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ABSTRACT: This paper presents a class of wideband hybrid couplers with enhanced isolation, based on an N-section phase shift filter
network integrated into an unequal-split, multi-section branch-line hybrid architecture. The key innovation lies in the incorporation of
the N-section phase shift network, which significantly enhances the fractional bandwidth with each increase in section and isolation
performance compared to conventional designs. A detailed design methodology applicable for any NV is developed and validated through
the fabrication and testing of two microstrip prototypes for N = 3 and N = 4 at a center frequency of 1 GHz. Both simulated and
measured results confirm consistent tight coupling, insertion loss better than 6 dB, and isolation exceeding 15 dB across all prototypes.
Furthermore, N = 3 and N = 4 hybrids show peak isolation of 87.4 dB, 96.8 dB in simulation and 66.5 dB, 72.7 dB in measurement,
respectively, at the center frequency of 1 GHz. Notably, the designs demonstrate a progressive improvement in the fractional bandwidth,
achieving 73.68% and 91.89% for N = 3 and N = 4, respectively. This scalable and frequency-flexible design approach makes
the proposed class of hybrid couplers highly suitable for modern microwave systems such as vector network analyzer (VNA) test set,
applications in radar, communication receivers, and phased array antennas.

1. INTRODUCTION

Ahybrid coupler is an important element in the field of mi-
crowave engineering, playing a crucial role in various ap-
plications such as power splitting, combining, and power am-
plifier stages. Furthermore, it is used in Vector Network Ana-
lyzers (VNAs) for isolating incident and reflected waves at the
load, as well as in radar transceivers [1]. Considering the ap-
plications of couplers which need to provide the required signal
division, a good hybrid coupler must provide tight coupling and
high isolation over a broad bandwidth. Most of the couplers re-
ported in literature often compromise either one or two of cou-
pling level, isolation level, and bandwidth, in order to improve
the other metrics, which is outlined as follows.

Among the reported works aimed at improving isolation
and/or directivity, various approaches have been explored. An
optimization-based design achieves 20 dB coupling, 40 dB di-
rectivity, and a 53% fractional bandwidth (FBW) with center
frequency 2 GHz, demonstrating a well-balanced trade-off be-
tween directivity and bandwidth [2]. Another approach utiliz-
ing a phase control unit improves isolation to better than 10 dB,
but in doing so, the design sacrifices bandwidth, achieving a
significantly narrower operating frequency range from 3.2 to
3.8 GHz and 17.1% FBW [3]. A GaAs MMIC coupler that in-
corporates an adaptive bridged-T equalizer demonstrates isola-
tion above 40 dB across a wide frequency range from 2 GHz
to 20 GHz. However, this design exhibits loose 20dB cou-
pling, which may limit its applicability in scenarios requiring
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tighter coupling levels [4]. For millimeter-wave applications,
PRGW (Periodic Ridge Gap Waveguide) technology achieves
over 15 dB isolation and minimum measurement loss of 0.7 dB
with FBW of 26.5% at 30 GHz center frequency, offering a
reasonable balance between isolation and bandwidth [5]. In
another approach, a semi-flexible coaxial coupler delivers an
impressive 35dB directivity over a wide frequency range of
5MHz to 150 MHz. However, this design suffers from loose
coupling at 45 dB but manages to minimize insertion loss less
than 0.65 dB, making it less suitable for applications demand-
ing stronger power division [6].

Several reported designs aim to provide arbitrary phase shifts
while maintaining more than 10 dB isolation, though the trade-
offs in other performance metrics vary across different imple-
mentations [7-10]. A hybrid coupler with phase reconfigurable
transmission line is reported in [11]. It shows isolation, return
loss above 10 dB and coupling, insertion loss better than 6 dB
over frequency range 2.2 to 2.6 GHz. The reported literature
collectively indicates that achieving high isolation and/or direc-
tivity often necessitates loosening the coupling strength or sac-
rificing bandwidth, which presents a fundamental design chal-
lenge.

