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Asymmetric Ring-Hybrid Phase Shifters
and Attenuators

Hee-Ran Ahn, Senior Member, IEEE,and Ingo Wolff, Fellow, IEEE

Abstract—A new structure of asymmetric ring-hybrid phase
shifters and attenuators is presented. Each consists of an asym-
metric ring hybrid and reflecting terminations, and it does not
have any additional 90 phase delay line for utilizing symmetric
reflecting terminations that conventional phase shifters use. To
analyze these asymmetric ring-hybrid phase shifters,normalized
impedance ratios and are introduced, and the possibili-
ties to reduce the size of the reflecting terminations are presented.
Using the new structure of the asymmetric ring-hybrid phase
shifters, asymmetric ring-hybrid attenuators are synthesized. To
analyze the attenuators,normalized resistance ratios and

are introduced, so that the resistances in the reflection
terminations can arbitrarily be determined. On the basis of the
derived new structures, a uniplanar asymmetric ring-hybrid

135 phase shifter and a microstrip asymmetric 4-dB attenuator
with 45 phase shift have been fabricated and measured. They
show good agreement between measured and simulated results
and they may be used for impedance transformers besides their
original functions.

Index Terms—Asymmetric ring-hybrid attenuators, asymmetric
ring-hybrid phase shifters, impedance transformers with defined
phase shifts.

I. INTRODUCTION

PHASE shifters have various applications in microwave
equipment, such as linearizers, antennas, and so on.

The phase shifters using passive four-port power dividers,
branch-line hybrids [1], ring hybrids [2], parallel-coupled
directional couplers (backward-wave couplers) [3]–[5], and
Lange couplers [6], [7] can provide a constant phase shift across
their two output ports. So-called 90couplers, branch-line hy-
brids, parallel coupled directional couplers, and Lange couplers
have the advantage to use symmetric reflecting terminations.
However, the branch-line hybrids have narrow bandwidths
[8]–[10] and the parallel coupled directional couplers and
Lange couplers are not easy to fabricate. In addition to these
disadvantages, they need two additional 90delay lines to re-
alize 180 phase shifters [11]. For the 180phase shifters, ring
hybrids are good candidates. A phase shifter using a ring hybrid
was proposed by White [2], but it needs an additional 90phase
delay line to utilize two symmetric reflecting terminations.
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In this paper, new structures of asymmetric ring-hybrid
phase shifters and attenuators are presented. First, a two-port
equivalent circuit of an asymmetric ring hybrid is derived by
the method suggested in [12] and the scattering matrix of the
asymmetric ring hybrid is calculated adopting the process
presented in [13]. On the basis of these derived results, the
scattering matrix of the asymmetric ring-hybrid phase shifter
is calculated and it will be explained why a 90phase-delay
line is not necessary. A conventional phase shifter and an
asymmetric ring-hybrid phase shifter suggested in this paper
have been simulated and compared for a 180phase shift.
The compared results will demonstrate that the additional 90
phase-delay line not only costs more in size, but also suffers
more frequency dependency. The conventional phase shifters
use symmetric couplers together with symmetric reflecting
terminations [1]–[7]. However, the asymmetric ring-hybrid
phase shifter consists of an asymmetric ring hybrid [12], [14]
and asymmetric reflecting terminations, and the asymmetric
ring hybrids may be terminated by arbitrary impedances.
Therefore, the phase shifters composed of the asymmetric ring
hybrids may be used as impedance transformers in addition to
their original functions.

To analyze the phase shifters, normalized impedance ratios
and are introduced. Depending on the values of
and , there are many choices to design the reflecting

terminations and to reduce their size. Normally, if the size
of microwave components become smaller, their output-per-
formances are degraded in terms of bandwidths [14], [15].
However, even though the reflecting terminations are smaller,
the asymmetric ring-hybrid phase shifters produce the same
performances with different values of and . Therefore,
there are merits to design with freedom of choices. On the basis
of the analyzed concept, a uniplanar asymmetric ring-hybrid

135 phase shifter terminated by 30 and 60 has been
fabricated on AlO and measured at the center frequency of
3 GHz.

