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Abstract— New reduced-size uniplanar magic-T aud hybrid-

ring coupler suitable for MIC’S and MMIC’S have been developed
using a CPW-slotline ring that is 20% smaller than compara-

ble designs. These circuits provide good amplitude and phase

characteristics over a broad bandwidth. Experimental results

show that the hybrid-ring coupler has a 1.3 octave bandwidth
centered at 4 GHz and the magic-T has a bandwidth of 1.6

octave from 2-6 GHz, Both have a maximum power dividing

imbahtnce of 0.4 dB and a 2.5° maximum phase imbalance. Also
a new uniplanar de Ronde’s CPW-slot dk-ectional coupler was

developed with good performance. The even-odd mode analysis
of four-port networks with double symmetry was used to an-
alyze this coupler. A de Ronde’s coupler with 5 dB coupling
was designed and demonstrated over the frequency range of
2.4-3.4 GHz. The measurement results agree with the theoretical

design.

I. INTRODUCTION

I N THE LAST FEW years, uniplanar transmission lines such

as coplanar waveguide (CPW), slotline and coplanar strip

(CPS) are becoming a competitive alternative to microstrip

in many applications (including both microwave hybrid and

monolithic technologies). These transmission lines are pre-

ferred because of their small dispersion, simple realization of

short circuited ends, easy integration with lumped elements

or active components, and circumventing the need for via

holes. Many attractive components using uniplanar structures

have been reported [1]–[5]. Some circuit configurations using

uniplanar 180 and 90° hybrids were also proposed in [6]–[8].

This paper presents uniplanar hybrid coupler components

that have characteristics similar to those of the microstrip

circuits with the advantages of a uniplanar structure and better

performance.

Hybrid couplers and magic-Ts are fundamental and impor-

tant components used for microwave and monolithic integrated

circuits. However, most of them are traditionally ‘constructed

with quarter-wavelength transmission lines, occupy large ar-

eas in MMIC’s, and the bandwidths are limited due to the

electrical line lengths. To miniaturize the hybrids and magic-

Ts for monolithic integration, several attempts have already

been made to reduce the size of the well known 1.5 )g
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circumference microstrip rat-race coupler [9], [10]. However,

this reduction has led to narrowband operation.

To achieve small size and wide band operation, this paper

presents a novel reduced-size uniplanar magic-T and a reverse-

phase uniplanar hybrid-ring coupler, both using a CPW-

slotline ring. These circuits are small in size (circumference

is only 0.8~g ) and have broadband operation. In addition, a

new uniplanar de Ronde’s CPW-slotline directional coupler is

also described with good amplitude characteristics and phase

balance. The circuit analyses for the uniplanar hybrid couplers

are based on simple transmission line circuit models used in

Touchstone. The measured results agree with the theoretical

predictions very well.

II. REDUCED-SIZE UNIPLANAR MAGIC-T

Magic-T’s are widely used as O and 180° power dividers

or combiners in microwave circuits such as balanced mixers,

amplifiers and frequency discriminators. Uniplanar magic-Ts

are preferred for planar microwave integrated circuits because

they allow easy series and shunt connections of passive and

active solid-state devices without via holes [ 11]–[ 14]. How-

ever, the precision fabrication required for the three in-phase

designs in [11] makes the circuit difficult to manufacture. In

[14], the feed port is a slotline which is not convenient for

most applications. The coupler design in [12], [13] is based

on quarter wavelength sections that limit the bandwidth.

This section first describes the fundamental characteristics

of the out-of-phase CPW-slotline T-junction which uses a

CPW-slotline back-to-back transition to achieve a 180° phase

reversal at the two output ports. A new uniplanar magic-T’ will

then be presented with its equivalent circuit and design princi-

ples, Since the out-of-phase of the CPW- slotline T-junction is

frequency independent (broad bandwidth), the resulting magic-

T has a broad bandwidth with good performance.