On the other hand, several techniques have been developed
to maintain tight coupling while improving performance. For
instance, multi-hole differential waveguide couplers achieve a
coupling of 3 dB, with isolation exceeding 20 dB, over 12.85
to 20.7 GHz frequency range and FBWs ranging from 46.8%
to 67% [12]. Another technique utilizing folded coupled lines
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effectively enhances performance within similar coupling and
isolation parameters with center frequency 2 GHz [13]. Addi-
tionally, designs that eliminate impedance discontinuities have
been shown to improve bandwidth while preserving a tight cou-
pling configuration with center frequency 1.5 GHz [14]. Fur-
ther advancements in ridge-gap waveguide technology offer
tunable coupling values ranging from 3dB to 33 dB, while
maintaining a minimum isolation of 20dB [15]. In [16], a
4 dB directional coupler is implemented by incorporating in-
clined longitudinal slots between the substrate layers, achiev-
ing an isolation better than 14 dB and a fractional bandwidth
of 7.1%. In dual-band coupled-line designs, a 3 dB coupling
level is achieved alongside 15dB isolation and an FBW of
37.8%, making these designs suitable for multi-band applica-
tions [17]. Another approach involves patch-based filtering
hybrid couplers, which sustain 3 dB coupling with over 20 dB
isolation and maximum 1.31 dB insertion loss. However, these
designs exhibit a narrow FBW 20.9% at 4.21 GHz and 9.5%
at 6.39 GHz, which limits their broadband usability [18]. Ad-
ditional 3 dB hybrid coupler designs have been explored, par-
ticularly those using cascaded sections to reduce overall circuit
size while preserving key performance parameters [19,20]. A
high-impedance transmission line coupler achieves 15 dB iso-
lation and an FBW of 23.67%, offering a balance between
performance and compactness [21]. Another design, using
a rectangular-section coupler, maintains 3 dB coupling with
20 dB isolation and 3 dB insertion loss, but only over a narrow
frequency band with center frequency 2.27 GHz [22]. Mean-
while, a microstrip design incorporating low-pass filters (LPFs)
achieves 3 dB coupling but with 20 dB isolation, while benefit-
ing from a compact footprint suitable for integration into mod-
ern RF systems [23]. A hybrid lumped-element coupler, de-
signed for lower-frequency applications, delivers 10 dB isola-
tion and 3.5 dB coupling, operating effectively over a frequency
range of 400 MHz to 600 MHz [24].

To summarize, previously reported designs often trade off
bandwidth, coupling, isolation, and/or directivity. Several clas-
sical papers [25,26] propose tightly coupled multi-branch hy-
brids; however, they are often not suitable for planar microstrip
realization. To address this, the proposed paper presents a new
class of asymmetric hybrid couplers using N-section phase
shifters, achieving tight 6 dB coupling, high isolation above
15dB, and improved bandwidth. Section 2 describes the de-
tailed, stepwise design of the proposed class of asymmetric hy-
brid couplers, demonstrating tight coupling with high isolation
over improved bandwidth. Section 3 presents the simulated and
measured results of the hybrid. Section 4 concludes the paper.

2. PROPOSED DESIGN METHODOLOGY

Figure 1 illustrates the block diagram of the proposed class of
asymmetric hybrid couplers. The hybrid uses an N-section
phase shift filter circuit, where N is the number of sections.
Port 1 functions as the input port of the hybrid coupler; Ports 2
and 4 serve as the coupled and through ports respectively; and
Port 3 is the isolated port of the hybrid coupler. The com-
plete coupler comprises four sections: a power divider, a phase
shift filter circuit, an unequal-split branch line hybrid coupler,
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FIGURE 1. Block diagram of the proposed class of N-section tightly
coupled asymmetric hybrid couplers.

and a power combiner circuit. The approach is to generate
two out-of-phase waves from a single input at Port 1, ensur-
ing maximum signal level at the coupled and through ports.
Furthermore, when these waves combine, perfect phase can-
cellation will occur, resulting in minimal signal reaching Port 3
and thereby maximizing the isolation. To achieve this, the first
stage uses a power divider to split the signal into two equal-
amplitude signals. Next, a phase shift circuit is included in
the second stage to introduce the necessary phase difference (in
this design, chosen as 180°) over the desired frequency range,
which will be used later for phase cancellation. Furthermore,
N-section phase-shift filter circuits are realized to increase the
bandwidth over which the 180° phase difference is obtained.
In the third stage, unequal split branch line hybrid couplers
are used to achieve maximum signal at Port 2 (coupled port)
and Port 4 (through port) of the proposed hybrid coupler to
ensure 6 dB coupling. This is because unlike symmetric hy-
brids, which rely on uniform fixed coupling across all arms,
an asymmetric design allows for required tight coupling lev-
els to achieve desired power-splitting ratios. Finally, a power
combiner is used in the fourth stage to feed the out-of-phase
signals ultimately emanating from the branch line hybrid cou-
pler, thereby ensuring perfect phase cancellation and achieving
high isolation at Port 3 with respect to Port 1. A detailed de-
sign analysis applicable for any IV is developed and validated
through the fabrication and testing of two microstrip prototypes
for N = 3 and N = 4 at a center frequency of | GHz. In the
following subsections, the detailed design and working of the
individual stages is explained.

