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Design of SIW-Based Multi-Aperture Couplers
Using Ray Tracing Method

Zheng Liu, Student Member, IEEE, and Gaobiao Xiao, Member, IEEE

Abstract—In this paper, a simplified ray tracing method is used
to approximately predict the coupling characteristics of H-plane
multi-aperture substrate integrated waveguide (SIW) couplers.
The output powers of the output ports are calculated with
the reflection and the transmission coefficients at the coupling
windows. The ray tracing method provides a simple and efficient
way to determine the initial values for the geometrical parameters
of SIW-based multi-aperture couplers. From these initial values,
the structures of the couplers can be quickly optimized with less
iterations, so that the design efficiency can be greatly improved.
In order to get high isolation, a criterion is introduced to prevent
exciting higher order propagating Floquet modes in the SIWs.
Three examples of multi-aperture couplers are designed with our
approach. The measured results agree well with the simulated
results and the ones predicted using the ray tracing method.

Index Terms— Directional coupler, Floquet theorem, isolation,
ray tracing method, substrate integrated waveguide (SIW).

I. INTRODUCTION

AVEGUIDE couplers are the key components that have

been widely employed in microwave- and millimeter-
wave communication systems. However, their bulky size
and nonplanar structures have restricted their application
in microwave integrated circuits (MICs). Recently, couplers
based on substrate integrated waveguide (SIW) technology
are considered as promising candidates for MICs due to their
wide bandwidth, low cost, and easy integration capabilities
with other planar circuits [1]-[5].

The coupling mechanism of SIW-based couplers can be
divided into broad-wall and narrow-wall coupling. Couplers
realized by broad-wall coupling generally achieve better
broadband performance, while narrow-wall couplers are espe-
cially useful for high-power applications [6]. In this paper,
we focus on the H-plane SIW couplers. Some SIW-based
couplers with large single coupling apertures are proposed
in [7]-[14]. If SIW couplers are designed with multiple
coupling sections, the extra degrees of freedom can be used
to improve the operating bandwidth and optimize the cou-
pling coefficients between output ports [15]. Therefore, some
SIW-based multi-aperture couplers have been published

Manuscript received June 9, 2016; revised September 11, 2016; accepted
November 3, 2016. Date of publication December 16, 2016; date of current
version January 10, 2017. Recommended for publication by Associate Editor
M. S. Tong upon evaluation of reviewers’ comments. (Corresponding author:
Zheng Liu.)

The authors are with the Key Laboratory of Ministry of Education of Design
and EM Compatibility of High Speed Electronic Systems, Shanghai Jiao Tong
University, Shanghai 200240, China (e-mail: 1zheng1984@163.com).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TCPMT.2016.2626382

in [16]-[19]. SIW-based couplers are usually designed by sim-
ulating and optimizing the entire component with commercial
electromagnetic (EM) simulators, which may consume a lot of
CPU time and memory, especially for multi-aperture couplers.
As shown in [16], [19], and [20], the coupling characteris-
tics can be approximately estimated when the transmission
coefficients of the coupling windows within the couplers
are known. The coupling windows are usually composed of
finite-length periodic via arrays. For an infinite grid array
consisting of metallic vias, the transmission coefficient can
be calculated with some closed-form formulas [20]-[22].
However, these formulas are applicable only when the size of
metallic vias and the spacing between adjacent vias meet cer-
tain conditions. Various numerical techniques, such as mode-
matching methods [17], finite-difference time domain [23], and
T-matrix combining with lattice sums [24], [25], have been
developed to accurately formulate the EM scattering from
periodic structures. However, tedious programming tasks for
these methods are usually required. With the help of EM
simulators, the scattering characteristics of periodic structures
can be approximately obtained by simulating a single unit
cell with periodic boundary conditions, as used in [20], [21],
and [23]. Nevertheless, the periodic via arrays of coupling
windows in a multi-aperture SIW coupler usually have a larger
via spacing. When a plane wave impinges on them, high-order
propagating Floquet modes may be excited [26], which will
seriously deteriorate the isolations and aggravate the coupler’s
performance. Therefore, a selection criterion for via spacing
is necessary.

