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Broad-Band Uniplanar Hybrid-Ring and
Branch-Line Couplers

Chien-Hsun Ho, Lu Fan, and Kai Chang, Fellow, IEEE

Abstract—Novel uniplanar 180° and 90° hybrids suitable for
MIC and MMIC are described. The new uniplanar crossover
hybrid-ring magic-T coupler using a coplanar waveguide
(CPW) and slotline provides substantially improved amplitude
and phase characteristics over a broad bandwidth compared to
conventional microstrip hybrid-ring couplers. Experimental
results show that the uniplanar crossover hybrid-ring coupler
has a bandwidth of more than one octave from 2 to 4 GHz with
10.4 dB power dividing balance and +1° phase balance. A
uniplanar two-branch directional coupler using a coupled
rectangular slotline ring has also been developed that has over
20 dB isolation over a bandwidth of more than 40% centered
at 3 GHz with +1 dB power dividing balance. To fully utilize
the advantages of uniplanar structures, transitions from CPW
to slotline and coplanar strip (CPS) using uniform and non-
uniform CPWs, slotlines, or CPSs are discussed. These tran-
sitions are uniplanar and simple to fabricate. No via holes are
needed for ground connections, and integration with solid-state
devices is easy. A pair of broad-band transitions using CPW
shorts and slotline radial stubs is demonstrated with a 1 dB
bandwidth of more than 5.2:1. The CPW-CPS transition shows
a 1 dB bandwidth of more than two octaves.

1. INTRODUCTION

YBRID couplers are indispensable components used

in various MIC applications such as balanced mix-
ers, balanced amplifiers, frequency discriminators, phase
shifters, and feeding networks in antenna rays. Some of
the more commonly used are 180° hybrid rings and 90°
branch-line couplers. Rat-race hybrid rings [1], reverse-
phase hybrid rings [2], [3], and crossover hybrid rings [4]
are well-known examples of 180° hybrid rings. Some
other improved bandwidth hybrid rings have also been re-
ported in [5]-[6]. 90° branch-line couplers have been
analyzed in [7]-[12]. A computer-aided design technique
. that is suitable for the optimum design of multisection
~ branch-line couplers was described in [13]. Some other
optimized methods that included compensation for the
junction discontinuities were also reported [14]-[17]. An-
other class of MIC 90° branch-line coupler using a com-
bination of microstrip lines and slotlines was proposed in
[18] and optimized in [19]-[24].
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In recent years, the uniplanar transmission line has
emerged as an alternative to microstrip in planar micro-
wave integrated circuits. The uniplanar MIC does not use
the back side of the substrate, and allows easy series and
shunt connections of passive and active solid-state de-
vices. Use of the uniplanar structures also circumvents the
need for via holes and reduces processing complexity.
Many attractive components using uniplanar structures
have been published [25]-[28]. Some circuit configura-
tions about uniplanar 180° and 90° hybrids were also pro-
posed in [29]-[33].

This paper first discusses the fundamental transition
circuits from coplanar waveguides to slotlines and co-
planar strips. A broad-band uniplanar hybrid-ring coupler
is demonstrated for use at 2-4 GHz. Experimental results
show a usable bandwidth of more than one octave. A uni-
planar branch-line coupler using a coupled rectangular
slotline ring is also developed that provides substantially
improved broad-band amplitude and phase characteristics
when compared to conventional microstrip branch-line
couplers.

II. TRANSITIONS BETWEEN UNIPLANAR
TRANSMISSION LINES

Coplanar waveguide (CPW), coplanar strip (CPS), and
slotline are the fundamental transmission lines in uni-
planar MIC. They allow easy series and shunt device
mounting, easy ground connections, and simple fabrica-
tion processes. These characteristics make CPW, CPS,
and slotline important in microwave and millimeter-wave
integrated circuit designs. To fully utilize the advantages
of uniplanar structures, broad-band transitions of CPW-
to-slotline and CPW-to-CPS are necessary.

