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ABSTRACT

In this paper, rigorous Mode-Matching Technique (MMT) with Generalized Scattering Matrix
Method (GSMM) is used to analyze novel hybrid SIW coupler operating at 26 GHz for 5G
applications. The introduced coupler has an equal-amplitude of about -3 dB besides 90-degree
at its forward and coupled output ports with more than 4 GHz bandwidth. In addition to rigorous
analysis, full-wave CST simulator is used to optimize coupler structure and the results from
MMT and CST are compared and discussed. The coupler structure divided into two symmetrical
cascaded parts with each part having multi-port bifurcated sections. Due to symmetrical structure,
analyzing one half of the coupler with MMT has been sufficient for full analysis.

Keywords: SIW; mode-matching; coupler; generalized scattering matrix method.

1 INTRODUCTION

Directional couplers are passive four-port
microwave components [1], which are widely
used in many microwave and millimeter-wave
systems for splitting or combining power with
certain ratios and under specific requirements

such as frequencies, bandwidth, and structure
dimensions [2, 3, 4, 5]. Directional couplers with
equal power and 90° phase-shift output ports
are called 90° hybrid couplers [1]. 90° Hybrid
couplers can be used in various antenna-feeding
networks, radar, power measurements, mixers
and other microwave devices [2].
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Couplers have been incorporated in many
microwave systems and applications as
mentioned above, therefore, a lot of effort has
been put into developing different types, sizes
and structures of directional couplers to be used
in different applications [6]. Directional couplers
can be implemented with many technologies
including rectangular waveguides (RCW) and
microstrip lines depending on the application
needs and structure size. In general, traditional
rectangular waveguide couplers have better
features than planar couplers regarding to their
low insertion losses, high quality factors and
power handling. On the other hand, RCW’s are
difficult to manufacture and they are not easy to
integrate into planar microwave systems [7].

For broadband high frequency applications,
dimensions of the rectangular waveguide
become too small and difficult to implement
even with advanced fabrication techniques,
therefore,Substrate Integra-ted Waveguide (SIW)
technology has been introduced as a suitable
way to implement structures such as in [2, 8, 7,
9, 14, 10, 11, 12]. SIW structures have common
advantages with printed circuits such as low cost,
small size and planar integration. Moreover, SIW
technology shares with rectangular waveguides
(RCW) most of its properties like low losses and
high Q-factors as it is covered by metal surfaces
on both sides of the substrate with metal vias
integrated within it to work as vertical walls [13].

In the last decade, SIW couplers are preferred
more often in high frequency applications
because of their above-mentioned properties.
In [14], a wideband 90° hybrid SIW coupler
having a wide operating bandwidth with obtained
fractional bandwidth (FBW) of about 28.5% at
33.5 GHz is presented. Since this coupler
operates in the millimeter-wave range and it
is a multi-hole type of a coupler, using SIW
technique allows its fabrication to be much easier
compared to other techniques. Although the
compact size, broadband SIW cruciform coupler
design (cruciform couplers are usually described
as 90° hybrid couplers [15]) introduced in [6]
operates in the same frequency range, it has
a narrower fractional bandwidth of 18%. While
the forward and coupling signals amplitudes
must be –3 dB ideally in hybrid couplers, the
results in [6] indicate values between -4 dB

and –6 dB due to the losses in the microstrip
line feeder. Hybrid SIW coplanar waveguide
(CPW) structure coupler is presented in [11] with
a fractional bandwidth of about 30% (which is
a good result when a planar feeder is used)
beside its 90° phase shift between the output
ports. The reason of using the grounded
coplanar waveguide (GCPW) in the design
is to make coupling of the vertical electric
fields in SIW with the horizontal electric fields
in CPW simpler. Although, results obtained
from analyzing SIW coupler structures with
commercial full-wave analysis softwares such as
CST and HFSS [16] are satisfying, parametric
studies and optimization of the designs have
large time consumption and they need much
memory. Mode Matching Technique, especially
with the Generalized Scattering Matrix Method
(GSMM) is proven to be very useful and powerful
in microwave designs relying upon waveguide
structures having discontinuities either physically
or geometrically [17]. For example, the paper in
[18] considered MMT with GSMM in the analyses
of some sectoral waveguide mode converters. In
[19], a simple and straightforward MMT approach
is presented to analyze SIW coupler with circular
vias, which are converted into square shape
vias with some restrictions in order to define the
structure discontinuities easily. Recently, there
have been many other works where MMT with
GSMM is applied to several SIW components
which introduce fast, exact and robust analyses
[20, 21, 19, 22, 23, 24].