In [27], a simplified ray tracing approach is introduced to
trace the propagation path of each ray and then quickly predict
the coupling characteristics of SIW-based multi-aperture cou-
plers. In this paper, our previous work has been expanded fur-
ther. The fundamental principle using the ray tracing method
is described in detail. The principal mode (TEjp mode) in
SIWs is divided into two plane wave rays. Each ray can be
effectively traced until they have reached the output ports. The
transverse electrical field components for these rays at each
reflection point are formulated successively. The output power
at each output port is obtained by summing up the powers
carried by all rays reaching that port. The detailed formulas
are deduced that can be applied to calculate the coupling coef-
ficients of SIW couplers with the transmission and reflection
coefficients at the coupling window. The procedure to get the
initial values of SIW couplers is given, and three examples
are shown to validate the accuracy of our approach. It is
known that the simplified ray tracing method can provide
only approximate results. However, it is accurate enough to
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Fig. 1.  Schematic for multi-aperture directional coupler with ray-tracing
paths. (a) Wave ray a. (b) Wave ray b.

provide good initial values for geometrical parameters. The
final optimization process with a commercial EM simulator
will be greatly improved starting from these initial values.
Furthermore, based on the Floquet theorem, a criterion for
the via spacing in the coupling windows is derived to prevent
exciting high-order propagating Floquet modes in the designed
SIW-based couplers, which is critical to enhance the isolations
among output ports.

This paper is organized as follows. The simplified ray
tracing approach is described in Section II. In Section III,
the Floquet theorem is used to deduce the criterion for via
spacing. The design procedure for multi-aperture couplers is
described in Section IV. Three examples of multiway coupler
design are shown in Section V. Finally, a conclusion of this
paper is given in Section VI. The time dependence e/’ is
assumed and omitted throughout this paper.

II. RAY TRACING METHOD

An SIW-based multi-aperture directional coupler is shown
in Fig. 1. The two sidewalls can be equivalently modeled
as perfect electrically conducting (PEC) walls in Fig. 1,
from which all EM waves are totally reflected. The coupling
window is composed of circular metallic vias that are placed
periodically along the z-direction with a periodic distance of
lg, and its overall length is denoted by [l.. P;, P, P3, and
P4 represent the input, through, coupling, and isolation ports,
respectively.

Assume that the only propagation mode is the principal
mode, i.e., TE|p mode, which can be degompose;d into two
plane wave rays, denoted, respectively, by H, and Hj, in Fig. 1.
Note that in the coordinate system shown in Fig. 1, the electric
fields of the two rays have only the y-component and E\, =
Eyp at the input port. The two wave rays propagate along the
directions at angles £6 with respect to the x-axis [28]. The
wavenumber is k. The width of each ray is a,sin@, where
a. is the equivalent width of the SIW, and can be obtained
using [28, eq. (9)].

The ray tracing method, which has been employed in many
planar and cubic structures [29]-[31], is used to determine

the reflection points and predict the propagation path of each
ray within the coupler. It is observed that each ray travels
in the coupler by multiple reflections on the sidewalls and the
coupling windows. The two rays may experience different path
loss, and the powers carried by them may become different
when they reach the output ports. The power carried by each
ray at each output port is determined by superimposing the
reflected and transmitted powers at the coupling window. The
total output power of each port can be calculated by summing
up the powers of these two rays.

It is important to note that unwanted high-order propagating
Floquet modes may be possibly excited in the SIW couplers
when a plane wave ray illuminates upon the coupling sections.
Therefore, accurately calculating the power carried by each
ray may become difficult unless some assumptions are made
as follows.

1) The SIWs in the couplers are of the same width, and
only the principal mode, that is, TE{¢p mode, is consid-
ered in the SIW structure.

2) The losses caused by the vias and the substrate are low,
and hence, at any reflection point, the following formula
can be approximately applied:

IR +|T> ~ 1. (1)

Here, denote, respectively, the reflection coefficient and the
transmission coefficient of field components at the coupling
window as R (R = |R| e /?®) and T(T = |T|e 7?7).