A, CPW-Slotline Tee Junctions

The CPW-slotline T-junctions described here serves as a

mode conversion between CPWS and slotlines, Fig. 1 shows

the circuit configuration and schematic diagram of the E-field

distribution for in-phase and out-of-phase T-junctions. The

out-of-phase tee junction consists of one CPW tee junction

and two CPW-slotline transitions. The arrows shown in Fig. 1

indicate the electric fields in the CPWS and slotlines. For the

out-of- phase case shown in Fig. 1(b), the E-fields in the two

arms of the CPW tee are directed towards the CPW center

0018–9480/95$04.00 0 1995 IEEE
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conductor. The CPW-to-slotline transition on the left C?W

arm will produce an E-field in the positive y-direction at port

1. However, the transition on the right CPW arm will produce

a negative y-directed slotline ~-field at port 2. On the other

hand, the in-phase tee junction as shown in Fig. 1(a) consists

of two slotline arms separated by a CPW feed line. The -E-field

fed to CPW produces two in-phase slotline waves to output

at ports 1 and 2.

Based on the above principle, an out-of-phase CPW-slotline

tee junction was built on a 1.524 mm-thick RT/Duroid 6010

(e. = 10,5) substrate with characteristic impedances: 2.0 =

50 Q for the CPW feed line, Zc = 66,9 Q for the CPW arms,

and Z~ = 66.9 Q for the slotline, Fig. 2 shows the measured

amplitude and phase differences. The maximum amplitude
difference is 0.35 dB from 1.8–7.9 GHz. The maximum phase

deviation from 180° is 2.5° over the frequency range from

1–7.5 GHz.

1 2.4 3.8 5.2 6.6 8

Frequency (GHz)

Fig. 2. Measured amplitude and phase differences for the out-of-phase
CPW-slotline tee junction.

(b)

Fig. 1. Circuit configurations and schematic diagrams of ~-field distribu-
tion for unipkmar tee junction. (a) In-phase CPW-slotline tee junction. (b)

Out-of-phase CPW-slotline tee junction.

(a)

B. Reduced-Size Uniplanar Magic-T

Fig. 3(a) shows the circuit configuration of the new magic-

T consisting of one out-of-phase and three in-phase CPW-

slotline tee junctions. The out-of-phase T-junction serves as

a phase inverter. In Fig. 3(a), ports E and H correspond to

the E- and flat-n of the conventional waveguide magic-Z’,

respectively. Ports 1 and 2 are the balanced arms. Fig. 3(b)

(b)

Fig. 3. Reduced-size uniplanar hybrid magic-T. (a) Circuit configuration and
(b) equivalent transmission line model.

shows the equivalent transmission line model of the magic-Z’.

The twisted transmission line represents the phase reversal of

the CPW-slotline T-junction.

Figs. 4 and 5 show the schematic diagram of the E-field

distribution and the equivalent circuit for the in-phase and the

out-of-phase coupling, respectively. In Fig. 4(a), the signal

is fed to port H, which then divides into two components,
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Fig. 4. (a) Schematic diagram of E-field distribution and

circuit for the out-of-phase coupting mode of the magic-T.
(b) equivalent

that both arrive in-phase at ports 1 and 2. However, the two

components arrive at port E, out-of-phase and cancel out each

other. In this case, the symmetry plane at port If corresponds

to an open circuit (magnetic wall), while the symmetry plane

at port E corresponds to a short circuit (electric wall). In

Fig. 5(a), the signal is fed to port E’, and then divides into

two components, which arrive at ports 1 and 2 with. a 180°

phase difference. The 180° phase difference between the

divided signals at ports 1 and 2 is due to the out-of-phase tee

junction. The two component waves arrive at port H out-of-

phase and cancel out each other. The symmetry plane at port

E corresponds to an open circuit (magnetic wall); whereas

the symmetry plane at port H corresponds to a short circuit

(electric wall). The isolation between ports E and H is perfect

as long as the phase reversal in the out-of phase CPW-slotline

T-junction is ideal.

As shown in Figs. 4(b) and 5(b), an equivalent circuit was

used to analyze the impedance matching. The characteristic

impedance of slotline 2, and CPW ZC in terms of CPW feed

line impedance ZCO(usually 50 Q) and@ (the electric length of

@ Input

(a)

OA 1

=@

Zs
@

@ Zco
e

(b)

Fig. 5. (a) Schematic diagram of E-field distribution and

circuit for the in-phase coupling mode of the magic-T.

