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Abstract

This paper presents a simple topology of 180° hybrid coupler with non-interspersed inputs
and outputs, as opposed to the conventional rat-race topology. Such hybrid coupler topologies
with inputs located on one side and outputs at the opposite side simplify the design of signal
routings and module packaging when integrated with other circuits and components. It also
relaxes the necessity of using auxiliary compensating components such as tapers, jumpers, and
crossovers. The proposed coupler topology is theoretically analyzed through a T-matrix
approach. The analysis comes up with design equations and diagrams that help choose the
structural parameters for the desired specification. The simplicity and also the immunity
against intrinsic parasitic effects within the proposed topology make it an excellent candidate
for operation over any RF and millimeter-wave frequency bands, for applications such as auto-
motive radar or E-band backhaul radio. To this end, a coupler based on the proposed scheme
is realized for operation over 77 GHz and assessed through on-wafer measurements. Good
agreement of the measured results with the simulated and analytical counterparts demon-
strates the superior performance of the proposed 180° hybrid coupler.

Introduction

The four-port rat-race (or ring hybrid which is a form of 180° coupler) and 180° hybrid cou-
plers provide the sum and difference in operations of two input signals at two isolated ports. In
other words, they create 180° relative phase difference between the signals at the output ports
for a signal arriving at one input port and 0° relative phase difference for a signal arriving at
the other input port. This relative phase difference between the output signals is 90° for the 90°
quadrature hybrid coupler. But, with the 180° hybrid coupler, if two distinct signals are inci-
dent at two input ports, two equally divided portions of each input signal appear at the two
output ports. One pair of output signals, each including two portions from the two input sig-
nals, is out of phase while the two other output signals are in phase. The principle and the
S-matrix of the conventional 180° hybrid coupler (rat-race) are described in [1]. This hybrid
coupler with its specific phasing network between all ports has found application in many
types of RF and microwave signal routing-based integrated circuits such as balanced mixers
[2], multiport interferometers [3], and in-phase/quadrature mixers [4].

The 180° hybrid couplers have been investigated for different aspects including band-
width enhancement using coupled lines [5], broadband phase inverter [6-11], size reduc-
tion using shunt open stubs [12, 13], spurious suppression [14], and arbitrary power
division [15, 16].

One of the main drawbacks of the conventional topology of the ring-shaped rat-race coup-
ler is related to the respective position of input-output ports, which makes laying out compli-
cated when applied to the interconnects, integration, and packaging of microwave circuits.
This demands for multilayer circuits or utilization of crossovers and/or vias, which may unfor-
tunately bring up other limitations especially in high-frequency circuits. Therefore, this aspect
has recently come into light and novel topologies of 180° hybrid couplers with non-
interspersed ports have been developed, which are configured through cascading couplers
and phase shifters, in essence.

Such different topologies of 180° hybrid coupler were first introduced by [17] in which
non-interspersed ports were obtained by two-section hybrids using cascaded hybrid rings.
Another configuration of a pair of cascaded microstrip coupled line couplers and one 180°
phase shifter was reported by [18]. This topology that still suffers from the location of
input-output ports is shown in Fig. 1(a) for reference. Based on this topology, multilayer
hybrid couplers were developed and implemented using the multilayer low-temperature
co-fired ceramic (LTCC) technology [4]. Within multilayer implementation of the topology
in Fig. 1(a), a pair of input and output was implemented in one layer and the other pair in
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the other layer. To position the pair of inputs in one layer and the
pair of outputs in another layer, the interconnections between
three sections were rewired in an improved topology as it is
shown in Fig. 1(b). However, such topology has limited applica-
tions and may not be used within single-layer circuits.

A near-TEM Lange hybrid was also reported in [19]. However,
the use of vias for interlayer connection or bond-wires limits the
frequency of operation and increases the gain and phase imbal-
ances due to the parasitic inductance in vias. Another topology
comprising of a weak-coupling parallel coupled line and a strong-
coupling trans-directional (TRD) coupler connected with a 180°
phase shifter was proposed by [20]. This topology is depicted in
Fig. 1(c). The use of periodic shunt capacitor components in
TRD relaxes the necessity of tightly coupled lines and allows for
the use of a single-layer printed circuit board (PCB) technique
without any vias or bond wires. However, the capacitors may
fail to operate at very high frequencies and increase the cost.