Additionally, asymmetric ring-hybrid attenuators have been
synthesized adopting the asymmetric phase-shifter concept.
Two resistances are needed for the attenuator, but the available
values of the resistance are limited in microwave integrated
circuits (MICs) and hybrid integrated circuits (HICs). To use
commercially available resistors, two normalized resistance
ratios of and are introduced. Based on the
analyses, 6-dB attenuators with three different phase shifts
of 170 , 160 , and 135 are simulated and sub-poles
are considered. The sub-poles may be used to increase the
bandwidths of these microwave components [16], [17]. A
microstrip asymmetric ring-hybrid 4-dB attenuator with 45
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Fig. 1. Asymmetric ring-hybrid phase shifter or attenuator.

phase shift terminated by 30 and 60has been fabricated on
Al O and measured at the center frequency of 3 GHz. Similar
to the asymmetric ring-hybrid phase shifter, the asymmetric
ring-hybrid attenuators may be used as impedance transformers
because of the asymmetric ring hybrids.

This paper is organized as follows. Section II discusses how
to derive the new structure of asymmetric ring-hybrid phase
shifters. Section III explains how to derive the design equations
of asymmetric ring-hybrid attenuators. Finally, merits in the ap-
plications of these phase shifters and attenuators are mentioned
in Section IV.

II. A SYMMETRIC RING-HYBRID PHASE SHIFTERS

Fig. 1 shows an asymmetric ring hybrid terminated by ar-
bitrary real impedances , , , and . As this asym-
metric ring hybrid has no symmetry planes, even- and odd-mode
equivalent circuits cannot be constructed. To derive the scat-
tering parameters, a two-port equivalent circuit is indispens-
able because the derivation of the scattering parameters may
be complicate applying four-port calculations. By the suggested
method in [12], the two-port equivalent circuit may easily be de-
rived. With the similar way used in [13], the scattering matrix
of the two-port equivalent circuit is calculated (for clarity, refer
to the Appendix) and that of the four-port asymmetric ring hy-
brid is derived by applying the passive properties (reciprocity
and unitary condition). In the case of , ,

, and , the scattering parameters of the
asymmetric ring hybrid are derived as

(1)

where is .
In the case of conventional ring hybrids [18]–[20], the rela-

tive output voltages at the output ports and in Fig. 1 are
given by . For perfect matchings,

is required, where is the system impedance
when the ring hybrid is terminated by equal impedances’s.
However, for the asymmetric ring hybrid, the output scattering-
parameter ratio is no longer proportional to the charac-
teristic impedance ratio and the ratio is a function
of both the termination impedances , and characteristic

Fig. 2. Conventional ring-hybrid phase shifter using symmetric reflecting
terminations.

impedances , [12]. Therefore, all the characteristic im-
pedances , , , and are different from each other and
a closed formula for perfect matchings and arbitrary power di-
visions cannot be introduced in any asymmetric ring hybrids.

If the asymmetric ring hybrid shown in Fig. 1 is terminated
by reflection coefficients and at ports and , respec-
tively, the scattering matrix of the two-port – is calculated
as

(2)
Applying perfect matching conditions at port , port , and
reciprocity in (2) results in . It is straightforward to
confirm that if ring hybrids are used for the phase shifters, the
ring hybrids must be 3-dB ring hybrids (equal power division).
Calculating (2) with the condition yields

(3)

Fig. 2 shows a ring-hybrid phase shifter proposed by [2]. It
requires a phase-shift transmission line between port
and a diode. The diode operates as an electronic on–off switch
when switched between a fixed forward bias and a reverse bias.
Under forward bias, the diode offers a very low impedance, thus
approximating a short circuit (on state), and under reverse bias,
it offers a very high impedance, approximating an open circuit
(off state). Due to the diode characteristics, if the bias condition
of one diode at port is different from that at port , the
perfect matching condition in (3) can be satisfied
without a phase-shift transmission line.

