
ring coupler consisting of four CPW to ACPS T-junctions and
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(a)

(b)

Fig. 5. ACPS 180� reverse-phase section. (a) Circuit configuration. (b)
Measured amplitude and phase differences between the circuits shown in
Fig. 1 and Fig. 5(a).

four ACPS arms (one of them with a 180phase reversal).
Fig. 6(b) shows the equivalent transmission-line model of the
coupler. The twisted transmission line represents the phase
reversal of the ACPS crossover. When the signal is fed to port
one, it splits into two equal components that arrive at ports
two and four in phase, but are canceled out at port three.

Similar to the case of the 180hybrid-ring coupler in
Section III, the 180 reverse-phase hybrid-ring coupler was
fabricated on an -mm-thick RT/Duroid 6010

substrate. The simulation and synthesis for the practical
circuit was performed using Sonnet at a center frequency of
3 GHz. The circuit’s CPW feed lines have a characteristic
impedance of (strip width
mm, gap size mm), and the ACPS lines have a
characteristic impedance of (strip width

mm, spacing size mm). The four
ACPS arms each have a length of mm.
The slotline radial stub’s radius is mm with an included
angle of 90.

Adding air bridges at the circuit’s discontinuities is impor-
tant to prevent the coupled slotline mode from propagating
on the CPW and ACPS lines. During testing, the circuit was
connected to an HP-8510 network analyzer using standard
SMA connectors. The insertion loss includes two coaxial-
to-CPW transitions and 40-mm-long input/output CPW lines
which were not calibrated out. The measured data of the
reverse-phase hybrid coupler are shown in Fig. 7(a). Over an
octave bandwidth from 2 to 4 GHz, Fig. 7(a) shows that the
coupling or is 3.95 0.45 dB (3 dB for ideal

(a)

(b)

Fig. 6. ACPS 180� reverse-phase hybrid-ring coupler. (a) Circuit configu-
ration. (b) Equivalent transmission-line model.

coupling) and the isolation is greater than 23 dB. The
input return loss is greater than 15 dB from 2.2 to 4
GHz, and is greater than 13.5 dB from 2 to 4 GHz. Fig. 7(b)
illustrates an important feature of the coupler. The output
amplitude imbalance ( 0.4 dB) and phase difference (4 )
are excellent over a bandwidth from 2 to 4 GHz because the
ACPS crossover provides an almost perfect 180phase shift
over the entire frequency range. This is an advantage with
respect to the microstrip implementations of the 180hybrid-
ring coupler, where the delay line gives a 180phase
shift only at the center frequency.

V. REDUCED-SIZE 180 REVERSE-PHASE

HYBRID-RING COUPLER

The 180 reverse-phase hybrid-ring coupler attains good
performance with a ring circumference of . This
circuit’s size may be reduced even further by using a particular
design formula. The characteristic impedance of the ACPS
transmission line that makes up the ring is given by the
following equation [20]:

In this equation, is the 50- port impedance, and is
the electrical length of one arm, which has a range of 45
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(a)

(b)

Fig. 7. Measured results for ACPS 180� reverse-phase hybrid-ring coupler.
(a) Coupling, return loss, and isolation. (b) Amplitude imbalance and phase
difference.

90 . In the previous designs of the hybrid ring and reverse-
phase hybrid ring, the length of the ACPS transmission-line
sections have been , or 90 . From the design
formula, substituting 90 gives . In the
design of the reduced size reverse-phase hybrid ring,will
be set equal to 72and the characteristic impedance of the
ACPS lines is solved to be . An electrical length
of 72 is the same as a line length of , so the
new reduced size reverse-phase hybrid-ring coupler will have
an overall circumference of , or .
This is a substantial reduction in size from the
hybrid-ring coupler and can save some costs in fabrication.
The equivalent-circuit model of this new structure is shown
in Fig. 8.