A. CPW-to-Slotline Transitions

Broad-band transitions from microstrip to slotline have
been reported by many authors [34]-[37]. The transitions
in [34]-[36] are based on the well-known concept of
Marchand baluns [38] and Oltmann’s compensated baluns
[39]. The transition reported in [37] is based on the strip-
slot double junction, and has an improved broad band-
width up to one decade. Equivalent uniplanar CPW-slot-
line transitions to microstrip-slotline transitions have also
been proposed in [40]-[44]. Although these papers intro-
duce some intuitive approaches for designing CPW-slot-
line transitions, a systematic description of the design
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techniques is still lacking. This section is intended to give
a systematic approach .to this problem based on experi-
mental investigations. Figs. 1-3 show the CPW-slotline
transitions investigated in this paper. The objective of de-
veloping the different transitions was to find a best com-
bination of CPW short circuits and slotline open circuits
to generate broad-band matching from CPW to slotline.
The matching discontinuities are classified as: A: CPW
shorts or slotline opens, B: uniform CPW open stubs or
slotline short stubs, and C: nonuniform CPW open stubs
or slotline short stubs. According to the above classifi-
cations, Fig. 1 shows the circuit configurations of TYPE-
AB and TYPE-AC. TYPE-BB and TYPE-BC are shown
in Fig. 2; TYPE-CB and TYPE-CC are shown in Fig. 3.
Compared with microstrip—slotline transitions, the CPW-
slotline transitions presented in this paper have the advan-
tages of being uniplanar and easy to integrate with solid-
state devices, and they require no via holes for ground
connections. Experimental results are given by measuring
the insertion loss of one pair of coaxial-CPW transitions,
CPW-slotline transitions, and an 8 mm length of slotline
section. When testing the transitions, bond wires were
soldered to every discontinuity between the CPW and the
slotline.

Fig. 1(a) shows the CPW-slotline transition (TYPE-
AB) using a CPW short with a /4 slotline short stub.
The center conductor strip of the CPW in Fig. 1(a) is con-
nected to one side of the slotline to create the CPW short
circuit. Fig. 1(b) shows the transition (TYPE-AC) using
a CPW short and a slotline radial stub. The angle of the
slotline radial stub in Fig. 1(b) is 90°. The characteristic
impedances of Zcpy and Z; are both 50 Q. The slotline
radial stub is a broad-band open; therefore, the resulting
CPW-slotline transition should have broad bandwidth.
One important feature of this transition is that the CPW
and slotline can be connected without bending the trans-
mission structure. This makes the circuit layout flexible.
Fig. 4 shows the experimental insertion loss of the TYPE-
AB and TYPE-AC back-to-back transitions with a slotline
section. The 1 dB bandwidth of the TYPE-AB back-to-
back transition is in the 2.3-3.8 GHz frequency range.
This kind of transition has a bandwidth of less than one
octave and is the worst case of the CPW-slotline transi-
tions investigated. The insertion loss of less than 1 dB for
the TYPE-AC back-to-back transition is in the 1.1-5.7
GHz frequency range, which is more than 2.3 octaves.
The transition shown in Fig. 1(b) gives the best perfor-
mance in bandwidth.

Fig. 2(a) shows the A\ /4 cross junction of the TYPE-
BB CPW-slotline transition. The CPW and slotline in Fig.
2(a) are etched on the same side of the substrate, and they
cross each other at right angles. The CPW extends one
quarter of a wavelength beyond the slotline and termi-
nates with an open end. Similarly, the slotline extends one
quarter of a wavelength beyond the CPW and terminates
with a short end. The extensions of CPW and slotline may
act as tuning stubs to match the CPW to the slotline. Both
characteristic impedances of CPW and slotline in Fig. 2(a)
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Fig. 1. Circuit configurations of CPW-slotline transitions using a CPW -
short with a uniform slotline short stub (TYPE-AB) or a nonuniform slot-
line short stub (TYPE-AC).
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Fig. 2. Circuit configurations of CPW-slotline transitions using a uniform

CPW open stub with a uniform slotline short stub (TYPE-BB) or a non-
uniform slotline short stub (TYPE-BC).
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Fig. 3. Circuit configurations of CPW-slotline transitions using a nonuni-

form CPW open stub with a uniform slotline short stub (TYPE-CB) or a
nonuniform slotline short stub (TYPE-CC).
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Fig. 4. Measured frequency responses of insertion loss for the CPW-slot-
line back-to-back transitions of TYPE-AB and TYPE-AC.