In this paper, an alternative topology of rat-race with non-
interspersed ports is proposed, which is sketched in Fig. 1(d).
The proposed topology can be categorized in the same family
of newly introduced hybrid couplers that are essentially built up
through cascading couplers and phase shifters. The proposed
hybrid topology does not require any vias, bond-wires, or lumped
components and facilitates implementation on a single layer of
substrate for interconnection, integration, and packaging pur-
poses, especially for high-frequency circuits.

The principles of this topology are discussed along with ana-
lytical solutions in the next sections. The proposed coupler is
also implemented in this work using our in-house technology
of Miniaturized Hybrid Microwave Integrated Circuit (MHMIC)
to demonstrate its performances around 77 GHz. Measurement
results of the prototyped 180° hybrid coupler are presented.

Principles of the proposed topology of 180° hybrid coupler

As it is shown in Fig. 1(d), the proposed topology of 180° hybrid
coupler is comprised of one quadrature coupler and two 90° phase
shifters. With this configuration, two input ports can be located
on one side and outputs on the other side. As opposed to the pre-
viously reported structures, which were mainly based on
backward-coupled line couplers, the quadrature coupler in the
proposed topology is a forward coupler. This configuration can
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be implemented with both TEM- or quasi-TEM mode structures,
such as microstrip, and non-TEM structures, such as substrate-
integrated waveguide. In this work, TEM-mode-based structures
are selected to realize the proposed 180° coupler topology at
millimeter-wave frequencies. Figure 2 shows the TEM-mode-
based topology of the 180° hybrid coupler, which consists of
wideband Schiffman phase shifters [21-28] and a quadrature
branch-line coupler [1].

Theoretical analysis

To theoretically analyze the proposed 180° hybrid coupler, trans-
fer T-matrix is derived that relates the output port power wave
variables to the input port power wave variables of a network
[29]. It should be highlighted that the standard definition of
T-matrix of the four-port network is defined in accordance with
[30, eq. 8] herein, and the ports reference impedances in our ana-
lysis are identical. In view of the above, the structure shown in
Fig. 2 is first divided into three distinct segments, then the overall
T-matrix is derived from the multiplication of three matrices, i.e.
T1 x T2 x T3. The T-matrix of each can be derived as it is briefly
explained next.

T-matrix of the first segment (T1)

First segment consists of a Schiffman phase shifter and a trans-
mission line with an electrical length of ;. T-matrix of the
Schiffman phase shifter can be obtained by converting the
ABCD parameters of coupled-line with connected end-ports
that were reported by [31] into T-parameters using the equations
from [32, 33].

The matrix T1 can be expressed as in (1) where Z, and Z,
denote the even and odd mode impedances of the coupled-line
in the phase shifter part and Z, is the characteristic impedance
of the transmission line.

T1$h11 0 0 0
. 0 T15h22 0 T15h24
T = 0 0 T15h33 0 (1)
0 T15h42 0 T15h44

T1shy; =(cos(603) — jsin(63))(cos(6,) — jsin(6,))

Tlshzz =

(cos(5) — jsin(05))(ZoZe cot(0.) — j(Z5 + ZeZo — jZo Zotan(,)))

Zo(Zecot(6y) + Zotan(6;))

(Z% — Z.Z,)(—jcos(65) + sin(65))

T13h24 =

Zy(Zccot(0y) + Zotan(61))
T1shs3 =(cos(65) + jsin(63))(cos(6,) + jsin(6,))

(Z2— Z.Z,)(jcos(83) +sin(65))

T15h42 =

Zo(Zecot(0.) + Z,tan(6;))
(cos(65) + jisin(03))(ZoZe cot(61) + j(Z5 + ZeZo + jZoZotan(6;)))