2.1. Wilkinson Divider and Combiner Stages

As shown in Figure 1 to realize the power divider, the initial
stage employs a conventional Wilkinson divider [27] to gener-
ate two signals with identical phase. Round-shaped arms are
utilized to minimize line bend losses. In the final stage, the
same Wilkinson divider circuit is used as a combiner to merge
the two out-of-phase signals. Both Wilkinson divider and com-
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biner are designed at the center frequency of 1 GHz. The actual
layouts of the Wilkinson divider and combiner are shown in
Figure 8 at the end of Section 2.

2.2. N-Section Phase Shift Filter Circuit

The second stage contains the phase shift filter circuit, which
comprises two filters in two arms: a low pass filter (LPF) and a
high pass filter (HPF) as shown in Figure 2. The intended phase
difference between the outputs of the phase-shifter circuit, i.e.,
the filters’ outputs, is 180°. Both the LPF and HPF are real-
ized in the form of an [V-section network, using a series of a
series of m-section LC networks. This structure is developed
by extending the basic lumped 7 circuit in [28]. Due to the mul-
tiple sections, it increases the prospect of improved bandwidth
with each additional section. The values of the inductors and
capacitors are calculated using the ABC D parameters of each
LPF/HPF network and equating them to those of a transmission
line providing the requisite phase shift. The analysis starts with
the individual ABC'D matrices for each of the shunt and series
components in both the LPF and HPF arms, followed by com-
bining the series sections to form a single ABC'D matrix. The
resulting ABC'D parameters are as follows:

jBe 2jBc _| 2jBc  _| jBc
—T —_T —T —_T
X X,
oL - - - L

< Multi IT-sections _

JXc JXc
B -2 jB, -2 JBy, JBL

FIGURE 2. Proposed N-section phase shift filter circuit employing low
and high pass filter branches.

For the low pass filter circuit:
Single section (N = 1):

A Bl [1 o]t jx,][1 o0 |
C D|,” |jBc 1[0 1 ||iBc 1 M

Two sections (N = 2):

A Bl [1 o[t jx ][ 1 o
¢ D|,  |iBc 1|0 1 |[2jBc 1

1 X 1 0
o L ] @

Three sections (N = 3):

A Bl [1 ol[t jx.)[ 1 o]t jXxg
C D|, = |jBc 1|0 1 ||2jBc 1]|0 1

1 olt jx.][1 o ;
2jBe 1|10 1 ||jBe 1 )
Four sections (N = 4):
A Bl [1 o]t jx ][ 1t o]t jx,
C D 4_ jBc 1] 10 1 2jBc 11 |0 1

Lo 1 gxc)[ 1 o)t jx][ L 0],
2iBe 1|10 1 ||2Be 1llo 1 ||jBe 1| @

After solving the above matrices, the expressions for A, B,
C, and D parameters are realized as follows:
Single section (N = 1):

A=D=1-X;B¢c 5)
B = jX, (6)
C = jBc(2 - X1 Bc) (7
Two sections (N = 2):
A =D=1-4X;Bc +2X.°Bc? (8)
B = 2jX;(1-X.Bc) ©)
C = 2jBc(1 - Xy Beo)(1 —2X1Bc) (10)

Three sections (N = 3):
A=D=1-9X;,Bc+12X.°Bc? —4X3Bs® (11)
B =jX; (3—9X.Bc +4X.*Bc?) (12)

C = jBc (6—19X 1 Bo+16X > Bo® —4X 1 *Bo®) (13)
Four sections (N = 4):
A=D=1-16XcBr +40X?B1? — 32X*B.?
+8X*B.4 (14)
B = —4jXc (1-5XcBr+6Xc°B*—2Xc°BL*)  (15)

C = —4jBr, (2 - 11XcBy + 17Xc*B1? — 10X°B?

+2Xc*BLY) (16)

For each value of NV, the corresponding ABC D matrix is
equated to that of a transmission line having parameters (Z, 6),
with Z being the line impedance and 6 being the electrical
length of the line, corresponding to the desired LPF/HPF phase
shift angle.