(b) equivalent

a quarter of the slotline ring circumference) are given by [15]

Z. = z. = z.. J=. (1)

According to (1), the minimum 6’ is obviously 45°. Sim-

ulations indicate that wide band operation is obtained for

values of 0 which are smaller in the allowed range. In this

design 6’ = 72° (i.e. Ag/5) was chosen, resulting in the

characteristic impedances Zs, Z. = 66.90. The magic-T has ‘

been fabricated on a RT/Duroid 6010 substrate (c. = 10.5,

substrate thickness h =1.54 mm, metal thickness t = 18 ~m).

The center frequency is 4.0 GHz. The radius of the radial

stub at the CPW-slotline transitions is 5 mm. The radial

stub angle is 45°. It is important to use air bridges at the

magic-T’s discontinuities to prevent the coupled slotline mode

from propagating on the CPW lines. The measurements were

made on an HP-8510 -network analyzer using standard SMA

connectors. The insertion loss includes two coaxial-to-CPW

transitions. Touchstone software was used to simulate the

circuit.

Fig. 6 shows the magic-T’s measured and calculated trans-

mission, return loss and isolation, respectively. For the E-
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Fig. 6. Measured and calculated frequency responses of the magic-T. (a)

Out-of-phase coupling of E-l, E-2, and E-port’s return loss. (b) In-phase
coupling of H-1, H-2, and H-port’s return loss. (c) Isolations of E-H and
1-2.

port’s power division (i.e., out-of-phase mode coupling) shown

in Fig. 6(a), the insertion 10SS is less than 0.7 dB at the center

frequency of 4 GHz. The return loss for the -E-port is greater

than 15 dB from 3. 1–6.0 GHz. Similarly, Fig. 6(b) shows the

insertion loss of 0.5 dB at the center frequency of 4 GHz for

the H-port’s power division (i.e., in-phase mode coupling).

Also, the return loss for the H-port is greater than 15 dB from

2.7–6.2 GHz, The measured and calculated isolations between

the E-port and H-port or ports 1 and 2 are shown in Fig. 6(c).

As shown in Fig. 6, the calculated results agree very well with

the measured results. Fig. 7 shows that the magic-T has a

bandwidth of 1.6 octave from 2 to 6 GHz with a maximum

power dividing imbalance of 0.4 dB and a 2.5° maximum

phase imbalance. The measured performances of the various

parameters are summarized in Table I.

1234567 8
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(a)

20~ 200

123458’ 76

Frequeney (GHz)

(b)

Fig. 7. Measured frequency responses of the magic-T. (a) Amplitude im-

balance. (b) Phase imbalance.

TABLE I

SUMMARY OF MEASURED PERFORMANCESOF THE MAGIC-T

I I I

Parameter Measured Frequency Bandwidth

Result Range(GHz) (octave)

Coupling fed to port E (SIE, Sn3 3.9 * 0.3 da 2.8- 5.9 >1.075

fed to port H (SIH, Sm) 3.9 * 0.3@ 2,15 -6.0 >1.48

Retrim Loss (SII, S=, Sm. SHH) >15dB 3.1- 6.0 >0.95

Isolation port 1 and 2 >18dB 1.0- 6.6 >2,5

f)OItE and H >30 dB 1.0- 7.7 >2.5

amplitude E-1/E-2 <0.4 dB 1.8- 6.3 >1.8

Imbalance amplitude H-lIH-2 <0.4 dB 1.0- 5.9 >2.5

phase E-1/E-2 181°+1.50 2.0-7.15 >1.8

lP~~,eH-IIH-~ I <2.5° \ 1.0-6.4 I >2.5

Meeting AU the above Specifications 3.1 -5.9 >0.93

III. REDUCED-SIZE 180°

REVERSE-PHASE HYBRID-RING COUPLER

Hybrid couplers are indispensable components used in var-

ious MIC applications, The microstrip rat-race hybrid-ring

coupler is a mature device and a commonly used 180° hybrid.

Usually, the 20–26 percent bandwidth of this coupler limits its

applications to narrow band circuits. Although several design

techniques have been developed to extend the bandwidth

[16]-[18], some disadvantages of using microstrip include the
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precision fabrication for constructing the shorted coupled-line

section [16], [17] and the difficulty of inserting the ground pins

for the microstrip shorts [18]. Recently, uniplanar transmission

lines have emerged as alternatives to microstrip in planar

microwave integrated circuits. A narrow band uniplanar hybrid

coupler [11] was proposed by Hirota etal. in 1987. The circuit

is based on a slotline ring with three in-phase CPW feeds via

an air bridge. More recently, two broad-band uniplanar hybrid-

ring couplers [19], [20] operating over an octave bandwidth

were developed using a one-wavelength cross-over slotline

ring and a one-wavelength cross-over CPW ring structure.