T15h44 =

Zo(Zecot(0y) + Z,tan(6;))
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T-matrix of second segment (T2)

The matrix T2 can be obtained through multiplying the subma-
trices of T21x 722 x T21. T22 pertains to the T-matrix of a
pair of transmission lines with a characteristic impedance of
70/+/2 and identical electrical lengths @ while T21 denotes the
T-matrix of one branch of a branch line directional coupler
with characteristic impedance of Z, and electrical length 6 that
can be found in [29]. Hence, the matrix T2 can be expressed by

Th11 Th12 ThlS Th14

| Thy Thyy  Thyy Thys
2= —This —Thiy Thss Tha @

—Thyy —This Thay Thss

Thy; = cos(0)(1 — jcot(—6)) +
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Fig. 1. The 180° hybrid couplers with typical topologies and input/output ports. (a)
[18], (b) [4], (c) [20], (d) This paper.

sin(0)(sin?(— 6)(0.5jcot>(— 6) — cot(—6) — 1.5) + 0.5§)

e, SO —jeot(—0)) + jcos(0)v/2
2 /2 sin(—6)

/2sin?(—6)

sin(6)(sin?(—6)(0.5jcot>(—6) — 0.5f) + 0.5j)

Thyz = — jcot(—0) cos(6) +

—j cot(—6) sin(6) + j cos(H)~/2
/2 sin(—6)

Thyy =

/2sin%(—0)

sin(6)(sin(— 0)(—0.5jcot*(— ) — cot(—6) + 1.5j) — 0.5j)

Thss = cos(0)(1 + j cot(—0)) +

sin(0)(1 + j cot(—6)) — jcos()v/2

Thyy =
. V2 sin(—6)

T-matrix of third segment (T3)

The matrix T3 pertains to another phase shifter which is con-
nected at the output port of the branch-line hybrid coupler via
a transmission line with a length of 6;. The matrix T3 can be
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expressed as:

T3Sh11 0 T3Sh13 0
_ 0 T3Sh22 0 0
3= T3$h31 0 T35h33 0 (3)
0 0 0 T3Sh44

T3Sh11 =
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whereas this phase difference is zero at output port 3. The
S-matrix in (6) is almost the same as that of the classic ring
hybrid. The only difference is that the signals at the output
ports are either in-phase or out-of-phase with respect to the
input signals, whereas the output signals in the classic ring hybrid
are in quadrature phase with the input signal [1].

_ (cos(65) — jsin(63))(ZyZ, cot(6;) —j(Zg + Z.Zy — jZoZotan(6,)))

Zo(Zcot(0)) + Z,tan(6,))

T3shy; =(cos(63) — jsin(6;))(cos(6;) — jsin(h,))

J(Z8 — ZeZ,)(cos(85) — jsin(65))

T -
3shis Zo(Zocot(0) + Zotan(0))
J(ZE — ZeZ,)(cos(85) + jsin(65))
T35h31 =
Zo(Zecot(0y) + Z,tan(6,))
T35h33 =

B (cos(6s) + jsin(63))(ZyZ, cot(6;) +j(Z§ + ZZo + jZoZotan(6y)))

Zo(Zecot(0,) + Z,tan(6,))

T3shys =(cos(65) + jsin(6s))(cos(6>) + jsin(6,)).

All derived analytical T parameters are verified through com-
parison with the simulated ones in ADS for validation purposes.

Finally, the overall T-matrix of the proposed 180° hybrid coupler
can be formulated by multiplying three matrices via arithmetic tools
such as Mathematica. Due to the complexity of the resulting equa-
tions, they are not brought in here. However, the derived T-matrix
would be helpful for computer-aided design when the conditions
of 90° phase shifters and branch-line couplers are applied.