are 50 Q. Fig. 2(b) shows the CPW-slotline transition
(TYPE-BC) using a A/4 CPW open stub and a slotline
radial stub. The angle of the slotline radial stub in Fig.
2(b) is 90°. Fig. 5 shows the experimental insertion loss
of the TYPE-BB and TYPE-BC back-to-back transitions
with a slotline section. The experimental insertion loss of
the TYPE-BB back-to-back transition is less than 1 dB in
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Fig. 5. Measured frequency responses of insertion loss for the CPW-slot-
line back-to-back transitions of TYPE-BB and TYPE-BC.

the 1.6-3.6 GHz frequency range, which corresponds to
a bandwidth of more than one octave. The 1 dB band-
width of the TYPE-BC back-to-back transition is in the
0.9-3.8 GHz frequency range, which is more than two
octaves.

Fig. 3(a) shows the CPW-slotline transition (TYPE-
CB) using a CPW radial stub with a X\ /4 slotline short
stub. Fig. 3(b) shows the CPW-slotline transition (TYPE-
CC) using both the nonuniform CPW open and slotline
short stubs. The angles of the CPW and slotline radial
stubs are both chosen as 45° to avoid interfering with each
other. The experimental results of the insertion loss for
the back-to-back transitions of TYPE-CB and TYPE-CC
are shown in Fig. 6. The 1 dB bandwidth of the TYPE-
CB back-to-back transition is in the 1.5-3.8 GHz fre-
quency range; the 1 dB bandwidth of the TYPE-CC back-
to-back transition is from 1.5 to 6.0 GHz, which is more
than two octaves.

Table I summarizes the combinations and usable 1 dB
bandwidth of the CPW-to-slotline transitions shown in
Figs. 1-3. From the experimental results, we can con-
clude the following.

1) The transitions of TYPE-AC, TYPE-BC, and
TYPE-CC, which use slotline radial stubs, have broad
bandwidths of more than two octaves. This means that:
a) slotline open circuits are the dominant factors of de-
signing the broad-band CPW-slotline transitions, and b)
slotline radial stubs are good candidates for designing
broad-band slotline open circuits.

2) The transitions using virtual CPW shorts (either
quarter-wavelength or radial open stubs) have sharp gain
slopes. This feature may be used in the design of band-
pass filters.

3) The transition of TYPE-AC using a CPW short and
a slotline radial stub can be designed without bending the
transmission structure. Circuit layout with this transition
is flexible.
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Fig. 6. Measured frequency responses of insertion loss for the CPW-slot-
line back-to-back transitions of TYPE-CB and TYPE-CC.

TABLE I
SUMMARY OF THE COMBINATIONS AND 1 dB BANDWIDTH OF DIFFERENT
CPW SHORTS AND SLOTLINE OPENS. (THE INSERTION Loss INCLUDES Two
CoAXIAL-CPW TRANSITIONS, TWO CPW-SLOTLINE TRANSITIONS, AND A
SLOTLINE SECTION.)

Slotline

Uniform Short Nonuniform Short

CPW Stub Stub
16:1 52:1
Short (TYPE-AB) (TYPE-AC)
Uniform 2.2:1 4.0:1
Open Stub (TYPE-BB) (TYPE-BC)
Nonuniform 2.5:1 4.1:1
Open Stub (TYPE-CB) (TYPE-CC)

4) The transition of TYPE-AC using a CPW short and
a slotline radial stub is the best combination for the broad-
band and low-loss applications. The bandwidth of less
than 1 dB insertion loss has been demonstrated more than
5.2:1. The designs and layouts of this type of transition
are easy, compact, and flexible. By choosing a proper an-
gle and radius for the slotline radial stub, the bandwidth
of the transition can be further improved.