However, these devices consist of ~/4 sections that occupy

large iu-eas in MIC applications and the bandwidth is limited

by the electrical line length. To overcome these problems for

monolithic integration, a uniplanar reverse-phase hybrid-ring

coupler is described here using a CPW-slotline ring with a

180° reverse-phase CPW-slotline back-to-back balun and four

CPW feeds. Since the 180° phase change of the CPW-slotline

balun is frequency independent, the reverse-phase hybrid-ring

coupler has the advantages of uniplanar structure, small size,

and broadband operation.

Fig. 8(a) shows the circuit layout of the reduced-size uni-

planar hybrid-ring coupler. The circuits consist of four CPW-

slotline tee junctions and one 180° reverse-phase CPW- slot-

line back-to-back balun which is formed using a pair of

CPW-to-slotline transitions as shown in Fig. 8(a). Fig. 8(b)

shows the equivalent transmission line model. The twisted

transmission line represents the 180° reverse-phase CPW-

slotline back-to-back balun.

Similarly to the case of magic-T in Section II, the character-

istic impedance of slotline 2. and CPW ZC in terms of CPW

feed line impedance 2.0 and O are given by (l). In this design,

19= 72° (i.e., Ag, /5) was chosen resulting in the characteristic

impedances 2$ and ZC = 66.9 Q. The hybrid-ring coupler was

fabricated on a 1.524 mm-thick RT/Duroid 6010 (c. = 10.5)

substrate. The dimensions ‘Me listed as follows

coupler’s circumference: C = 0.8~g

(mean radius R = 4.52 mm)

slotline ring: 2, = 66.90 (slotline width W, = 0.31 mm)

CPW section: 2. = 66.9 Q (center strip SC = 0.2 mm,

gap size G. = 0.31 mm)

CPW feed ines: ZCO= 500 (center strip SCO= 0.6 mm,

gap size GCO= 0.31 mm)

slotline radial stub radius: r~ = 5 mm

slotline radial stub angle: PS = 45”.

To eliminate the coupled slotline mode propagating on

the CPW lines, bonding wires have been used at the cou-

pler’s CPW-slotline discontinuities. The measurements were

made on an HP-8510 network analyzer using standard SMA

connectors. The insertion loss includes two coaxial-to-CPW

transitions.

Fig. 9 shows the hybrid-ring coupler’s measured frequency

responses of coupling, isolation, return loss, amplitude and

phase imbalance, respectively. The measured results show that

the couplings of the power from port 1 to ports 2 and 3 are

‘ 3.6 and 3,7 dB at 4 GHz, respectively. The isolation between

ports 1 and 4 is greater than 19 dB, and return loss is more

(2)

(a)

(b)

Fig. 8. Reduced-size reverse-phase hybrid-ring coupler. (a) Circuit configu-
ration. (b) Equivalent transmission line model.

than 15 dB both over a frequency range from 2.7-6 GHz.

The amplitude and phase imbalance between ports 2 and 3 are

excellent over a broad bandwidth. The reduction of the line

length to 72° has no deleterious effect on performance of the

circuit. However, the radial stub in the center of the ring can

cause problem for the smaller circumference. The coupler’s

measured performances me listed in Table II.

IV. UNIPLANAR DE RONDE’s CPW-SLOT COUPLER

Parallel-coupled transmission-line directional couplers,
Lange couplers, and branch-line couplers are the fundamental

90° hybrids used in many printed microwave integrated

circuits. In 1970 de Ronde [21] proposed a new coupler

structure with a strip on top of the substrate and a slot in the

ground plane. The de Ronde’s strip-slot directional coupler
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Fig. 9. Measured frequency responses of the hybrid-ring coupler. (a) Cou-
pling, return loss, and isolation. (b) Arnphtude imbalance and phase imbalance.