The phase difference between signals at the output ports of the
Schiffman phase shifter was formulated in [21], which reads as

R— tan(61)2>

R + tan (6;)? @

Ap=K6, — cos’l<
where K =0,/6, and R=Z,/Z,. For 90° phase shifter, K and 6, are
selected to be 3 and 7/2 at the center frequency, respectively. At
the center frequency, where 6 and 6, are n/2 and 6, is 37/2, the
T-matrix of the proposed 180° hybrid coupler would be

—e ¥ o0 0 0
1| —e¥% %0 0 0
=7l o 0 —e¥h Hh ®)
0 0 —elit gt

Substituting the T-matrix elements into the T-to-S parameter
conversion equations in [30], one can yield

0 0o 1 -1
—¥% 0 0 0 1 1
-1 1 0 0

which confirms the hybrid is matched at input ports 1 and
2. Moreover, (6) shows that at output port 4, there is a 180°
phase difference between the input signals from ports 1 and 2,
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Fig. 3. Changes in phase difference and bandwidth for two different values of R. (a)
Phase difference control and comparison between results of simulation and analyt-
ical equations. (b) Bandwidth control over R for (8) of +2° and +5°, obtained from
analytical analysis in (7).
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Fig. 4. Comparison of phase difference between our proposed 180° hybrid topology
with the one proposed by Park in [18] and the classic rat-race. (a) Out-of-phase, (b)
in-phase.

To examine the phase difference characteristic of the pro-
posed 180° hybrid at frequencies other than the center fre-
quency, the derived overall T-matrix of the proposed hybrid
is converted to S-matrix through conversion equations from
[30] via arithmetic tools such as Mathematica. It should be
noted that at frequencies other than the center frequency, the
condition of 8, = 6 and 0, = 36 remains valid. In addition, the
coupled line is matched when Z;, = +/Z,Z, [21]. Under these
conditions, the phase difference at output ports 3 and 4 can
be formulated from the S-matrix of the proposed hybrid as in
the following:

A 24513 — LSM

/S :L[(—0.54582 +j1.31773 cot(6)) csc(o)z]

(@) + P, + D3)(cos(36) + jsin(36))*
®; =0.614047 +j2.52241 cot(h)’ + cot(0)* — 0.136455 csc(6)*
®, =0.0682275 csc(6)* + cot(0)*(—3.15786 — 1.06823 csc(6)?)

®; = cot(H)(—j1.97659 — j0.658863 csc(h)?),
(7-2)

https://doi.org/10.1017/51759078719001533 Published online by Cambridge University Press

297

/s —4[ JZ0(1 + Rcot (6)*)csc(6)(W1) ]
14 —

(V) (W3 + Wy +Ps)(cos(36) + jsin(36))

W, =—0.783612 + j1.2612 cot() + cot()* + 0.261204 csc(H)>
W, = — Z0 + j2Z, cot(6) + RZ0 cot(6)*

W3 =0.614047 + j2.52241 cot(6)* + cot(h)* — 0.136455 csc(6)’
W, =0.0682275 csc(0)* + cot(6)*(—3.15786 — 1.06823 csc (6)?)

Wy = cot(6)(—j1.97659 — j0.658863 csc (6)?).
(7-b)

One can observe in (7) that the bandwidth of the 180° phase
difference depends on the ratio of even to odd mode impe-
dances, i.e. R=Z,/Z,. In Fig. 3(a), simulation results of the
proposed hybrid with ideal components through the commer-
cial package of ADS is compared with the analytical equations
concluded in (7). The excellent agreement between simulation
and analytical results for two different values of R validates
the theoretical analysis throughout this paper.