Fig. 3 shows the simulated results of two ring-hybrid phase
shifters. “Aps” means “asymmetric ring-hybrid phase shifter”
proposed in this paper and “Cps” means “conventional ring-hy-
brid phase shifter,” as shown in Fig. 2. The asymmetric ring-hy-
brid phase shifter has two diodes at portand , i.e., a for-
ward-biased diode at port and a backward-biased diode at
port without any additional transmission line. For the
simulations, two ring hybrids have been terminated by equal im-
pedances of 50 and short and open circuits have been used
for the forward- and reverse-biased operations of the diodes, re-
spectively. The simulations have been carried out under ideal
conditions (e.g., no losses of the transmission lines) and a cir-
cuit simulator EEsof Libra has been used. Simulated insertion-
and return-loss results are plotted in Fig. 3(a), and the phase re-
sponses in Fig. 3(b). If the two-ring hybrid phase shifters are
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(a)

(b)

Fig. 3. Simulated results of an asymmetric and a conventional ring-hybrid
phase shifter. (a) Simulated insertion and return loss. (b) Simulated phase
responses.

Fig. 4. Simple structures to realize the reflection coefficients� and
� . (a) Short-circuited transmission line to realize� . (b) Open-circuited
transmission line to realize� . (c) Open-circuited transmission line to realize
� . (d) Short-circuited transmission line to realize� .

compared, both the insertion- and return-loss performances of
the “Aps” are better than those of the “Cps.” The phase re-
sponses of “Aps” are especially less dependent on frequency
than those of the “Cps.” The simulated results demonstrate that
the additional 90transmission line in Fig. 2 not only costs more
in size, but also results in more frequency dependency.

Fig. 4 shows four simple reflecting terminations to realize
and , where , , , and are the characteristic imped-
ances and the electrical lengths of the transmission lines con-
nected to ports and , respectively. The subscripts “” and
“ ” denote ports and , respectively, and the subscripts “”
and “ ” indicate short- and open-circuited transmission lines,
respectively. Therefore, , , and become , , and

when the transmission line connected at portis termi-

nated in a short circuit. , , and become , , and
with the open-circuited transmission line and so forth in

Fig. 4.
The scattering parameter in (3) is under the perfect

matching condition . The angle of , is derived
as follows. In the case of in Fig. 4(a):

(4)

where
with . In the case of in
Fig. 4(b)

(5)

where
with .

Fig. 5 shows the response curves ofversus , versus
and versus or on the basis of (4) and (5).

The variations in of the reflecting termination in Fig. 4(a) are
described in Fig. 5(a), and those with the circuit in Fig. 4(b)
are plotted in Fig. 5(b). Fig. 5(c) explains the changes in
with several equal electrical lengths , 45 , 67.5 ,

, 45 , and 22.5, when or are varied.
More detailed data for each figure are given in Tables I–III,
respectively. In the case of in Fig. 5(a)
and (b), the responses are linear, but as and deviate
from unit, they show more nonlinear characteristics. Therefore,
the phase is dependent on not only and , but also

and . The response curves with ’s and those
with ( )’s are symmetric about the line with
in Fig. 5(a). The same results coincide with ’s in Fig. 5(b).
Depending on which phase shifter is designed, the reflecting ter-
mination at port is determined referring to Fig. 5(a)–(c) and
Tables I–III.