Therefore, the transverse electrical field components of
these rays at each reflection point can be formulated suc-
cessively with the ray tracing method. Take the propagation
traces of ray H, as an example, and sequentially number the
reflection points in the coupling window with 1,2,...,m.
The propagation distance of each ray between sidewalls and
the adjacent coupling window is assumed as [, as shown
in Fig.1(b), which is related to the incident angle & and can
be approximately expressed as [28], [32]

| = a,/cosf (2)

b v
6 = arccos | — | = arccos 3)
a.k 2a, f

where v denotes the phase velocity in the SIWs. It is clear that
ray H, in Fig. 1(a) will break into two beams traveling to P»
and P3. Take the ray H,as an example, its transverse electric
field E, at each reflection point in the upper and lower SIWs
can be formulated in the following way.

1) For odd m, the reflection points lie on the coupling

window
. B _
Yo = (TE}, 3 +RE}, 5)
N N N
EY, 5 = (RE}, ; + TE}, »)
Bl = e 1O =23 @

where ¢p = k-1, representing the phase variation of the
rayH, from the sidewalls to its adjacent coupling win-
dow. The first subscript in E;fla , means the y-component

of the electric field of the ray H,, the second one is the
output port number, and the superscript is the number of
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Fig. 2. (a) Possible high-order Floquet modes with n = %1. (b) Lowest high-
order Floquet mode with n = —1. Dashed lines mean the Floquet modes.

reflection point. The upper scripts m~/m™ are applied
to denote the fields just before/after the mth reflection
point. Thus, at m = 1, we have E;;z = e’”’OREa and
-
E, =¢ JPTE,.
2) For even m, the reflection points will lie on the

sidewalls
N . _
E;na,2 =e " ;na,2
_ —j@+2 (m=2)* (m-2)*
= ¢ /EPOREND +TE], D)
. .
;"111,3 =e /7 yva,3
= @O (TEN YT L REMYT). (5)
At m = 0, it can be found that E?;z Eyq,
ot | _ '
|Eya,3| =0.

The electric fields of ray Hp, at each reflection point can
be obtained in the same way. Consequently, the coupling
coefficients of this coupler at output ports can be explicitly
calculated as follows:

2 2
Dy = (’E;T'afz‘ + ’E’y’,’bg’ )/|E|2
m+ 2 m+ 2 2
D3 = ’Ha,S ‘ + ’Hb,3 ’ lEI. (6)

Note that with the simplified ray tracing method,
no power comes out from the isolation port, i.e., Pa,
in Fig. 1. Thus, the coupler is assumed to have an ideal
isolation.

III. CRITERION FOR THE VIA SPACING

From (4)-(6), the coupling coefficients D> and Dj3 are
mainly determined by the parameters of 7, R, and m. For
a fixed diameter of metallic via in the coupling window,
the values of Tand R are mainly determined by the via
spacing [; and the incidence angle #. However, high-order
propagating Floquet modes may be excited within the couplers
when improper value of s is chosen [26], [28].

Consider an infinitely long periodic via array with via
spacing [; in the z-direction. It is illuminated by a TE plane
wave with incident angle of # with respect to the x-axis,
as showrl in Fig. 2(a). The wave vector of this incident
wave is k = agksing — aykcosf). According to the Floquet
theorem [32], the scattered waves at both sides of the window
can be expanded with Floquet modes, whose wave vectors can

x
Port 1 L»Z
l k 0

|
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Fig. 3. Simulation model of a unit cell for coupling window.

be expressed as k, = dacky , + azk; p, and

ke = ksind + Qnm)/ly

kx,n =/ k2 — k?,n (N

where k, , and k;, are the propagation constants of the nth
Floquet mode in the x- and z-direction, respectively. The
zeroth-order mode (n = 0) corresponds to the reflected wave
and the transmitted wave at the two sides of the coupling
window.