A B| | cos® jZsinf a7
C D|y [jYsing cosf |’

where Y = 1/Z, as per the phase requirement for the LPF, and
the value of # = 90° is substituted in (17). To get the required
phase for the LPF, the ABC D parameter in (17) must be equal
to the ABC' D parameter equations mentioned from (5) to (16),
as per the selected value of N.

For example, the ABC' D equations of the LPF having N =
1 from (5) to (7) is equated to (17) with § = 90°, and the result-
ing equations in terms of X B (where X, is the reactance of
the series inductor L, and B¢ is the susceptance of the shunt
capacitor ') are as follows:

1—X.Bo=0 (18)
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XL =32 (19)

JBc(2 - XBc) = jY (20)

Now substituting the term X, Bo = a and Z = 50 (2 and solv-
ing Equation (18) for a, the following solution is obtained:

a=XLBc=1 21)

Furthermore, the ABC'D equations of the LPF having N = 2,
from (8) to (10), are equated to (17) with § = 90°, and the
resulting equations in terms of X B¢ are as follows:

1—4X.Be +2X1.2Bc? =0 (22)
2j X1 (1 - X1 Bc) = j50 (23)
2jBc(1 — X1 Be)(1 — 2X 1 Be) = 50.02 (24)

Now substituting the term X7 B¢ = a and Z = 50 {2 and solv-
ing the quadratic Equation (22) for a, the following two solu-
tions are obtained:

a=X.Bc=029,1.7 (25)

For higher values of IV, the higher-order polynomials provide
more number of such solutions for a. Since this is a numeri-
cal approach, the approximation mentioned in [29] shows that
the value of a closer to 0 yields a solution that fits (17) bet-
ter. Accordingly, a = Xy Bc = 1 is chosen for N = 1 and
a = XpBe =029 for N = 2. For N = 1, it is a first or-
der equation, so from Equation (19), L = 8.05nH is obtained,
when which is further substituted in (21), C' = 3.14 pF is ob-
tained. For N = 2, putting the value of « = Xy Bc = 0.29
in (23) and solving for X, L = 5.55nH is obtained, when
which is further substituted in (25), C' = 1.32pF is obtained.
Table 1 shows the obtained and selected solutions for a, which
are identical for both the LPF and HPF due to the symmetric
nature of the polynomials for both cases. In a similar man-
ner, the values of L and C are calculated for four cases of the
N-section low-pass filter (LPF) and N-section high-pass fil-
ter (HPF) (with § = —90°) as shown in Tables 2 and 3, re-
spectively. Using this approach, all the values of inductors and

TABLE 1. Solution of a = X1, B¢ or X¢ By, for N = 1...4, applicable
for both LPF and HPF branches.

N=1 N=2 N=3 N=4

Solutions for a 1 0.29 0.13 0.076
1.7 1 0.61
1.86 1.38
1.92

Selected value of a 1 0.29 0.13 0.076

X is the reactance of the series capacitor and By, is the
susceptance of the shunt inductor in the HPF.

TABLE 2. Computed values of L and C for low pass filter circuit of
the IV-section phase shifter.

N=1 N=2 N=3 N=4
Inductor (L)  8.05nH 5.55nH 4.26nH  3.04nH
Capacitor (C) 3.14pF  1.32pF  0.8pF  0.636pF
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FIGURE 3. Simulated phase difference between LPF and HPF outputs
of the phase shifter for number of sections N = 1...4.

TABLE 3. Computed values of L and C' for high pass filter circuit of
the V-section phase shifter.

N=1 N=2 N=3 N-=4
Inductor (L)  8.05nH 19.15nH 30.4nH 40.5nH
Capacitor (C) 3.14pF  4.52pF 6.2 pF 8.2pF

capacitors are determined at 1 GHz. This method proves effec-
tive for V-section phase shift filter circuits. Figure 3 shows the
simulated phase difference between the LPF and HPF outputs
close to 180° for N = 1...4. It is observed that with increase
in N, the bandwidth over which the phase difference is close
to 180° also increases, verifying the proposed approach in this
paper for improving the bandwidth.

The analysis so far assumes ideal L and C' components.
However, practical iterations show that even high-@) surface-
mount radio frequency (RF) inductors exhibit significant tol-
erance, parasitics, and drift. Therefore, inductors are imple-
mented as meandered lines for values below 10 nH and circular
planar spirals for values above 10 nH [30]. High-SRF (self res-
onant frequency), high-Q) discrete capacitors from Kyocera and
Kemet are used, with simulations indicating that the circuit can
tolerate up to 5% variation in capacitor values without notable
degradation in S-parameters.