TABLE II
SUMMARY OF MEASURED PERFORMANCESOF THE HYBRID-RING COUPLER

Psrameter Measured Frequency Bandwidth

Result Range (GHz) (octave)

Coupling (s21,S31) 3.9 i 0.3 m 2.5- 5.3 >1.1

Isolation ( s41) >19d13 2.0- 6.0 >1.6

Return Loss (s11,S22,S33,S44) > 15dB 2.7- 6.0 >1.2

Imbalance amplitude~ S21[/I S31) <0.4 ds 1.6- 5.8 >1.85

phase (ZS21 – ZS31) <2,5” 2.4- 6.0 >1.3

Meeting All the ahove Specifications [ 2.7- 5.3 I >0.97

can easily achieve 3 dB coupling. An empirical optimization

technique for the de Ronde’s strip-slot directional coupler

was published by Garcia [22]. In 1974, Shiek [23] first

analyzed the de Ronde’s strip-slot directional coupler with

the aid of an equivalent circuit of the branch-line coupler,

The analysis showed that the de Ronde’s strip-slot directional

coupler is just a special case of the 3-branch directional

coupler. In 1982, Hoffmann and Siegl [24] proposed a

complete analysis of de Ronde’s directional coupler using

even-odd mode analysis of four-port networks with double

symmetry. The scattering parameters of the couplers were

(a)

Z:qt @ ~ Coupledo Port

o!Frammit z @ywkJt”d

(b)

Fig. 10, Configuration of the uniplanar de Ronde’s CPW-slot directional

coupler with (a) Ags /4 slotline short stubs and (b) slotline radial stubs on
both ends of the slot-mode-excited coupling section.

derived and the compensated couplers were also demonstrated.

Recently, Schoenberger et al. [25] presented a slot-strip finline

coupler which is complementary to the de Ronde’s strip-slot

directional coupler.

This section describes a new uniplanar de Ronde’s CPW-

slot directional coupler. The new coupler uses parallel and

series CPW-slotline connections. Both the CPW and slotline

are on the same side of substrate. A truly uniplanar de

Ronde’s CPW-slot directional coupler with 5 dB coupling was

demonstrated for use from 2.4–3.4 GHz. The experimental

results agree with the theoretical design.

Fig. 10 shows the physical configurations of the uniplanar

de Ronde’s CPW slot directional couplers. The new couplers

consist of a section of a CPW and a slotline which are in

close proximity and are continuously coupled, The slotline

coupling section with a compensation length Ls is terminated

with a ~g~ /4 slotline short stub or a slotline radial stub on both

ends, as shown in Fig. 10(a) and (b), respectively. The purpose

of adding an extended slotline section Ls is to compensate
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Fig. 11. Fquivsdent transmission line model forthecoupler in Fig. 10 with

(a) Ag, /4 slotline short stubs and (b) slotline radial stubs on both ends of the
slot-mode-excited coupling section.

for the difference of phase velocity between the even- and

odd-mode coupling. The output four ports are formed by

two CPW-slotline tee junctions. Fig. 11 shows the equivalent

transmission line models. The CPW-mode-excited coupling

section in Fig. 11 is modeled by a parallel connection of two

transmission lines with characteristic impedance Z~ = 2ZC,

where Zc is the characteristic impedance of the coplanar

waveguide in Fig. 10. The slot-mode-excited coupling section

is modeled by a series connection of a transmission line with

a characteristic impedance of 2S.

To analyze the uniplanar de Ronde’s coupler, the even-odd

mode analysis of four-port networks with double symmetry

proposed by Hoffmann and Siegl [24] is used. Fig. 12 shows

the common four-port network with respect to planes PI 1’1

and Pz Pz. The scattering parameters S’ij can be expressed by

even-odd mode excitations as [24]

r.. + r.. + roe + r..
Sll =

4
(2a)

S21 =
ree – r.. + roe – r..

4

S21 =
r.. + r,. – roe – roo

4

S41 =
ree – r.. + roe – roo

4

(2b)

(2C)

(2d)

where r.., r,., r . . . and 1700 represent the input reflection

coefficients with certain combinations of even- and odd-mode

ree

)
Fj

-r:“@l
oe

r
~- ---+-

00

.————~

I

Fig. 12. Configuration of the common four-port network with double sym-

metry with respect to planes F’I PI and Pz PZ.