High-order propagating Floquet modes will certainly con-
vert power from the principal mode into high-order waveguide
modes, which may cause higher insertion loss and deteriorate
the isolation. It is evident that the lowest high-order Floquet
mode is the mode associated with n = —1, as shown
in Fig. 2(b). Therefore, in order to prevent the high-order
modes from propagating, i.e., all high-order Floquet modes are
evanescent waves, the following relation should be observed:

k.. 1| = |ksind — 27 /I;| > k (8)

from which the criterion for the via spacing can be deduced as

2 v

k+ksin0_f|:l+ /1—(v/2aef)2}

The criterion (9) is based on infinitely long via array. In the
cases of finite via arrays with n, vias, their spectra are not
discrete lines corresponding to Floquet modes anymore. Each
spectral line will be blurred to cover a narrow spectrum band.
However, for finite arrays with several periods, the relative
frequency spread of the first Floquet mode is less than 1/n,,
and the criterion in (9) is still approximately applicable. The
criterion should be strictly satisfied in designing the coupling
windows of SIW-based multi-aperture couplers. Under this
criterion, the values of 7 and R for the coupling window can
be quickly obtained by simulating its single unit cell model,
as shown in Fig. 3, where periodic boundary conditions are
assigned to the left and the right boundaries, and PEC walls
are assigned to the front and the rear boundary. A y-polarized
plane wave with incident angle @ is applied to the cell from the
port 1. It can be proved that |R| = [S11] and |T'| = [S21].The
values of |S11| and |S>;] can be quickly obtained with the
EM simulator. It is worthwhile to note that the values of R
and T are directly related with incident angle 6, which is
frequency-dependent. Fig. 4(a) shows the maximum allowable
via spacing /s max for coupling windows.

©)

Iy <Iymax =
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Fig. 4. (a) Incident angle 6 and maximal via spacing /s max versus frequency.
(b) Magnitudes of R and T'and the phase differences between R and 7' with
different via spacings /[y (mm). The diameter of via is 1.0 mm.

Fig. 4(b) illustrates the simulated variation curves of the |R|
and |T'| and their phase differences for different via spacings /;.
If the ratio of via spacing to diameter is small, e.g., I;/d <
2.5, the formulas for the transmission coefficient of coupling
window given in [20] can be used, which is independent of
frequency. Meanwhile, it is found that the phase differences
between R and T are about /2, which is almost independent
of via spacing ;.

IV. DESIGN OF MULTI-APERTURE COUPLERS

The ray tracing method is very simple to implement and
very convenient to be used to create the prototype structures
of SIW-based multi-aperture couplers with properly assigned
initial values, starting from which the optimization efficiency
can be greatly improved. The main design steps for SIW-based
multi-aperture couplers are listed as follows.

1) Follow closed-form formulas [28], [33] to determine the
dimensions of SIW and the sizes of transitions.

2) With formula (9), calculate the maximum via spacing
Iy max associated with the upper boundary frequency fx.

3) With parameters of the substrate, obtain the variation
curves of T and R versus the via spacing [; by

simulating one unit of coupling window with periodic
boundary conditions.

4) Derive the formulas of transverse electrical field com-
ponents with (4) and (5) and then predict and analyze
the power coupling coefficients with (6). Optimize the
values of m and /s until the power coupling coefficients
meet the requirements at the center frequency first, and
then balance its whole performance within its operating
frequency band by fine-tuning their values. In this step,
the optimization is fulfilled using the curves of R and
T, together with the prediction formulas for the power
division ratios like (4) and (5). It is not necessary to
perform full-wave simulations.

5) Calculate the number of apertures n, in the coupling
window by

ng = [mlsin6. /] (10)

where [u] means taking the nearest integer of u and 6,
is the incidence angle expressed by (3) in the center
frequency. Therefore, the coupling window consists of
(ny + 1) vias. The prototype of the coupler is available.
6) Starting from the prototype and the initial values, opti-
mize the whole SIW coupler with transitions using an
EM simulator; usually, the first and last via spacings in
the coupling section need to be slightly adjusted.
It is known that the ray tracing method can be further improved
by dividing one ray into several parallel subrays. The coupling
effect of the windows can be addressed more accurately with
the subrays.

V. EXPERIMENTAL VERIFICATION

In this section, several examples are designed to verify the
accuracy of the proposed approach. The substrate used in this
paper is Taconic TLX with a thickness of 1 mm, a relative
permittivity of 2.55, a relative permeability of 1.0, and a loss
tangent of 0.0019. The diameter of the via is 1.0 mm, and the
via spacing in the sidewalls is 1.8 mm in all the examples.
The used EM software is HFSS 14.0.