2.3. Unequal Split Four Branch Line Hybrid Coupler

Branch line couplers offer significant advantages over cou-
pled line couplers in applications that require broadband per-
formance, high isolation, high power handling capacity [25],
and flexible control over power division. Traditional designs
of branch line couplers can be found in [25, 26]. It has been ob-
served that increasing the number of sections improves band-
width, but this also results in extremely high or low val-
ues of branch impedance. At a certain point, achieving such
impedance becomes impractical in microstrip designs, as the
physical dimensions required for such lines are difficult to real-
ize. So a four section branch line hybrid coupler is implemented
to obtain the maximum possible bandwidth over which flat cou-
pling for the overall N-section hybrid coupler is achieved.
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Compared with traditional four branch line hybrids, the pro-
posed hybrid improves its bandwidth with increase in the sec-
tion of phase shifter circuit. To avoid confusion with the overall
N-section hybrid coupler, the ports of the four branch hybrid
coupler are numbered as A, B, C, and D. The general structure
of a four branch line hybrid coupler is as follows — main line
impedance of Z, and branch line impedance of Z,,, Z;, Z;, and
Z,, in that order.

Using the generalized approach outlined in [31], the charac-
teristic equation of this four branch line hybrid coupler is de-
rived using the following steps:

1. In the even-odd mode analysis of the four-branch line hy-
brid, the structure is symmetrically divided along the hor-
izontal axis. Even mode assumes equal-magnitude, in-
phase waves, creating a virtual open circuit along the sym-
metry line, while odd mode assumes equal-magnitude,
out-of-phase waves, resulting in a virtual short circuit. The
analysis is completed by determining the ABC'D parame-
ters for individual series and shunt stubs in each mode and
multiplying them to obtain the overall ABC' D parameters.

2. To convert the ABC D parameters into S-parameters, the
ABCD matrix is first used to determine the even- and
odd-mode reflection (I'y, I',) and transmission coeffi-
cients (1¢, T,), as outlined in [32].

3. The obtained S-parameter expressions are then be equated
to the expected values (S44 = Spa = 0) to obtain per-
fect isolation. To satisfy S44 = Spa = 0, the condition
I'. =T, = 0 is required for the even and odd modes.
Solving for I'. = 0 using the ABC'D parameters the cou-
pler design equation is obtained as:

Z3 Zs  Zo 2ZSZ0>
<szZo Zo Zs) ( Zy
Z37,
+< : QO—ZSZ()):O (26)
Zy

Figure 4 shows the variation of Z, with respect to Z for dif-
ferent fixed values of Z;, that satisfy (26). For higher values of
Z, higher values of Z, are obtained, which become too large

280
——Z,-600Q
24090 - - z=700
Se e e Z,2800
200
S
N’ B P
1604 L _-""
120
80 g T T T T T
40 45 50 55 60

A

FIGURE 4. Variation of Z, with Z, for different values of Z; that sat-
isfy Equation (26).
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to realize in microstrip form. Equation (26) is valid for only
the condition of perfect port impedance match and isolation. It
does not govern the power levels going to the coupled Port B
and through Port C of the hybrid coupler. Since the proposed
four-branch hybrid coupler is intended to function as the phase
shifter shown in Fig. 1, an equal-split 3 dB branch line hybrid
would result in a net coupling level at Port 2 to be 6 dB or worse
(3dB from the Wilkinson divider and phase shifter, and 3 dB
from the hybrid). The case for the through port would be sim-
ilar, i.e., Port 4. Thus, to make the coupling and through port
power levels for the overall proposed hybrid coupler higher, the
four branch line hybrid is designed with unequal power splits
such that more power goes to Port B (—1.5dB), as compared
to Port C (—5.33 dB). The additional advantage is that Port D
(isolated port) of the branch-line hybrid is connected to Port 3
through Wilkinson power combiner to enable monitoring re-
flected signals from Port 2, which is essential for reflectometry-
based applications. This configuration allows Port 3 to func-
tion as a reflected power detection port. When the device un-
der test (DUT) connected at Port 2 is mismatched, a portion of
the signal reflects back, and due to the phase characteristics of
the hybrid structure, this reflected signal constructively adds at
Port 3. Conversely, for a perfectly matched DUT, the reflected
waves from the coupler branches cancel out at Port 3 due to
their out-of-phase nature, resulting in minimal signal. It makes
Port 3 critical for evaluating DUT matching conditions and is
particularly useful in applications such as six-port reflectome-
ters or vector network analyzer (VNA) test sets. Furthermore,
the higher insertion loss of the four branch hybrid will indirectly
sent less power to Port 3 of the overall hybrid coupler, resulting
in improved isolation.