To realize the perfect matching condition , four
pairs, i.e., (a)–(c), (a)–(d), (b)–(c), and (b)–(d) in Fig. 4, are
possible. However, the desirable combinations for small-sized
reflecting terminations are the pairs (a)–(c) for
and (b)–(d) for . The formulas for and
in Fig. 4(c) or (d) are for

where

(6)

and for

where

(7)

If in (6), is always equal to , and
is valid for in (7). In (4)–(7), , ,
, and are arbitrary real positive constants, which can

be determined depending on the design situations in Tables I and
II. In addition to the normalized impedance ratios, the termina-
tion impedances of the asymmetric ring hybrid in Fig. 1 may be
arbitrarily determined. Therefore, the asymmetric ring-hybrid
phase shifter may be used as impedance transformers in addi-
tion to the phase shifters, and there are so many design choices
for these asymmetric components.
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Fig. 5. Phase responses depending onNI and� . (a) Phase responses depending on� andNI . (b) Phase responses depending on� andNI . (c) Phase
responses with three� ’s and� ’s depending onNI .

TABLE I
ANGLE OF� , � DEPENDING ONNI AND �

There are many possible ways to design an asymmetric ring-
hybrid phase shifter. One recommendable design process is as
follows.

Step 1) The first step is to determine the termination imped-
ances , , , and depending on design sit-
uations. When , the relations of
and always hold regardless of any values
of and . Under the condition of ,
to determine the value of and as is
recommendable.

Step 2) The second step is to design at port for a
required phase shift based on (4) and (5) referring
to Fig. 5(a) and (b), Table I, or Table II.

Step 3) The last step is to design at port in Fig. 4(c)
or (d) for the perfect matching condition. Since
the response curves with ’s and those with
( )’s are symmetric about the line with

in Fig. 5(a), it is important to have the
relation of in designing in
Fig. 4(c). In the case of ’s and ( )’s, the
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TABLE II
ANGLE OF� , � DEPENDING ONNI AND �

TABLE III
CHANGES IN� FOR CONSTANT ELECTRICAL LENGTHS� AND � = 22:5 , 45 , AND 67.5 VERSUSNI AND NI

relation of is also important for
designing in Fig. 4(d).

A. Uniplanar Asymmetric Ring Hybrid135 Phase Shifter

If a 135 phase shifter terminated in 30 and 60 is
needed, let be , then

and . The circuit to realize
for the 135 phase shifter is that in Fig. 4(a) based on

Fig. 5(a) and Table I because the required phase shift is a
negative sign of . As increases, the length of
becomes shorter. Several cases for the135 phase shift are
written in Table IV together with the data of the ring hybrid.
Any case with changes in produces the same output
performance and the experimental data for the case of

are given in Table V. This uniplanar phase shifter has been
realized on the AlO substrate ( and m)
in coplanar waveguide (CPW) technology and designed at
the center frequency of 3 GHz. This uniplanar phase shifter
is terminated in 30 and 60 . Therefore, two quarter-wave
transformer lines and given in Table V are needed for
measuring. The circuit layout for the measurement is depicted
in Fig. 6 and measured and predicted results are plotted in
Fig. 7.

TABLE IV
SEVERAL DIFFERENT CHOICES TO DESIGN AN ASYMMETRIC

RING-HYBRID �135 PHASE SHIFTER

III. A SYMMETRIC RING-HYBRID ATTENUATOR

WITH PHASE SHIFTS

If the magnitude of in (3) is less than unit, the ring-hy-
brid phase shifter in Fig. 1 is an attenuator. Simple circuits to
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TABLE V
FABRICATION DATA OF A UNIPLANAR ASYMMETRIC RING-HYBRID

�135 PHASE SHIFTER WITH NI = 1:2

Fig. 6. Layout of a uniplanar asymmetric ring-hybrid�135 phase shifter
terminated by 30 and 60
.

Fig. 7. Measured and predicted results of a uniplanar asymmetric�135
phase shifter.

realize and for an asymmetric ring-hybrid attenuator are
depicted in Fig. 8. Each transmission line with the characteristic
impedances or is terminated by or instead of
a short or an open circuit in Fig. 4. In the case of (e.g.,

Fig. 8. Simple circuits to realize the reflection coefficients� and � .
(a) Simple circuit for� . (b) Simple circuit for� .