Q+”? Q+?o 0

3
1 I

IT—— ee 3Zcpw ~oc +— roe ZS
4 ~Oc

(even mode) ! (odd mode) !

, ,

Fig. 13. Schematic expression of the reflection coefficients with double

Syrnrnem in fie uniplan~ de Ronde’s CO@er.

excitations at ports 14. The first subscript e(o) denotes the

combination of even- and odd-mode excitations at ports 14

making an open(short) circuit at the symmetry plane PI PI.

The second subscript e(o) denotes the combination of even-

and odd-mode excitations at ports 1-4 making an open(short)

circuit at the symmetry plane P2 Pz. Fig. 13 shows the

definition of the reflection coefficients with double symmetry

in the uniplanar de Ronde’s coupler.

Characteristic impedances of the coupler lines in terms of

coupling coefficient are given by [24]

rz .3 l+C
c

2 l–c
/.-

(3)

(4)
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Fig. 14. Measured frequency responses of (a) power transmitting and coupling, and (b)retum loss andisolation for the uniplanarde Ronde’s CPW-slot
directional coupler with 5 dB coupling.

where 20 is the terminating impedance, Zc is the characteris-

ticimpedance ofcoplanar waveguide, 2,s is the characteristic

impedance of slotline, and C is the coupling coefficient. Ac-

cording to synthesis (3) and (4), atrulyuniplanarde Ronde’s

CPW-slot directional coupIer, as shown in Fig. 10(b), with5

dB coupling was built on aRT/Duroid 6010.8 (s7 = 10.8)

substrate with the following dimensions: substrate thickness

h =1.524 mm, impedance of the slotline feeds 2s0 =

50.82 0, slotline feeds line width W,. = 0.07 mm, CPW
impedance Zc = 47.21 L?, CPW center conductor width

Sc = 0.43 mm, CPW gap size Gc = 0.23 mm, length of

the CPW-slot coupling section ~gc/4 = 10.57 mm, impedance

of the slotline coupling section 2S = 53.0 0, line width of

the slotline coupling section W.S = 0.094 mm, radius of the

slotline radial stub r = 6 mm, and angle of the slotline radial

stub d = 60°.

To test the coupler, a wide-band CPW-slotline transition

[26] was used to connect to ports 14. The measurements

were made using standard SMA connectors and an HP-8510

network analyzer. Fig. 14(a) shows the measured frequency

responses of power transmitting and coupling. The power

coupling is 5.55 dB (including insertion loss) at the center

frequency of 3 GHz. Fig. 14(b) shows the measured re-

turn loss and isolation between ports 1 and 4. The return

loss is more than 14 dB and the isolation is more than

17 dB at the center frequency. The poor return loss is duo

to the mechanical tolerances, misalignments and connectors.

Fig. 15 shows phase angles of ports 2 and 3. The phase

difference between ports 2 and 3 is 90.3° at the center

frequency, and 90° + 7° in the frequency range from 24

GHz. The 5 dB uniplarw de Ronde’s CPW-slot directional

coupler provides good coupling and phase performance as

predicted.

V. CONCLUSION

New reduced-size, wide-band uniplanar magic-T and

reverse-phase hybrid-ring were developed. Both use the

combination of CPWS and slotlines on one side of the

substrate with CPW feeds. They have a CPW-slotline ring

circumference of only 0.8Ag which is 20% smaller compared

to the size of conventional couplers, The magic-T and
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Fig. 15. Measured frequency responses ofphase angles fortheuniplanm de Ronde's CPW-slot directional coupler with5 dB coupling.

hybrid-ring coupler demonstrated good performances and

excellent output amplitude and phase balance over bandwidth [10]

of 1.6 and 1.3 octave, respectively. Experimental results

agree well with the simulated ones. In addition, a new 5 [11]

dB uniplanar de Ronde’s CPW-slot directional coupler was

demonstrated and the experimental results showed good 112]

coupling and phase performances as predicted. With the

advantages of wide band operation, small size, uniplanar [13]
structure and easy integration with solid-state devices, these

circuits should be useful components for many applications [14]

in microwave hybrid and monolithic integrated circuits.

However, the return loss bandwidth of these circuits needs

to be improved. [15]
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