The bandwidth in which the desired maximum deviation takes
place can be determined by controlling R. Figure 3(b) shows the
change of bandwidth versus different values of R, which is helpful
in the design of the proposed coupler. It should be noted that

3571
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Fig. 5. Comparison between our proposed 180° hybrid topology with the one pro-
posed by Park in [18] and the classic rat-race. (a) VSWR, (b) amplitude imbalance.
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Table 1. Comparison of the 180° hybrid couplers

Jaber Moghaddasi and Ke Wu

Fractional BW (%)

Hybrid topology VSWR<1.22 VSWR<15 Amplitude imbalance <0.5dB Phase deviation <+5° (180°)  Phase deviation <+5° (0°)
Rat-race 27.75 40 22.44 15.8 16.03
. Zce a b
Coupled line [18] 7o = 2414 100 100 19.57 11.16 11.16
. Zce a c
Coupled line [18] Zeo = 2.516 100 100 27.56 11.16 11.16
Proposed hybrid (R=2.15) 10.4 20 18.56 28.77 39.19
Proposed hybrid (R =3) 10.4 20 18.56 42.22 20.35

Z.e and Z, are the even and odd mode impedances of the coupled-line couplers in the hybrid topology of [18], and Z0%=Z.. * Z,.

bUnder-coupled.
“Over-coupled.

abrupt changes in BW that can be observed in Fig. 3(b) are because
the phase difference curves at maximum and minimum points exit
the defined range of phase difference values, i.e. £5° or +2°.

Design of the proposed coupler

The proposed coupler has fairly a simple design procedure. To
design the proposed coupler, the even and odd mode impedances
of the coupled line should be determined per the desired band-
width of the maximum tolerable deviation from the 180° phase
difference. Figure 3 can be used to find a suitable ratio of even
to odd mode impedances to achieve the desired bandwidth. On
the other hand, a matching condition to the reference impedance
(i.e. Zy = /Z,Z.) provides the second equation to determine the
even and odd mode impedances and accordingly the coupling
factor (C) of the coupled line (i.e. C=—20log[(R — 1)/(R + 1)]).
The electrical lengths of 8;and 6 are 90° and 6, is 270°.

To discuss the characteristics of the proposed hybrid coupler,
they are compared with other counterparts including classic
rat-race and coupled-line from [18], based on simulations which
are carried out using ideal blocks in ADS. Two different values
of the ratio of even-to-odd mode impedances for each of the pro-
posed hybrid (R) and the coupled-line hybrid (Zce/Zco)from [18]
are considered for simulations and results are plotted in Fig. 4.

It can be observed in Figs 4(a) and 4(b) that the phase differ-
ences between output signals in the hybrid proposed by [18] are
not affected by changes in the ratio of (Zce/Zco). Moreover, the
bandwidth in which the maximum phase deviation of 5° occurs
for both in-phase and out-of-phase components is slightly less
than that of the rat-race hybrid coupler. However, the proposed
hybrid has considerably larger bandwidth for both phase differ-
ence components with the same amount of deviation of 5°.
This bandwidth can be controlled by changing R.

In Fig. 5(a), the hybrid couplers are compared in terms of
matching at the input ports. One can see that the proposed hybrid
has narrower bandwidth of VSWR with the value <1.22 (i.e.
return loss >20 dB), while the hybrid coupler in [18] is completely
matched given the condition Z0* = Zce x Zco is satisfied for any
non-zero coupling factor, regardless of the length of the coupled
lines. It should be pointed out the latter consequences can be con-
cluded given the coupled line hybrid circuit of [18] is lossless.

Figure 5(b) demonstrates the performance of the hybrids in
terms of amplitude imbalance for the output signals. The pro-
posed hybrid coupler has less bandwidth of 0.5 dB amplitude
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imbalance when compared to the classic rat-race hybrid. This
remains unaffected by changes in R, whereas the amplitude
imbalance of the output signals in the hybrid coupler of [18]
can be controlled by changing the ratio (Zce/Zco). This ratio in
hybrid coupler of [18] can be set for a larger bandwidth of
0.5 dB amplitude imbalance than that of the classic rat-race
hybrid.