B. CPW-to-CPS Transitions
A wide-band and low return loss transition from mi-

crostrip to CPS has been proposed in [45] using an inter- -

mediate microstrip line. To design the transition between
CPW and CPS, an intermediate slotline section is re-
quired. Fig. 7 shows the transition from CPW to CPS with
an intermediate slotline section. The intermediate transi-
tion from CPW to slotline uses TYPE-AC described in
the previous section, which hag a 1 dB bandwidth of more
than 5.2:1. Fig. 8 shows the frequency responses of in-
sertion loss and return loss for the CPW-CPS transition.
The insertion loss of less than 1 dB is in the frequency
range from 1.6 to 7.0 GHz, which corresponds to a band-
width of more than two octaves. The return loss of the
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Fig. 7. The CPW-CPS transition configuration.
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Fig. 8. Measured frequency responses of insertion loss and return loss for
the CPW-CPS back-to-back transition.

CPW-CPS transition is less than —13 dB from 1.6 up to
8 GHz.

III. 180° UnreLanNarR HyYBRID-RING COUPLERS

The microstrip rat-race hybrid-ring coupler is the basic
power divider used in many printed microwave integrated
circuits. The 20-25% bandwidth of this coupler limits its
applications to narrow-band circuits. Several design tech-
niques have been developed to extend the bandwidth. One
technique used a /4 coupled microstrip line section to
replace the 3\ /4 section of the conventional 3\ /2 mi-
crostrip ring coupler, where A is the guide wavelength
[2]. Although the bandwidth was increased to more than
one octave, the difficulty of constructing the coupled mi-
crostrip line section, which required short circuits at the
ends, limited its use to low frequencies. Another modified
version of the microstrip rat-race hybrid-ring substituted
a quarter-wavelength slotline section etched on the other
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side of the substrate for the phase delay section [3]. Al-
though a bandwidth of two octaves was realized, the two-
sided substrate required a more complicated photolitho-
graphic process and limited the coupler to low frequen-
cies. Two other approaches [S], [6] used hypothetical
ports with matching circuits. This technique achieved a
50% bandwidth; however, the matching circuits de-
scribed in [5] required very wide microstrip lines and a
larger number of different impedances, and the broad-band
design technique presented in [6] was useful in the sum
mode (in-phase mode) of operation only. Both matching
techniques also demanded intensive optimization to ob-
tain good performance.

To extend the bandwidth with a simple design proce-
dure and uniplanar structure, this section presents a new
uniplanar hybrid-ring coupler consisting of a slotline ring
with one slotline feed and three CPW feeds. The design
technique substitutes one reverse-phase slotline T-junc-
tion for the conventional rat-race phase delay section.
Since the phase reverse of the slotline T-junction is fre-
quency independent, the resulting slotline ring coupler has
a broad bandwidth.

Fig. 9(a)-(c) show the three fundamental uniplanar hy-
brid-ring couplers. The uniplanar rat-race hybrid-ring
coupler shown in Fig. 9(a) consists of three quarter-wave-
length slotline sections, one phase delay section, and four
CPW to slotline T-junctions. The measured results of a
uniplanar rat-race hybrid-ring coupler are shown in Fig.
10. The coupler has a bandwidth of 18.6%, with +0.3
dB power dividing balance and over 20 dB isolation. The
1.2 dB loss is mainly due to the CPW-slotline T-junction.
Fig. 9(b) shows the circuit configuration of the uniplanar
reverse-phase hybrid-ring coupler with a A\ /4 coupled-
slotline section. Although the coupled-slotline reverse-
phase section requires no via holes for the short termina-
tions, it is still difficult to fabricate the very small metal
gap between two coupled slotlines with a 3 dB coupling.

Fig. 9(c) shows the physical configuration of the uni-

planar crossover hybrid-ring magic-T coupler. The E-arm
of the uniplanar crossover hybrid ring is fed through a
CPW line connected to a broad-band TYPE-AC CPW-to-
slotline transition as shown in Fig. 1(b). The slotline
T-junction shown in Fig. 9(c) is used as a phase inverter.
The impedance of the slotline ring is given by

Z, = ‘/5 * Zcpw )]

where Zcpyw is the impedance of the CPW feeds. The ra-
dius of the slotline ring is designed by [46]