This research paper introduces the rigorous
MMT procedure to analyze a hybrid SIW coupler
operating at 26 GHz for 5G applications. Accurate
and fast results are obtained by using MMT,
which include the consideration of symmetrical
multi-port cascading GSMM. The hybrid coupler
is designed to has an equal-amplitude of -3dB
besides 90° phase shift at its forward and coupled
output ports with more than 4 GHz bandwidth. In
cascading analysis for the SIW structure, square
vias are assumed as the discontinuities and when
connecting the 2 × 2 part to 3 × 3 part, we
considered the phase shift in the signal due to the
fixed length of the common region. The proposed
coupler is also optimized with full-wave solver
CST and the results regarding the S-parameters
and phase shifts are compared with the ones
obtained via MMT.
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2 DESIGN AND ANALYSIS

2.1 SIW Structure
SIW structure in Fig. 1. is very similar to a
dielectric filled waveguide (DFW) structure as it is

formed of two rows of cylindrical vias (waveguide
walls) between metal cover plates, which are
separated by a dielectric substrate. So, the E-
field distribution in SIW is quite similar to the one
in DFW [25].

Fig. 1. SIW configuration

The main three SIW design parameters are; SIW width w, metallic via diameter d and the pitch s.
In order to avoid any leakage from the structure, these parameters must be calculated using below
formulas [7, 25]:

y
z

x
Fig. 2. SIW 3D coupler structure

weff = w − d2

0.95× s
(2.1)

d <
λg
5
, s ≤ 2d (2.2)
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Fig. 3. Geometrical model for mode-matching analysis.

λg =
2π√

εr(2πf)2

c2

(
π
w

) (2.3)

where, f is the frequency, λg is the guided
wavelength and c is the speed of light. In the next
subsection, SIW technology will be implemented
to design hybrid SIW coupler with d = 0.72 mm
and s = 1.0015 mm.

2.2 SIW Directional Coupler
Design

Fig.2. shows the designed structure of a 3-
dB hybrid SIW coupler with its symmetrical
dimensions. RT Duroid 5880 substrate with a

relative permittivity of εr=2.2 , tangent loss of
tan δ=0.0009 and substrate height of 508µm is
used to implement this coupler. Figure also
illustrates the coupler parameter values for the
frequency range of 23 GHz to 27 GHz. The
designed coupler is symmetric around x-axis
and z-axis, which is the directions of wave
propagation. Since the coupler structure is
symmetric around z-axis, analyzing one half of
the structure with MMT is enough for full GSMM
analysis.

Table. 1. SIW Coupler Parameters

Parameter mm
a1 7.47
a2 11.75
a3 11.03
a4 9.22
L1 6.729
L2 2.1
L3 0.589
L4 1.721
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2.3 Mode-Matching Analysis
The designed coupler is analyzed rigorously with Mode Matching Technique by considering the first
half of it as a single structure and then cascading this half with its mirror image which becomes
enough to complete the structure. The geometrical model of the problem is presented in Fig. . X
denoting the regions I, II, III and IV and k(X)

zm being the wavenumber of the m-th mode propagating in
the relevant region as:

k(X)
zm =


√
ω2µε−

(
mπ

b(X)

)2
: propagating mode

−j

√(
mπ

b(X)

)2
− ω2µε : evanescent mode

, (2.4)

the fields in their relevant regions are expressed in terms of normaized modes as

E(X)
y =

∞∑
m=1

G(X)
m sin

[
mπ(x+ d(X))

b(X)

]
×
[
F (X)
m e−jk

(X)
zm z +B(X)

m ejk
(X)
zm z

]
(2.5)

and

H(X)
x = −

∞∑
m=1

G(X)
m Y (X)

m sin

[
mπ(x+ d(X))

b(X)

]
×
[
F (X)
m e−jk

(X)
zm z −B(X)

m ejk
(X)
zm z

]
(2.6)

with

Y (X)
m =

k
(X)
zm

ωµ
, (2.7)

G(X)
m = 2

√
ωµ

b(X)hk
(X)
zm

, (2.8)

d(X) =


a0/2 : X = I
a1/2 : X = II
−a2/2 : X = III
a1/2 : X = IV

(2.9)

and

b(X) =


a0 : X = I
a1 : X = II
(a1 − a2)/2 : X = III
(a1 + a2)/2 : X = IV

(2.10)

These modes are matched at the interfaces of the regions by considering the tangential components
of the electric fields and the magnetic fields are continuous. The continuity relations at z = 0 for the
system formed by regions I and II are