Figure 6 shows the analytical values of | S 4| and Z, when
Zy 1s varied for fixed value of Z; from which the impedance
solutions are obtained. The desired result is obtained for Z, =
45Q, with Z, = 127.56 €2, and Z, = 70.01 Q2. Higher Z re-
sults in higher branch impedances, while lower Z; results in
higher Z;, and lower Spa. Thus, fixing the value of Z; and
solving for Z, and Z, the solutions obtained and correspond-
ing dimensions are presented in Table 4. Fig. 7 shows the Sp 4
and through S 4 parameters (corresponding to the coupling
and insertion loss respectively) simulated using Cadence AWR
Microwave Office, for FR4 substrate (¢, = 4.4, h = 1.6 mm,
tand = 0.02). It is observed that at the center frequency of
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PortD* - | - Port B
li I [F]
l \_l
N
g
f, :_» <.29mm o | |« 0.29 mm
3)
|
|
l
Port AY o

;| Port C

127.|56 Q

127.56 Q

FIGURE 5. Complete layout of the unequal split 4-branch line hybrid
coupler with meandered branches.
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FIGURE 6. Variation of Z, with Sga (dB) with change in Z,, for fixed
value of Z; to obtain the impedance solution for unequal split.
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FIGURE 7. S-parameters and phase difference at the power splits ports
of the proposed unequal split four branch line hybrid coupler.
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Multi TT-sections
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Port 1

FIGURE 8. Complete schematic diagram of the proposed class of asymmetric hybrid coupler employing N-section phase shift filters and unequal

split four branch line hybrid couplers.

1 GHz, a tight coupling close to 2 dB of the four section branch
line hybrid coupler is obtained over the frequency range from
0.75 GHz to 1.25 GHz. Since four branch line hybrid couplers
increase the overall size of the circuit, meandered lines have
been used to realize all sections and lines of the entire hybrid
coupler, and its layout is shown in Fig. 5. The simulated results
discussed above are for this layout with reduced size.

3. SIMULATED AND MEASURED RESULTS

The diagram of the complete proposed asymmetric hybrid cou-
pler, incorporating the class of N-section phase shifter, four

148

TABLE 4. Impedance, widths, and lengths of lines used in the unequal
split four branch line hybrid coupler for FR4.

Line a Line b Line s
Z 127.56 Q2 70.01Q 44.98 Q2
% 0.29 mm 1.6 mm 3.58 mm
L  44223mm 4222mm 40.77 mm

branch line hybrid coupler, and Wilkinson divider and com-
biner, is shown in Figure 8. The entire hybrid is designed
and laid out on an FR4 substrate (¢, = 4.4, h = 1.6mm,
tand = 0.02). Figure 9 shows the photographs of fabricated
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(a)

(b) , 5

FIGURE 9. Photographs of the (a) N = 3, (b) N = 4 asymmetric hybrid couplers fabricated on FR4 substrate.
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FIGURE 10. S1; and S31 of (a) N = 3, (b) N = 4 section hybrid, S22, S24 and Su4 of (¢) N = 3, (d) N = 4 section hybrid, S21 and Si; of (e)
N = 3, (f) N = 4 section hybrid, S23 and S43 of (g) N = 3, (h) N = 4 section hybrid, (i) phase difference between Port 2 and Port 4 of N = 3

and N = 4 section hybrid.

hybrid coupler microstrip printed circuit boards (PCBs), on
an FR4 substrate. Figure 10 presents the simulated and mea-
sured S-parameters of the proposed class of hybrids with N
sections of the phase shift filter circuit employed. It includes
two prototypes of the hybrids for N = 3 and N = 4. All the
simulations are carried out in Cadence AWR Microwave Of-
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fice using the mixed mode simulations involving AXIEM tools.
The S-parameters of the circuit were measured using Keysight
E5071C VNA, with 2-port calibration and de-embedding till
the SMA connector ports. All simulations and measurements
are carried out between 0.1 and 2 GHz, with bandwidth calcu-
lations based on a center frequency of 1 GHz.
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TABLE 5. Comparison of the proposed class of asymmetric N-section hybrid couplers with previously reported papers.