A. Example of 3-dB Directional Coupler

A conventional 3-dB multi-aperture direction coupler is
designed first to verify our proposed method. The traces of
plane wave rays propagating within this coupler can be plotted,
which have also been given in Fig. 1. Based on the crite-
rion (9), the via spacing [ is set as 5.5 mm to avoid high-order
propagating Floquet modes within SIWs. First, the values
of R and T are obtained with the EM simulato_g. Seconsl,
the transverse electric field components for ray H, and Hj
at P, and P3 are formulated, respectively, for m = 4. Third,
the coupling coefficients at output ports, i.e., Dip and Djs,
can be predicted using the simplified ray tracing formulation,
as illustrated in Fig. 5(b). Fourth, the number of apertures n,
in the coupling window is derived as 8 with (10). Finally,
the entire layout of the designed directional coupler with
transitions is optimized, fabricated, and measured. The phase
balance between output ports can also be obtained from the
formulas of transverse electrical field components.
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Fig. 5. (a) Photograph of the multi-aperture directional coupler (mm).

Predicted, simulated, and measured scatter parameters of (b) coupling coeffi-
cients, (c) isolations, and (d) phase differences between P> and Ps.

Fig. 5(a) shows the photograph of the fabricated 3-dB
coupler. The geometries after optimization have been marked
in the photograph. The first via spacing in the coupling window
has increased from its original value of 5.5-5.7 mm, and the
last one varies from 5.5 to 6.0 mm, while other sizes remain
unchanged. The simulated and measured scattering parameters
are given in Fig. 5(b)—(d). Meanwhile, Table I lists the

TABLE I
RESULTS OF THE 3-dB DIRECTIONAL COUPLER
Predicted Simulated Measured
Dy»(dB) 3.24+0.5 3.6+0.5 4.3+0.5
Dy; (dB) 3.3+0.5 3.5+0.5 4.2+0.5
S»3(dB) 0 >17.5 >15
Phase difference 90+0.3 90+1.5 91+3
for S,;(deg)
Bandwidth (GHz) 12.2~17.0 12.2~16.9 12.4~17

m
n 2! 2
OBOGOOO0IOO0OOOOL OO0 O0OO0OOOO

Fig. 6. Traces of rays within three-way coupler. (a) Ray a. (b) Ray b.
lem and Icp are the lengths of two coupling windows, respectively. m and n
are, respectively, the number of the reflection points within the two coupling
windows.

detailed comparison of the predicted, simulated, and measured
results.

The predicted results have not taken into account factors
such as losses caused by port discontinuities and the EM
scattering effects. The measured results have included the
contributions of the SMA connectors. From Table I, it can be
found that the measured operating bandwidths of the coupling
coefficients between output ports agree well with the simulated
and predicted ones. Good isolations and phase balance among
output ports are also observed. Meanwhile, the isolations begin
to deteriorate at a frequency of 17.3 GHz in Fig. 5(c), which
is close to the upper critical frequency (fy = 17.6 GHz) at
which the first propagating Floquet mode begins to appear.
The designed 3-dB multi-aperture coupler has achieved a 31%
relative operating bandwidth.

B. Three-Way Couplers With Equal/Unequal
Power Division Ratio

In microwave and millimeter-wave communication systems
and the antenna beamforming networks, multiway power
dividers/couplers with equal and unequal power division
ratios are usually required according to different application
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Fig. 7.  (a) Photograph of fabricated three-way equiratio coupler (mm).
(b)—(d) Comparison of the predicted, simulated, and measured scattering

parameters.

background [16], [17], [19]. In this section, two three-way
couplers with equal/unequal power division ratios are designed
to verify the accuracy of our approach further. The equiratio
three-way coupler is realized with a uniform structure, which
is symmetrical on its axial direction, and the two coupling
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Fig. 8. (a) Photograph of fabricated three-way unequiratio coupler (mm).
(b)-(d) Comparison of the predicted, simulated, and measured scattering
parameters of unequal three-way coupler.