E(II)
y =

{
E

(I)
y : −a0/2 ≤ x ≤ a0/2

0 : elsewhere
(2.11)

and
H(I)
x = H(II)

x , − a0/2 ≤ x ≤ a0/2. (2.12)

Applying these conditions to the fields in their relevant regions, we obtain[
B(I)

F(II)

]
=

[
S
(0)
11 S

(0)
12

S
(0)
21 S

(0)
22

] [
F(I)

B(II)

]
(2.13)

with
S
(0)
11 =

(
I+ L

(0)
H L

(0)
E

)−1 (
I− L

(0)
H L

(0)
E

)
, (2.14)
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S
(0)
12 = 2

(
I+ L

(0)
H L

(0)
E

)−1

L
(0)
H , (2.15)

S
(0)
21 = 2

(
I+ L

(0)
E L

(0)
H

)−1

L
(0)
E = L

(0)
E

(
I+ S

(0)
11

)
(2.16)

and
S
(0)
22 =

(
I+ L

(0)
E L

(0)
H

)−1 (
L

(0)
E L

(0)
H − I

)
=
(
L

(0)
E S

(0)
12 − I

)
(2.17)

Here, LE and LH stand for the integrals

(
L

(0)
E

)
mn

= 2

√
k
(II)
zm

a0a1k
(I)
zn

∫ a0
2

− a0
2

sin

(
mπ(x+ a1/2)

a1

)
× sin

(
nπ(x+ a0/2)

a0

)
dx (2.18)

and (
L

(0)
H

)
mn

=
(
L

(0)
E

)
nm

(2.19)

while I being the unit matrix. Similarly, for the system formed by the regions II, III and IV, the continuity
relations at z = L are

E(II)
y =


E

(III)
y : a2/2 ≤ x ≤ a1/2

0 : −a2/2 ≤ x ≤ a1/2

E
(IV )
y : −a1/2 ≤ x ≤ −a2/2

, (2.20)

H(III)
x = H(II)

x , a2/2 ≤ x ≤ a1/2 (2.21)

and
H(IV )
x = H(II)

x , − a1/2 ≤ x ≤ −a2/2. (2.22)

Substituting the fields in their relevant regions into the above conditions yieldsB(II,L)

F(III)

F(IV)

 =

S
(L)
11 S

(L)
12 S

(L)
13

S
(L)
21 S

(L)
22 S

(L)
23

S
(L)
31 S

(L)
32 S

(L)
33


F(II,L)

B(III)

B(IV)

 (2.23)

where

S
(L)
11 =

(
I+ L

(L)
E1L

(L)
H1 + L

(L)
E2L

(L)
H2

)−1

×
(
L

(L)
E1L

(L)
H1 + L

(L)
E2L

(L)
H2 − I

)
(2.24)

S
(L)
12 = 2

(
I+ L

(L)
E1L

(L)
H1 + L

(L)
E2L

(L)
H2

)−1

L
(L)
E1 (2.25)

S
(L)
13 = 2

(
I+ L

(L)
E1L

(L)
H1 + L

(L)
E2L

(L)
H2

)−1

L
(L)
E2 (2.26)

S
(L)
21 =

(
L

(L)
H1 − L

(L)
H1S

(L)
11

)
(2.27)

S
(L)
22 =

(
I− L

(L)
H1S

(L)
12

)
(2.28)

S
(L)
23 = −L

(L)
H1S

(L)
13 (2.29)

S
(L)
31 =

(
L

(L)
H2 − L

(L)
H2S

(L)
11

)
(2.30)

S
(L)
32 = −L

(L)
H2S

(L)
12 (2.31)

and

S
(L)
33 =

(
I− L

(L)
H2S

(L)
13

)
(2.32)
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with

(
L

(L)
E1

)
mn

=2

√√√√ 2k
(II)
zm

a1(a1 − a2)k
(III)
zn

∫ a1
2

a2
2

sin

(
mπ

(
x+ a1

2

)
a1

)

× sin

(
nπ
(
x− a2

2

)
a1
2

− a2
2

)
dx =

(
L

(L)
H1

)
nm

(2.33)

and

(
L

(L)
E2

)
mn

=2

√√√√ 2k
(I)
zm

a1(a1 − a2)k
(IV )
zn

∫ − a2
2

− a1
2

sin

(
mπ

(
x+ a1

2

)
a1

)

× sin

(
nπ
(
x+ a1

2

)
a1
2

− a2
2

)
=
(
L

(L)
H2

)
nm

. (2.34)