Fig. 9. Magnitude of� or � depending onNR orNR .

and ) for easy analyses, the reflection co-
efficients and are calculated as

(8)

where and and

(9)

where and . Therefore, the mag-
nitudes of and are

(10)

(11)

Also, the angle of results in, in the case of

with (12)

and in the case of

with (13)

On the basis of (10) and (11), the magnitude response of
or is plotted in Fig. 9, where region I is defined by

or , and region II is defined by
or . There are two values of

to satisfy a certain attenuation, one is in region I and another
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TABLE VI
VALUES OFNR IN REGION I (FIG. 9) FOR GIVEN ATTENUATIONS

in region II. However, the output signals with the two different
values of have a 180 phase difference and one value is
always reciprocal to the other one. The same situation coincides
with the two different values of . The values of
depending on the attenuations in decibels are given in Table VI.

On the basis of the calculated values given in Table VI,
three 6-dB attenuators with different phase shifts, i.e.,170 ,

160 , and 135 , have been simulated. They are terminated
by two different impedances of 40 and 60. The values of

for 170 , 160 , and 135 phase shift are 170, 160 ,
and 135 with in Fig. 5(a), and is located
in region I ( ) in Fig. 9 from (12). Therefore,

for the 6-dB attenuation with the phase shifts is 0.3327
from Table VI. From the relation of in (8), if
a commercially available resistor 15is used for the , the
termination impedance will be 45.14 . The value of
is the reciprocal to or (1/0.33227) to satisfy the perfect
matching condition . When a commercial resistor
150 is utilized for the , the termination impedance

will be 49.84 . In the case of the 6-dB attenuators, the
electrical lengths ’s for the 170 , 160 , and 135
phase shifts are 5, 10 , and 22.5, respectively, from (12),
Fig. 5(a) and Table I with . These 6-dB attenuators
are terminated by 40 and 60. Therefore, two quarter-wave
transformer lines to transform the termination impedances 40
and 60 to 50 ’s are needed for measuring. Fig. 10 shows
the simulated results of the three attenuators with the170 ,

160 , and 135 phase shift. The insertion loss and matching
characteristics for the three attenuators are plotted in Fig. 10(a)
and the phase responses in Fig. 10(b). These attenuators are
designed at center frequency of 3 GHz and the simulated results
of the insertion losses are all6 dB and return-loss responses
are 157.4 dB, 156.4 dB, and 154.4 dB at 3 GHz. The
phase responses of the three attenuators are10 , 20 , and

45 at the center frequency of 3 GHz in Fig. 10(b) because
two 90 impedance transformer lines are connected at input
and output ports. “Sub-poles” identified in Fig. 10(b) are the
kinds of poles that appear when the length of is not zero.
With an increase in the length of , the pole appears farther
from the center frequency of 3 GHz. The for the 170 ,

160 , and 135 phase shifter are 5, 10 , and 22.5 and
the sub-poles appear at 2.87, 2.75, and 2.48 GHz, respectively.
How far the sub-pole appears from the design center frequency
is not linear and depends on the several parameters, e.g., the
length of , the input- and output-termination impedances,
the resistances of and , and so on. Therefore, the pole

(a)

(b)

Fig. 10. Asymmetric ring-hybrid 6-dB attenuators with three different phase
shifts�170 , �160 , and�135 . (a) Simulated insertion losses and return
losses. (b) Simulated phase responses.

position and dependence on the parameters may be used to
increase the bandwidths. [16], [17].