Ref. Technique Used Jo FBW ¢ ! P'eak Size
(GHz) (%) (dB) (dB) Isolation (dB)
[2] Generalized coupling slot 2 53 20 > 60 72 0.23)\g x 0.04),
0.65Ag x 0.76),,
[3] Phase control unit 3.5 17.1 3 > 10 20 0.49A4 x 0.92),,
0.42)4 x 0.63)\
[4] Lumped bridged-T amplitude equalizer 11 163.36 20 > 40 42 0.23)\g x 0.135)g
[5] Printed RGW technology 30 26.5 3 > 15 35 1.20g X 1.2)\g
[7] Tunable phase shifting unit 1 20 3 > 12 22 0.18Xg x 0.244
[9] BTSE 180° hybrid 3 12 3 > 30 37.8 0.95)g x 0.95),
[11] Phase reconfigurable transmission line 24 16 6.2 > 10 25 Not mentioned
[13] Three folded coupled lines 2 55 3 >15 70 0.39Ag x 0.68)\,
[15] RGW technology 18.5 40 3 > 20 40 2\ long
[16] Inclined longitudinal slots in 23 71 4 > 14 52 Ay % 0.6),
between two layers of coupler
[18] Circular patch 4.21/6.39 20.9/9.5 3 >20 45 0.53Ag x 0.53)\
[22] Rectangular pieces with 9 squares in the center 2.27 22.22 3 > 15 23 18.36)\4 long
[23] Two LPFs realized using stubs 1.8 11.11 3 > 20 40 0.011)\3
[24] Lumped elements with limited quality factor 0.5 20 3 > 20 22 0.038)\y x 0.038)\,
This work N = 3 section phase shift filter circuit 1 73.68 <6 > 15 66.5 0.56Ag x 1.03),
This work N = 4 section phase shift filter circuit 1 91.89 <6 >15 72.7 0.59)4 x 1.03)4

* fo = Center frequency, FBW = Fractional bandwidth, C' = Coupling, I = Isolation.

For the class of N-section hybrids, the reference measures
are taken as follows:

1. Port return losses S11 better than 10 dB, S99 and Sy better
than 10 dB.

2. Isolation (corresponding to S31) better than 15 dB.

3. Coupling and insertion loss (corresponding to S; and S4p
respectively), better than 6 dB.

4. Isolation (corresponding to Sa4) better than 10 dB.

5. Phase difference between output Ports 2 and 4 approxi-
mately 180°.

Furthermore, S35 and Sy3 are presented in Figures 10(g)
and (h) highlighting the useful application of the hybrid (pre-
sented in Section 3.2). With these parameters, the N = 3
hybrid exhibits a frequency range from 0.6 GHz to 1.3 GHz,
equating to a percentage bandwidth of 73.68% for the above
parameters (1, 2 and 3). In addition to these parameters, the
N = 3 hybrid shows a peak isolation of 87.4dB in simula-
tion and 66.5dB in measurement at the center frequency of
1 GHz. The N = 4 hybrid achieves a frequency range from
0.5 GHz to 1.35 GHz, resulting in a percentage bandwidth of
91.89% for the above parameters (1, 2, and 3). Furthermore,
the N = 4 hybrid shows a peak isolation of 96.8 dB in sim-
ulation and 72.7 dB in measurement at the center frequency
of 1 GHz. There is a close agreement between the simulated
and measured responses, with some minor deviations observed.
These differences are primarily attributed to fabrication toler-
ances, substrate non-uniformity, influence of soldering imper-
fections, connector transitions, use of partial lumped and partial
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planar components in designing phase shifter circuit for com-
pact design which are difficult to fully model during simula-
tion. Despite these minor discrepancies, overall there is good
agreement between the simulated and measured results. It is
observed and verified that multiple sections of the phase shift
filter circuit achieve increased bandwidth with each additional
section, i.e., increased V.