These characteristics of studied hybrids are summarized in
Table 1 in terms of fractional bandwidth for comparison pur-
poses. One can observe that the examined hybrids may not satisfy
all desired specifications with an identical percentage of band-
width. For instance, the structure in [18] has acceptable phase dif-
ferences in limited bandwidth of only around 11% even though
excellent matching is readily achievable across the whole band.
Our proposed hybrid can have wider bandwidth for phase differ-
ences, but in a narrower bandwidth, it satisfies the desired input
matching specification. Obviously, the bandwidth in which all
specifications are satisfied is dominated by the narrowest band-
width, e.g. 11.16% for coupler in [18]. Interestingly enough, our
proposed coupler shows to be capable of satisfying all specifica-
tions in a wider bandwidth, i.e. 20%, than other couplers if the
input VSWR of 1.5:1 is considered to be sufficient.

It is also worth noticing that the only characteristic that is
affected by the value of R is the phase difference at the output
ports, whereas VSWR and gain balance remain unchanged with
the changes in R. Furthermore, the changes in the bandwidth of
phase differences are in the opposite direction. In other words,
increasing R to larger values than 2.15 would increase the 180°
phase difference, but reduces the bandwidth of 0° phase differ-
ence. Therefore, selecting the optimum value of R depends on
the desired phase differences. Nevertheless, designer can conclude
the approximate starting design value of R that can satisfy the
desired bandwidth for either phase differences, using the informa-
tion herein.

Prototyping and measurements

As it has already been mentioned, the proposed topology can out-
perform other existing counterparts as the design frequency
increases, because no via, wire-bonding, or lumped elements are
essentially used that can affect matching, phase, and amplitude
imbalance. Therefore, the proposed hybrid was designed and
implemented for operation around 77 GHz, using our in-house
MHMIC fabrication process on an Alumina ceramic substrate
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Fig. 6. Prototyped hybrid on ceramic die; ports #1, #2, #3, #4 in layout correspond to
ports #1, #3, #4, #2, respectively, in standard port definition from [30]. R1=393.7 ym,
R2=172.7 pm, d=624.8 pm, v1=162.6 pm, [1=1.46 mm, [2=94 pm, v2=647.7 um,
C1=142.24 pm, C2=114.3 pm, wcl = 68.6 ym.

GSG probe to WR10
waveguide

Vaccum stand

* 4 Station controller

o L
callll o
- 5 S

Fig. 7. Measurement setup which is held on mm-wave probing station.

with a permittivity of around 9.9 and a thickness of 0.254 mm.
Through our in-lab MHMIC process, circuits with minimum
microstrip linewidth of 20 pm can be prototyped. The prototyped
MHMIC die is displayed in Fig. 6. Small modifications in the ori-
ginal configuration at the input of phase shifter are made within
the optimization process in simulations.

To measure the S-parameters through two-port VNA, a few
circuits are fabricated on the same die. The microscopic view
shows one of the circuits with details. The measuring ports are
connected to the designed coplanar adaptor while the unused
ports are loaded with integrated matched resistors and RF
grounds. The quadrature round-shaped coupler with a branch-
line impedance of 70.7 Q was designed for this frequency of
operation. To minimize the radiation loss of the microstrip
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Fig. 8. Comparison of measured and simulated of S-parameters. (a) Amplitude, (b)
phase differences: PH423 = Sy — S43, PH123 = S1; — S13, PH142 = S1; — Say,
PH143 = Si3 — Sus.

transmission line, the reference characteristic impedance was
selected to be 70.7 Q.

To assess the performance of the prototyped hybrid, two-port
on-wafer S-parameter measurement was carried out using the
probe station (Karl Suss) with VNA (Agilent Technologies
PNA-X, N5247A) shown in Fig. 7. To preserve the repeatability of
amplitude and phase measurements, the Ground-Signal-Ground
(GSG) probe (Picoprobe by GGB Industries-Model 120) with a
pitch size of 150 pm was positioned on the same place over the
coplanar adaptors with the same amount of pressure using high
accuracy controllers. To de-embed the effect of transitions from
the probe to the input ports of the designed hybrid, a standard
Through-Reflect-Line (TRL) calibration kit was also designed on
the same die for calibration purposes.

The phase and amplitude measurement results, corresponding
to the port definition in Fig. 6, are shown in Figs 8(a) and 8(b). It
should be noted that, ports #1, #2, #3, #4 in layout correspond to
ports #1, #3, #4, #2, respectively within the standard port defin-
ition in [30].