Fig. 9(a) shows that the reduced size reverse-phase hybrid
ring’s bandwidth remains equal to an octave from 2 to 4 GHz.
In this bandwidth, the coupling or is 3.5 0.4 dB
(3 dB for ideal coupling, includes a 30-mm section of CPW
transmission line and two coaxial to CPW connectors which
were not calibrated out) and the isolation is greater
than 29.8 dB. The input return loss is greater than
15 dB from 2.2 to 4 GHz, and is greater than 12 dB from
2 to 4 GHz. Fig. 9(b) shows that the amplitude imbalance is

0.3 dB and the phase difference is3.1 from 2 to 4 GHz.

Fig. 8. Equivalent-circuit model of ACPS 180� reduced size reverse-phase
hybrid-ring coupler.

(a)

(b)

Fig. 9. Measured results for the circuit shown in Fig. 8. (a) Coupling, return
loss, and isolation. (b) Amplitude imbalance and phase difference.

All measurements were made on an HP-8510 network analyzer
using standard SMA connectors from 1 to 5 GHz.

VI. ACPS BRANCH-LINE COUPLER

The 90 ACPS branch-line hybrid coupler is shown in
Fig. 10(a). In a standard branch-line coupler, if the port charac-
teristic impedance is , then two of the branches have a
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(a)

(b)

Fig. 10. ACPS 90� branch-line coupler. (a) Circuit configuration. (b) Equiv-
alent transmission-line model.

characteristic impedance of and two of the branches
have a characteristic impedance of . If ,
then the two lines would each have a characteristic
impedance of 35.4 . Referring to Section I, this impedance
value is difficult to attain using ACPS. To overcome this prob-
lem, the input and output port characteristic impedances were
increased to (100 ). By using a CPW quarter-wavelength
transformer, the coupler port impedances

were matched to the CPW , which
can be connected to the standard 50-test equipment. Based
on the above consideration, two high-impedance branches

and two low-impedance branches
were designed. The equivalent circuit

for this branch-line coupler is shown in Fig. 10(b). The 71-
ACPS branch line ( mm) has a spacing of

mm and a linewidth of mm. The 100
ACPS branch line ( mm) has a spacing of

mm and a linewidth of mm. For the
CPW quarter-wavelength transformer section

mm, , a gap of mm and a
linewidth of mm are used.

The CPW to ACPS T-junctions were simulated using Son-
net, as well as the ACPS transmission lines. Bond wires were
once again attached over the CPW feed lines at the T-junctions
to keep the coupled slotline modes from propagating. The
branch-line coupler was fabricated on an -mm-
thick RT/Duroid 6010 substrate. Fig. 11 shows
that the branch-line coupler has attained a 10% bandwidth
centered at 3 GHz. The coupling is 3.5 dB at 3 GHz (3
dB for ideal coupling, the insertion loss includes two CPW
quarter-wavelength transformers of length 21.8 mm, two CPW
input/output sections of length 10 mm, and two coaxial to
CPW connectors which were not calibrated out). The input
return loss is greater than 17.1 dB and the isolation is greater
than 15.3 dB. The coupler has a worst-case amplitude imbal-
ance of 0.375 dB and a worst-case phase imbalance of 1.9
over the specified bandwidth. All measurements were made on

Fig. 11. Measured coupling, return loss, and isolation for ACPS 90�

branch-line coupler.

an HP-8510 network analyzer using standard SMA connectors
from 2 to 4 GHz.

VII. CONCLUSION

ACPS is a relatively new uniplanar transmission line with
many advantages. ACPS requires an electromagnetic circuit
solver such as Sonnet to accurately characterize the transmis-
sion line, and can be applied to the design of hybrid couplers.
The design procedure and results of these newly developed
180 hybrid couplers were described. The uniplanar hybrid
couplers demonstrated a good amplitude imbalance and phase
difference over a wide bandwidth. With its advantages of a
compact, simple, uniplanar structure and ease of integration
with solid-state devices, these uniplanar hybrid couplers will
be useful in many MIC and MMIC applications.
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