windows have the same length (Icp, = Im and n = m
in Fig. 6), while the unequal ratio one is designed with an
unsymmetrical structure, in which the two coupling windows
have different lengths (Icn # Icm and n # m). Fig. 6 shows a
model of the three-way multi-aperture coupler with an unequal
power division ratio, together with the traces of wave rays
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TABLE 11
THREE-WAY COUPLER WITH EQUAL/UNEQUAL POWER DIVISION RATIO

EQUAL POWER DIVISION RATIO

Predicted Simulated Measured
Dy, (dB) 4.950.5 5.4+0.5 6.140.5
D3 & D4 (dB) 4.7+0.5 5.3+0.5 6.0+0.5
S & Sy (dB) 00 >18 >16.5
Ss4 (dB) o >22 >17
Bandwidth 12.3~16.7 12.3~16.6 12.5~16.4
(GHz)
UNEQUAL POWER DIVISION RATIO
Predicted Simulated Measured
D), (dB) 5.8+0.5 6.3%0.5 7.00.5
Dy; (dB) 8.2+0.5 8.8+0.5 9.4+0.5
D4 (dB) 2.3+0.5 2.80.5 33+0.5
S»; (dB) 0 >18 >16
S (dB) 0 >17.5 >15
Bandwidth 12.2~16.6 12.2-16.5 12.5-16.3
(GHz)

within it. For the sake of convenience, the two coupling
windows are assumed to have identical periodic distance of /.
The operating frequency bands of the two couplers are the
same, ranging from 12.5 to 16.5 GHz. According to Fig. 4(a),
the value of /s is set as 5.7 mm (fg = 17.1 GHz) to get higher
isolations and minimize their dimensions. .

_ Similarly, the principal mode is also divided into H, and
H) at a reference point near the left edge of the coupling
windows, as shown in Fig. 6. In this case, these two rays
will, respectively, break into three beams. Thus, the transverse
electrical field components for each ray at output ports can
be obtained sequentially with similar expressions as those
in (4) and (5).

The couping ceofficients Dy, D13, and D14 for the equiratio
coupler can be calculated analogous to (6), and their curves
have been shown in Fig. 7(b). The values of m and n, are
set as 5 and 8, respectively. Since D4 equals D3 for the
equiratio coupler, only the curves of D13 and D, are shown.
In the similar way, the predicted coupling coefficients for the
unequal ratio coupler are illustrated in Fig. 8(b). In this case,
the values of m and n in Fig. 6 are set as 6 and 4, respectively,
which correspond to the numbers of the apertures 9 and 6,
respectively. Finally, the two couplers are all fabricated, and
their photographs are shown in Figs.7(a) and 8(a), respectively.

It is noted that for these two couplers, the original
value of via spacing in the coupling sections is 5.7 mm.
When the whole circuit models including the transition parts
are simulated and optimized, only the first and last via
spacings in their coupling windows have been adjusted,
while the other values will remain the same, as shown
in Figs. 7(a) and 8(a), respectively. The simulated and mea-
sured results of these two couplers are, respectively, shown
in Figs. 7(b)—(d) and 8(b)—(d). Good agreement is again
observed among the measured results and those simulated and
predicted ones of the two couplers. Good isolations among
output ports have been achieved. Meanwhile, it is found that
the measured isolations begin to deteriorate seriously when
the frequency is beyond 16.8 GHz, which is close to the
upper critical frequency (fg = 17.1 GHz). Table II shows

the predicted, simulated, and measured results of these two
couplers.

VI. CONCLUSION

In this paper, a simplified method is applied to trace the
wave rays in SIW-based multi-aperture couplers, and formulas
to calculate the coupling coefficients of output ports are
derived. Good initial values for the geometrical parameters
of STW-based multi-aperture couplers can be obtained quickly
with the ray tracing method, with which the optimizing
efficiency of the entire layout can be greatly improved. High
isolation among output ports can be achieved by observing
the criterion for via spacing in the coupling window. Several
examples of STW-based multi-aperture couplers are designed
and fabricated, and the measured results verified the proposed
approach.
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