27r = A 0))

where A is the guide wavelength of the slotline ring. Ac-
cording to the above equations, a truly uniplanar cross-
over hybrid-ring coupler was built on an RT/Duroid
6010.8 (¢, = 10.8) substrate with the following dimen-
sions: 1) substrate thickness: # = 1,27 mm, 2) CPW cen-
ter strip width: § = 0.51 mm, 3) CPW gap width: G =
0.25 mm, 4) slotline feed line width: Wg; = 0.1 mm, 5)
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Fig. 9. Circuit configurations of 180° uniplanar hybrid-ring couplers.
(a) Rat-race hybrid-ring coupler. (b) Phase-reverse hybrid-ring coupler.
(c) Crossover hybrid-ring coupler. '
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Fig. 10. Measured frequency responses of power dividing and isolation
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Fig. 11. Measured frequency responses of insertion loss for the uniplanar
crossover hybrid-ring coupler. (a) E-arm power dividing and isolation.
(b) H-arm power dividing and isolation.

slotline ring line width: Wy, = 0.43 mm, and 6) slotline
ring radius: r = 7.77 mm.

Fig. 11(a) shows the measured insertion loss for the
E-arm’s power dividing balance and the mutual isolation
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Fig. 12. Power and phase balances of the uniplanar crossover hybrid-ring
coupler. (a) Power dividing balances of H-arm and E-arm. (b) Phase bal-
ances of H-arm and E-arm.

between the E-arm and H-arm. The power dividing bal-
ance of the E-arm is less than +0.4 dB from 2 to 4 GHz.
The insertion loss at the center frequency of 3 GHz is less
than 0.6 dB. The isolation between the E-arm and H-arm
is greater than 36 dB. Fig. 11(b) illustrates the measured
insertion loss for the H-arm’s power dividing balance and
the mutual isolation between two output balanced arms.
The H-arm’s power dividing balance is less than 0.3
dB, and the mutual isolation between the two balanced
arms is greater than 12 dB. The insertion loss of the
H-arm’s power dividing is less than 0.5 dB at the center
frequency. Fig. 12(a) shows the H-arm and E-arm’s power
balances. The H-arm’s power balance is within £0.3 dB
and the E-arm’s power balance is within +0.4 dB over
the designed frequency band. Fig. 12(b) shows the H-arm
and E-arm’s phasc balances. The H-arm’s phase balance
“is —0.75° +0.75°, and the E-arm’s phase balance is
181°+1° from 2 to 4 GHz. The experimental results de-
scribed above show that the uniplanar crossover hybrid-
ring coupler has fairly good power dividing and phase
balances compared to the microstrip hybrid-ring couplers.
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IV. 90° UnipLANAR BRANCH-LINE COUPLERS

The microstrip branch-line coupler is a basic compo-
nent in applications such as power dividers, balanced
mixers, frequency discriminators, and phase shifters. The
10-20% bandwidth of a two-branch coupler limits its ap-
plications to narrow-band circuits. Additional coupler
sections can overcome this disadvantage [11], but the
practical design of couplers with more than four sections
is difficult in microstrip [47]. The line widths required by
the very high and low impedance branch arms may also
create undesirable aspect ratios and junction effects. Sev-
eral computer optimization techniques have been devel-
oped to obtain realizable impedance ranges [13] and pre-
dict junction effects [14], [15]; however, realizing even
two-branch and three-branch couplers in the millimeter-
wave region is still difficult. To overcome these prob-
lems, the series T-junctions and signal phase reversals
with CPW and slotline were used in MMIC applications.
CPW and slotline are very suitable for the designs of bal-
anced circuits in microwave and millimeter-wave MMICs.

This section proposes two new configurations of uni-
planar n-branch directional couplers consisting of n-1
rectangular slotline rings coupled with two parallel slot-
line feeds. Fig. 13(a) shows the circuit configuration of
the TYPE-A uniplanar multisection branch-line coupler,
and Fig. 13(b) shows the circuit configuration of the
TYPE-B uniplanar multisection branch-line coupler. The
TYPE-A uniplanar branch-line coupler uses two parallel
CPWs for the series arms, and the TYPE-B coupler uses
two parallel slotlines as series arms. The shunt branch
arms are formed by the n-1 coupled rectangular slotline
rings in either TYPE-A or TYPE-B case. For the uni-
planar two-branch directional coupler, the configuration
of TYPE-A is similar to that of TYPE-B.