In order to apply generalized scattering matrix method when cascading this 3× 3 system to the 2× 2
system as it is presented in Figure , the relations

F(I,L) = DF(I) (2.35)

B(I) = DB(I,L) (2.36)

with

D = diag

{
e−jk

(I)
zmL

}
(2.37)

are considered. Finally by the help of Generalized Scattering Matrix Method, B(I)

F(III)

F(IV)

 =

S11 S12 S13

S21 S22 S23

S31 S32 S33

 F(I)

B(III)

B(IV)

 (2.38)

is determined with
S11 = S

(0)
11 + S

(0)
12 DUS

(L)
11 DS

(0)
21 (2.39)

S12 = S
(0)
12 DUS

(L)
12 (2.40)

S13 = S
(0)
12 DUS

(L)
13 (2.41)

S21 = S
(L)
21 DVS

(0)
21 (2.42)

S22 = S
(L)
21 DVS

(0)
22 DS

(L)
12 + S

(L)
22 (2.43)

S23 = S
(L)
21 DVS

(0)
22 DS

(L)
13 + S

(L)
23 (2.44)

S31 = S
(L)
31 DVS

(0)
21 (2.45)

S32 = S
(L)
31 DVS

(0)
22 DS

(L)
12 + S

(L)
32 (2.46)

and
S33 = S

(L)
31 DVS

(0)
22 DS

(L)
13 + S

(L)
33 (2.47)

Here the matrices U and V stand for

U =
(
I− S

(L)
11 DS

(0)
22 D

)−1

(2.48)

and
V =

(
I− S

(0)
22 DS

(L)
11 D

)−1

, (2.49)

respectively. Having formulated one half of the coupler design, it can easily be applied to the other
half which allows the full geometry rigorously analyzed by MMT.
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Fig.4. SIW coupler frequency response with MMT and CST.

3 RESULTS AND
DISCUSSION

Fig. 2.3 illustrates the frequency response of the
designed SIW coupler when dimensions in Table
are used. The usage of RT Duroid 5880 substrate
which have low relative permittivity of 2.2
decreases the substrate losses compared with
other substrates with higher relative permittivity.
Figure 2.3 also shows that the designed coupler
has a fractional bandwidth (FBW) of about 16%
with respect to 25 GHz as center frequency. FBW
is calculated by considering equal amplitude
(−3 dB) and 90 degree phase shift of coupled
and forwarded output ports, namely port 2 and
port 3, respectively. The designed coupler also
introduces high isolation between the feeding
port (port 1) and port 4 with more than 20 dB.
In this design, as the length L4 increases, the
amplitude output at port 3 increases, and the
amplitude output at port 2 decreases, so that it
can be observed that L4 with output widths can
control the output amplitudes.

The observed discontinuity near 27 GHz in
the frequency response emerges due to the

appearance of a higher-order mode which is
TE20 in the coupler structure . In fabrication
process, a matched microstrip-line-to-SIW
transaction can be used to feed the designed
coupler. Although there are some structure
approximations (such as square vias and zero
length region), good agreement between MMT
and CST is achieved.

The truncation number for MMT analysis is
chosen as 45. Higher truncation number means
higher accuracy, however for truncation numbers
above 25, the differences in the results are
negligible.Phase shift of 90 ± 5 degrees is
achieved between forward and coupled output
ports as can be seen in Figure 2.3, which also
presents a good agreement between CST and
MMT results. The phase shift property allows
this coupler to be a part of beamforming antenna
feeding networks. The electrical field distribution
at 26 GHz is presented in Figure 2.3. In this
Figure, it can be seen that the input signal from
port 1 interacts with metallic vias as if they are
conductive walls in rectangular waveguides, and
is coupled equally to port 2 and port 3 with good
isolation on port 4.
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Fig.5. Output ports phase difference obtained by MMT and CST.

Fig. 6. E-Field distribution of the analyzed coupler

4 CONCLUSION

Mode-Matching Technique (MMT) analysis with
Generalized Scattering Matrix Method (GSMM)
of SIW hybrid coupler is presented in this paper.
Multi-port cascading approach presented and

discussed to analyze and formulate full coupler
scattering matrix. The suggested coupler is
analyzed Using MMT Matlab code with 45
as a truncation number and simulated with
full-wave solver CST .The designed coupler
presents −3 dB equal-amplitude output ports
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and more than 20 dB of port isolation with
about 90-degree phase shift. Despite some
structure approximations in the MMT procedure,
good agreement is determined between the
S-parameter results obtained by the rigorous
analysis with MMT and those from full-wave
solver CST.
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