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Abstract—If a ring hybrid is terminated by arbitrary im-
pedances, design equations cannot be derived with conventional
methods because symmetry planes for even- and/or odd-mode
excitation are not available. Therefore, under these conditions,
new design equations for ring hybrids were derived. They can
be applied to ring hybrids with both arbitrary termination
impedances and arbitrary power-division ratios. Also, new design
equations for small-sized ring hybrids have been developed.
They allow the design of arbitrary power division, arbitrary
termination impedances, and especially small-sized ring hybrids.
On the basis of these derived equations, a theoretical evaluation
was made using microstrip ring hybrids, and experiments are
demonstrated using a coplanar ring hybrid.

Index Terms—Arbitrary power division, arbitrary termination
impedances, power divider, ring coupler.

I. INTRODUCTION

A LTHOUGH considered as narrow-banded devices, the
rat-race hybrids (ring hybrids) and branch-line hybrids

have been found in extensive applications of microwave
circuits. Ring hybrids have a definite advantage over the
branch-line hybrids in applications, e.g., antenna arrays, mix-
ers, or balancing amplifiers, because no phase-compensation
element is necessary. Ring hybrids have wider bandwidths
than those of branch-line hybrids as well. In practical cases,
hybrids can be used together with other devices. In that case,
to obtain desired performances, additional matching networks
are necessary.

If hybrids are terminated by arbitrary impedances, there
is a big advantage to reduced circuit size. Since 1947, ring
hybrids have been studied [1]–[3], but these studies focus on
symmetrical-structure ring hybrids. Recently, for the first time,
Ahn et al. treated an asymmetrical-structure ring hybrid for
monolithic-microwave integrated-circuit (MMIC) application
[4]. However, it is limited to equal-power split-ring hybrids.

Since Pon, several authors dealt with ring hybrids [5],
[6] for arbitrary power division, but all of these analyses
were applied to only symmetric structures (even- and odd-
mode analyses) and the procedures to find out the correct
characteristic impedances are somewhat complex.

In this paper, design equations for ring hybrids with both
arbitrary termination impedances and arbitrary power division
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Fig. 1. Ring hybrid terminated by arbitrary impedances (with arbitrary power
divisions).

ratios will be described. The methods used for their derivation
are quite different from the conventional ones. Also, design
equations, which can be used in the case where the arc lengths
are less than , have been developed. Again, these design
equations can be used for ring hybrids with both arbitrary
power division and arbitrary termination impedances.

On the basis of the derived design equations, a microstrip
ring hybrid terminated by impedances 50, 45, 42, and 60,
with a power split ratio of 4 dB, and four arcs of 75electrical
length was analyzed. As another example, a coplanar ring
hybrid terminated by impedances 50, 45.45, 55.55, and 38.46

, the same power split ratio of 4 dB, and four arcs of 75
electrical length was fabricated on coplanar strips (CPS’s),
CPS crossover, and coplanar waveguides (CPW’s).

II. A NALYSES

The general configuration of a ring hybrid is shown in
Fig. 1.

In the case of conventional ring hybrids:, , , and
, which describe termination impedances, are equal; the

transmission line characteristic admittances, , , and
are of same value or two of them are equal; as there are

symmetry planes in the ring structure, even- and odd-mode
analyses are possible [1]–[3], [5]–[8]; and to find out design
equations is somewhat complex.

In the case of the ring hybrid terminated by arbitrary
impedances: , , , and are different from each other;
transmission line characteristic admittances, , , and
are different from each other; and there is no symmetric plane:
even- and odd-mode analyses are impossible.

For the conventional ring hybrid shown in Fig. 1, it is
well understood that the excited power at port is split
between port and port , while port is isolated.
This operation can be regarded as a power divider. For the
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Fig. 2. The excitation of port
1 .

excitation at port , similar arguments lead to an operation
as a conventional power divider, except for an 180difference
between the two output arms.

The ring hybrid can be described by a four-port set of
-parameters given by

(1)

where is the reflected power wave vector and is the
incident power wave vector. If port is terminated by a
reflection coefficient , (1) can be expressed by

(2)

where

A straightforward calculation derives

(3)

For the excitation at port , (3) can also be rewritten as

(4)

If is assumed, (4) indicates that there is no
correlation with in terms of port- excitation. So under
the condition of , the port- excitation can be
interpreted as shown in Fig. 2.

If the ring hybrid is lossless and passive, the-parameters
must satisfy the unitary condition

(5)

Therefore, if the output arms are isolated from each other,
and the input impedances are matched looking into any arm

Fig. 3. The excitation of port
3 .

(when the other arms are terminated by matched impedances),
(5) gives in detail

(6)

A power split ratio is proportional to the square of the
admittance ratio of the two variable admittances in the ring
[5], [6]. Therefore, if the ratio, is , as in
Fig. 2, the termination impedances of portcan be divided as
shown in Fig. 2, depending on the power delivered to port
and port . If each length of the two arcs in Fig. 2 is ,
the characteristic admittances are

(7)

In (7), , , , and are constants determined by the
termination impedances. and are calculated according to
a needed power division. Under the assumption of ,
the characteristic admittances and can be derived.