3.1. Comparison with Previously Reported State of the Art

Table 5 shows the comparison of the proposed four hybrids and
their parameters with previously reported couplers and hybrids.
The coupler proposed in [4] exhibits broad operating bandwidth
and high isolation; however, it results in loose coupling. The

Port 2
(DUT)

Power Incident
on DUT J

wer Reflected

Po
L, fromDUT

Port 1 5|
(RFi/P)

Reference Powg l

Port 4
(Incident Power

Detector)

| o Port3
(Reflected Power
Detector)

FIGURE 11. Block diagram of proposed asymmetric microstrip hybrid
coupler working as an VNA testset.
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FIGURE 12. Uncalibrated reflection coefficients for matched, open and short loads computed from (a) simulated, (b) measured S-parameter of hybrid

coupler shown in Figure 8.

hybrid couplers reported in [9, 15, 18] exhibit both 3 dB cou-
pling and high isolation better than 20 dB; however, the hybrid
proposed in this paper offers a broader bandwidth than them,
while maintaining tight coupling. The layout of the proposed
design minimizes potential interference, leading to improved
system reliability. Furthermore, at higher frequencies, the lay-
out size of the hybrid coupler is reduced which ensures scala-
bility.

3.2. Application of the Proposed Hybrid Coupler

Figure 11 shows an application of the proposed coupler as a
vector network analyzer (VNA) test set. High isolation and
dynamic range are the essential requirements for a network
analyzer test set [33]. Load dynamic range is the difference
between reflection coefficient of perfectly matched 502 load
and mismatched open/short loads, assuming continuous inci-
dent power on the load. The working of the proposed hybrid
coupler is as follows: when an RF signal is applied to Port 1,
the Wilkinson power divider and phase shifter generate two out-
puts of equal amplitude but with a 180° phase difference. These
signals are fed to Ports 2 and 4 via an unequal-split branch-line
hybrid, which adds a 90° phase shift while maintaining the 180°
phase difference between them. The hybrid also provides iso-
lation between Ports 2 and 4 and contributes to wide bandwidth
due to its multi-branch structure. Port 4 can be terminated with
a matched 50 €2 load, serving as a reference port. If the device
under test (DUT) connected at Port 2 is perfectly matched, the
reflected signals from Ports 2 and 4 undergo perfect phase can-
cellation through the Wilkinson combiner, resulting in minimal
signal at Port 3. However, any mismatch at Port 2 leads to im-
perfect cancellation, and large reflected power appears at Port 3,
which can be monitored by a detector. S-parameter magnitudes
of the stand-alone test set can be used to calculate the uncali-
brated reflection coefficient I'y, (dB) of the DUT. It can be de-
rived using following equations [34]:

Power reflected from load (dB) = S5 (dB) — S32 (dB) (27)
(28)
(29)

Power incident on load (dB) = S4; (dB)
'z, (dB) = [S31 (dB) — S32 (dB)] — S41 (dB)
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This behavior makes the proposed coupler suitable for the
use in vector network analyzer (VNA) test sets. This appli-
cation is tested for designed prototype N = 4. Figure 12(a)
shows simulated uncalibrated reflection coefficient, and Fig-
ure 12(b) shows measured uncalibrated reflection coefficient
for matched, open and short loads. The simulated results
achieve a peak dynamic range of 82.7 dB around center fre-
quency 1 GHz and over 15dB for 0.75-1.3 GHz band, while
the measured performance remains robust above 15 dB for fre-
quency range from 0.7 GHz to 1.35 GHz with peak dynamic
range 36.4 dB around 1 GHz.

4. CONCLUSION

In this paper, a class of asymmetric, tightly coupled enhanced
bandwidth, high isolation microstrip hybrid couplers is pre-
sented. High isolation and broad bandwidth are achieved by
incorporating a generalized N-section phase shift filter circuit.
The complete design process for an [NV-section phase shifter is
developed and presented in the paper. Further, to obtain tight
coupling above 6 dB, over a broad band, a multi-branch line
hybrid coupler with unequal split is designed and used. It is
established that a noticeable improvement in bandwidth is ob-
tained with each additional phase shift filter section. To vali-
date the hypothesis, two prototypes with N = 3and N = 4
are designed, simulated, fabricated, and measured for a cen-
ter frequency of 1 GHz. Fractional bandwidths of 73.68% and
91.89% are achieved for the two cases, respectively. Maxi-
mum frequency range from 0.5 GHz to 1.35 GHz is achieved
for N = 4 with peak isolation 72.7dB at center frequency
1 GHz. The outlined design methodology for the proposed class
of hybrids is scalable and adaptable to any desired frequency
band by employing suitable substrate respectively. In this case,
the fabrication on an FR4 substrate makes the proposed de-
signs suitable for use in low cost applications. The scalable and
frequency-flexible design approach makes the proposed class
of hybrid couplers highly suitable for modern microwave sys-
tems such as VNA test set, applications in radar, communica-
tion networks, and phased array antennas [35, 36].
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