Fig. 14 shows the physical configuration of the uni-
planar two-branch directional coupler. When a signal is
applied to port 1, outputs appear at ports 2 and 3 that are
equal in amplitude and differ in phase by 90°. Port 4 rep-
resents the isolation arm. The series arms of the coupler
are fed through two parallel slotlines coupled by a rectan-
gular slotline ring on two sides. The other two sides of
the rectangular slotline ring are shunt branch arms. Bond
wires are soldered at the discontinuities between the series
and shunt arms to enforce the even mode propagation in
the coupled slotlines (CPWs). The corresponding line
characteristic impedances of CPW and slotline branch
arms for 3 dB coupling, in terms of the termination
impedance Z;, can be expressed as

3

@

where Zqpw is the impedance of the CPW series arms and
Z is the impedance of the slotline shunt branch arms. Ac-

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 41, NO. 12, DECEMBER 1993

T Y,

. TN\,
3
Z

=<

A4

e

L_)\/4__.
(a)
= \Nﬁ@
4
| DRI
ZAAN\\\§
e 4— A 4—

(b)

Fig. 13. Circuit configurations of 90° uniplanar branch-line coupler.
(a) Multisection TYPE-A uniplanar branch-line coupler. (b) Multisection
TYPE-B uniplanar branch-line coupler.
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Fig. 14, Circuit configuration of uniplanar two- branch directional coupler.
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cording to the above equations, a truly uniplanar two-
branch directional coupler was built on an RT /Duroid
6010.8 (¢, = 10.8) substrate with the ﬁollowmg dimen-
sions: 1) substrate thickness: A = 1.27 mm, 2) CPW cen-
ter strip width: § = 0.71 mm, 3) CPW |gap width: G =
0.1 mm, 4) rectangular slotline ring line width: W, = 0.1
mm, 5) length of CPW series arm: Ly, = 10.39 mm, and
6) length of slotline shunt branch: L, = 7.77 mm.

Figs. 15 and 16 show the measured performances of the
fabricated uniplanar two-branch directional coupler. To
test the coupler, a wide-band CPW-to-slotline transition
was used to connect to ports 1, 2, 3, and 4. The transition
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Fig. 15. Measured frequency responses of (a) power dividing and isolation
and (b) return loss for the uniplanar two-branch directional coupler.
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Fig. 16. Power and phase balances of the uniplanar two-branch directional
coupler.

consisted of a CPW short and a slotline radial stub which
is described as the TYPE-AC transition shown in Fig.
1(b). The measurements were made using standard SMA
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connectors and an HP-8510 network analyzer. The inser-
tion loss includes two coaxial-to-CPW transitions and two
CPW-to-slotline transitions. Fig. 15(a) shows the mea-
sured insertion loss for the output power dividing balance
between ports 2 and 3 and the measured isolation between
ports 1 and 4. The power dividing balance of +1 dB has
a bandwidth of more than 40% at the center frequency of
3 GHz, and the isolation is greater than 20 dB. Over the
same tange, a good input and output match is shown in
Fig. 15(b) with return loss less than —19 dB. The second
peak in return loss shown in Fig. 15(b) is due to the CPW-
to-slotline transitions. Fig. 16 shows the phase and power
dividing balances between ports 2 and 3. Phase quadra-
ture is maintained at 83°+3° over a bandwidth of 45%.
The 7° phase error is partly due to fabrication tolerances
and misalignments of connectors.

V. CONCLUSIONS

New uniplanar hybrid-ring and branch-line couplers
were developed. They use coplanar waveguides and slot-
lines on one side of the substrate. The experimental re-
sults of the uniplanar hybrid couplers illustrated superior
performances over a broad bandwidth compared to the
microstrip and other modified hybrid couplers. With the
advantages of broad-band operation, simple design pro-
cedure, uniplanar structure, and easy integration with
solid-state devices, these new uniplanar hybrid couplers
should have many applications in hybrid and monolithic
integrated circuits.
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