In case of a Y-junction, such as a Wilkinson power divider,
an isolation resistor is needed [9]. Instead of the isolation
resistor, for the ring hybrid shown in Fig. 1, the dummy arms
of admittances and are connected with the two output
ports and to get these two ports isolated (in case of
port- excitation). Therefore, the total power transferred to
port can be delivered to the load at port. If the isolation
is not ideal, an extremely small amount of power flows forward
to port . Likewise, the total power reached at port can be
delivered to the load at port and only an extremely small
amount of power flows forward to port . For these two
waves at port to be isolated from port , two conditions
must be satisfied: the waves must have a phase shift of 180
against each other, and the wave ratio must be , as
shown in Fig. 3.

The above-mentioned second condition can be satisfied by
(5) and (6). Also, as each length of the two arcs (, ) is

, one of the two remainder arcs (, ) must be , and
the other one long, to satisfy the first condition. Due
to the reciprocity, we can also consider this circuit as being
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(a) (b)

(c) (d)

(e)

Fig. 4. Simulation results forn = 1, m = 1:1, p = 0:7, andk = 0:8, power split ratio= 2 dB. (a) [S]-parameters for power division, (b)[S]-parameters
for isolation, (c) [S]-parameters for matching, (d) phases ofS21 and S41, and (e) phases ofS23 and S43.

excited at port and the arms ( , ), which were removed
in Fig. 2, can be shown as in Fig. 3. So the characteristic
admittances are

(8)

From (7) and (8), in case of , the same
results as given by Pon [5] are derived. If ,
the results are in agreement with those of Ahnet al. [4]. For

and, additionally, , the
admittances for the well-known 3-dB ring hybrid are found.

On the basis of the derived design equations, a simulation
for the example , , , and , and a
power split ratio of 2 dB (which means
dB) was performed. For the analyses of the resulting ring
hybrid, EEsof Libra was used as a simulator. The simulation
results in Fig. 4(a) show that the power ratio is really 2 dB
with dB, dB,

dB, and dB. The simulation results
for a lossless ring hybrid in Fig. 4(b) show that the power
at the isolated ports ( dB and

dB) are theoretically zero at center frequency. All
input reflection coefficients are shown in Fig. 4(c). The phase
performances between two output arms are shown in Fig. 4(d)
and (e). The value dB can be obtained by

.

III. SMALL -SIZED RING HYBRID

The voltages in the two output arms are either in phase
or 180 out of phase, depending on the input arms chosen.
Conventional ring hybrids use arc lengths of or . To
reduce the ring hybrid’s size, lengths of or may be
used [10]. Other approaches include the application of or

arc lengths [11], [12]. In any case, three arcs of a ring are
of equal length and the other one must provide a180 phase
shift compared to the three other ones. If the arc lengths are
not or , the characteristic impedances are changed in
proportion to the arc lengths [11], [12]. Thus, the characteristic
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TABLE I
n = 1, m = 1:1, p = 0:7, AND k = 0:8,

�1 = �2 = �4 = 80�, �3 = 180� +�1, Yo = 1=50 S

admittances can be derived as

(9)

From (9), if , ,
, and , the results are the same as

those of [10]. If , , and for
general arc lengths, the results are also those of [11], [12].

Table I shows the simulation results of the scattering pa-
rameters of a ring hybrid at center frequency (3 GHz) on the
basis of (9). All values in Table I are in decibels and, ,
, and are constants, which can be decided by the choice of

the termination impedances in Fig. 1.

IV. WIDE-BANDWIDTH AND SMALL -SIZED RING HYBRIDS

A. Microstrip Ring Hybrid

The limiting factor in the conventional transmission-line
ring hybrid is that the 180 arc, which produces an 180
out-of-phase signal against the otherarcs, is just as effective
in the vicinity of the center frequency of interest. To overcome
this problem, for the first time, the wide-band ring hybrid using
a set of shorted coupled transmission lines was realized in
stripline technology. It operates with equal power splitting,
equal termination impedances, and each electric arc length of
90 [13]. In this paper, analyses of a microstrip ring hybrid
will be carried out at the frequency of 3 GHz using (9). This
ring hybrid is terminated by the arbitrary impedances referred

TABLE II
n = 1, m = 1:11 � � �, p = 1:190, AND k = 0:833 � � � ;

�1 = �2 = �3 = �4 = 75�, Yo = 1=50 S

Fig. 5. Microstrip ring hybrid configuration.

to in Table II, power split ratio of 4 dB and all-electrical arc
lengths of the ring are 75.