The designed 180° hybrid is very well matched (return loss
>10 dB) over 10 GHz bandwidth. At the center frequency of
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Table 2. Comparison of measured performances of 180° hybrid couplers
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Fractional bandwidth (%)

Design frequency Implementation Return loss Isolation Phase imbalance  Phase difference Dimensions (guided
Hybrids (GHz) technology >15dB >20 dB 0+5° 180+ 5° wavelength 4,)
[17] 2 Single-layer PCB with 22.9 375 8.3 =

crossover

[18] 1 Single-layer PCB 25 40 9.9 11.7 -
[4] 24 LTCC 14 dB° 14.6 dB° 177 0.67 x 0.54
[19] 8 LTCC 20° 35° 12.0° 0.69 x 0.59
[20] 2.4 Single-layer PCB 26.3 12.7 45.8 12.9 0.64 x0.53
This 7 MHMIC 10.25 6.41 4.5 5.19 1.86x1.86
work

20Only central frequency.
bSimulation results of the circuit in [19, Fig. 11].

78 GHz, the measured values of isolation are about 30 dB and the
port-to-port insertion loss varies between 0.6 and 1.25 dB for all
measured pairs of ports. Gain imbalance at the same frequency
was measured to be 0.3 dB and it varies within the range of
—0.4 to 1.25 dB throughout the whole 10 GHz bandwidth. The
measured phase difference shown in Fig. 8 agrees well with the
simulation values.

The performance of the prototyped device is compared with
the recently reported 180° hybrids in Table 2 based on the meas-
urement results, although the operational frequency of them is
quite different. One can observe that with the tight condition of
5° deviation from phase differences of the output signals, it covers
a fractional bandwidth of around 5% which corresponds to
roughly 4 GHz bandwidth around 77 GHz. This is sufficient for
applications such as automotive radar (i.e. 76-77 GHz) or back-
haul radios (71-76 GHz). In these frequency bands, the proto-
typed hybrid can be matched with return loss values larger than
15 dB and isolation of better than 20 dB.

Table 2 shows that the prototype of the proposed hybrid pos-
sesses the least measured fractional bandwidth in terms of match-
ing, isolation, or phase differences, in comparison to other works.
Nevertheless, it has sufficient coverage over the application
bandwidth.

It should be highlighted that none of the previously reported
works was implemented in millimeter-wave frequency bands as
this work did. The crossovers across the microstrip traces in
[17], multilayer crossing in [4] and [19] to obtain non-
interspersed ports or lumped capacitors in [20] can substantially
degrade the performance of the device when designed within
high-frequency regions. The coupler in [18] still suffers the prob-
lem of interspersed port positions as the conventional rat-race
coupler does. The main drawback of the proposed topology is
the extended size which can be improved using miniaturization
techniques such as the one proposed by [34].

Conclusion

A topology of 180° hybrid coupler was introduced and analyzed
throughout this work. The principles of the proposed hybrid
were theoretically examined through the S-parameter analysis.
The four-port T-matrix of the proposed hybrid was derived for
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conversion to S-matrix. The derived analytical equations help cal-
culate the bandwidth in which the maximum tolerable deviation
from 180° phase difference occurs. The theoretical analysis was
validated when compared with simulation results with ideal com-
ponents in commercial software. In addition, the characteristics of
the proposed hybrid were compared with previously reported
coupled-line 180° hybrids in terms of matching, phase, and
gain imbalance when designed with ideal consisting blocks. The
main application of such structure is in signal routing circuits
operating at the millimeter-wave frequency band with respect to
structure interconnection and integration, where already reported
topologies of 180° hybrid couplers with non-interspersed input-
output ports could fail due to their structural parasitic effects.
Successful implementation of the prototyped hybrid on
MHMIC die around 77 GHz makes the proposed topology a
comparable candidate for applications in mixer, amplifiers, or
multiport phasing networks in high-frequency integrated circuits
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