A. Microstrip Asymmetric Ring-Hybrid 4-dB Attenuator With
45 Phase Shift

45 phase shifters have been used to reduce the harmonics of
high-power amplifiers and oscillators [21]. On the basis of the
derived design (10)–(13) and Table VI, a microstrip asymmetric
ring-hybrid 4-dB attenuator with a 45phase shift has been re-
alized on an AlO substrate ( and m)
and measured at the center frequency of 3 GHz. The
for 4-dB attenuation is reciprocal to the value in Table VI be-
cause the for the 45 phase shift must be located in re-
gion II in Fig. 9. For the case of or
4.4195, if a commercially available resistor 221is used for
the , is 50 and is 0.22627 to satisfy the per-
fect matching condition. When a commercial resistor 12is
chosen for the , then is 53.0 . If the microstrip atten-
uator is terminated in and , all needed
characteristic impedances of the transmission lines in Fig. 1 are

, , , and .
The electrical lengths of and are equally 22.5 and
all necessary data for the fabrication of a microstrip attenuator
are given in Table VII, where and are the character-
istic impedances of two 90transformer lines to transform 30
and 60 to 50 ’s for the measuring. The attenuator with a
package is illustrated in Fig. 11(a) and the attenuator itself is ex-
panded in Fig. 11(b). Measured and expected results are plotted
in Fig. 12. They show good agreement in the bandwidth where
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TABLE VII
FABRICATION DATA FOR A MICROSTRIPASYMMETRIC RING-HYBRID 4-dB

ATTENUATOR WITH 45 PHASE SHIFT. w: CENTER CONDUCTOR, l:
LENGTH OFMICROSTRIPLINE

Fig. 11. Layout for an asymmetric ring-hybrid 4-dB attenuator with 45
phase shift. (a) The microstrip attenuator with a package. (b) The center of the
attenuator is expanded.

Fig. 12. Measured and simulated results of the asymmetric ring-hybrid 4-dB
attenuator with 45 phase shift.

return losses are less than15 dB. Band-stop characteristics ap-
pear in two regions around 2.16 and 4.04 GHz. These band-stop
responses are caused by parasitic capacitance and inductance
due to soldering resistors on the substrate. These parasitic com-
ponents take effect depending on frequencies, and the band-stop
characteristics at 4.04 GHz appear definitely compared to those
at 2.16 GHz. The similar phenomena appears in the case of the
uniplanar 135 phase shifter in Fig. 7. The uniplanar phase
shifter in Fig. 6 and the microstrip attenuator have been fabri-
cated on an AlO substrate. To measure phase responses, the
length of feeding lines at input and output ports must be equal to
each other. To fabricate the equal feeding lines at the input and
output ports, the substrate must be cut in round form. However,
there is no way to cut and measure in this way. Therefore, there
are no measured phase results in both Figs. 7 and 12.

IV. CONCLUSION

New structures of asymmetric ring-hybrid phase shifters and
attenuators have been presented. To analyze these components,
the normalized impedance ratios and and the nor-
malized resistance ratios and have been intro-
duced. The , , and are functions of the
two termination impedances, the characteristic impedances of
the transmission lines connected at the two ports and the resis-
tors for the attenuators. Therefore, many design choices have
been given. Additionally, these asymmetric components may
be used as impedance transformers together with their original
functions.

APPENDIX

When the power is excited at port , as shown in Fig. 1, a
two-port equivalent circuit may be derived as [12]. The admit-
tance matrix of a network [ ] and the reference admittance
matrix between ports and in Fig. 13 are given as

(A1)

where
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Fig. 13. Two-port equivalent circuit of the asymmetric ring hybrid with a port

 -excitation.

The voltage-based scattering matrix is expressed as
and if expressing the voltage-based

scattering matrix in more detail, it follows that

(A2)

(A3)

(A4)

(A5)

where

(A6)

The relations between basis-independent scattering parame-
ters and the voltage-based ones under the assumption of real
reference admittances are

(A7)

(A8)

(A9)

(A10)

When in (A1), the network admittance
matrix is

where

(A11)

and the voltage-based scattering parameterfrom (A3),
(A6), and (A11) are

(A12)

From the relation between and in (A8), the basis-inde-
pendent scattering parameter is

(A13)

In a similar way, the scattering matrix of the two equivalent
circuit is calculated as

(A14)
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