Fig. 5 shows the microstrip ring hybrid according to the
data specified in Table II. To realize a set of coupled trans-
mission lines, (even-mode impedance) and (odd-mode
impedance) must be given. The image impedance of a set of
shorted coupled transmission lines was given by [14]

(10)

The coupling coefficient of coupled transmission lines is
known as [15]

where

(11)

Any section of the ring can be substituted by a set of
shorted coupled transmission lines. Depending on the coupling
coefficients, the and of each arc can be calculated
using (10) and (11), as shown in Table III. All values in
Table III are in .

The big problem of this ring hybrid is how to fabricate
the parallel coupled lines with 3-dB coupling [16]. Fig. 6
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TABLE III
Z1 = 54:0 
, Z2 = 78:5 
, Z3 = 57:2 
,

Z4 = 98:9 
, AND �1 = �2 = �3 = �4 = 75�

(a)

(b)

Fig. 6. The simulation results for a microstrip ring hybrid terminated by 50,
45, 42, and 60
, power split ratio, 4 dB, lengths of the four arcs, 75�. (a)
Port-
1 excitation. (b) Port-
3 excitation.

shows simulation performances depending on the coupling
coefficient. For its simulations, all elements are used with
physical realizable values, except one set of shorted coupled
transmission lines between ports and , as shown in
Fig. 5. Fig. 6(a) and (b) show wide-band ring hybrid perfor-
mances. Again, coupling coefficients are different from each
other; nevertheless, output results are about the same in band,
i.e., as the realization of 3-dB coupled transmission lines with
microstrip technology is seen as not so easy, to get wide-band
microstrip ring hybrids instead of 3-dB coupled transmission
lines, 4- or 5-dB coupled transmission lines can be used. This
fact was also proven by [4]. The experimental data of the
ring hybrid on Al O substrate ( and m),
including a set of shorted coupled lines marked in Table III,
are given in Table II.

B. Uniplanar Ring Hybrid

Another approach to realize constant 180phase shift ring
hybrids has been demonstrated in coplanar technology [11],
[12], [16], [17]. All these are limited to equal power division
and equal termination impedances. In this paper, an experiment

Fig. 7. The configuration of a ring hybrid in coplanar technology.

TABLE IV
n = 1, m = 1:1, p = 1:3, AND k = 0:9,

�1 = �2 = �3 = �4 = 75�, Yo = 1=50 S

Fig. 8. The package used for the coplanar measurement.

was done using the circuit proposed by [11]. Fig. 7 shows a
coplanar ring hybrid. Its termination impedances and the length
of the arcs are shown in Table IV. The power split ratio is 4 dB
and the center frequency is 3 GHz. Also, its experimental
data on Al O substrate ( and m) are
shown in Table IV.

This ring hybrid is not terminated by 50. Thus, additional
transformers are necessary in the measurement. Due to the
large-sized circuit, on-wafer measurement cannot be carried
out. There are special connectors for larger-sized coplanar
circuits, but these are available only for two-port circuits.
Therefore, a special package for a four-port coplanar ring
hybrid is indispensable. Fig. 8 shows the package used for
measurement.

As shown in Fig. 8, in principle, as coplanar circuits require
no backside metallization, the space between the substrate and
the bottom of the package () is filled with air. Also, a package
( ) is needed for providing good contact between the walls
of the package () and the ground planes of the CPW’s. An
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(a) (b)

(c) (d)

(e)

Fig. 9. Measured and calculated responses of a coplanar ring hybrid terminated by arbitrary impedances, 50, 45.45, 55.55, and 38.46
, power split
ratio of 4 dB, 4 arcs of 75� electrical length. (a) Measured and calculated[S]-parameters (in case of port-
1 excitation), (b) measured and calculated
[S]-parameters (in case of port-
3 excitation), (c) measured phase responses ofS23 andS43, (d) measured phase responses ofS23 andS43, (e) measured
phase responses ofS23 and S43 (in low frequency range).

additional bar () is necessary to make the circuit stable during
measuring.

Fig. 9 shows comparisons between calculated and measured
results. Fig. 9(a) shows the magnitude of the scattering param-
eters of the ring hybrid for excitation at port , and Fig. 9(b)
shows the excitation at port . Fig. 9(c)–(e) depicts the
phases of the scattering parameters. The deviations between
simulation and experimental results for in Fig. 9(b) are
due to unexpected stray inductances in the course of line
crossover (see Fig. 7). Nevertheless, the results for port-
excitation show good performance, which proves (4). Finally,
Fig. 9(e) shows the change of the phases of and with
increasing frequency. As frequency goes up to 150 MHz, it
shows that the difference between and in phases goes
to 180 in Fig. 9(e).

V. CONCLUSION

In this paper, new design equations for ring hybrids ter-
minated by arbitrary impedances are presented. These design
equations show that they can be applied in any case of arbitrary
power division, arbitrary length of the arcs, and arbitrary

termination impedances. Using this design method, there are
large advantages gained by reducing the total size of integrated
microwave circuits.
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