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Abstract—Arrays fed by substrate integrated waveguides
(SIWs) are a current topic of interest. However, most designers
have to rely on general purpose commercial software, usually
inefficient for multiple full-wave simulations in a design process.
This work proposes a new fast full-wave strategy, with very
low iteration times, based on the simultaneous use of addition
theorems for spherical and cylindrical modes. After a domain
decomposition of the array into fixed or modifiable (to be
optimized) sections, each section is analyzed using a finite-
element/modal analysis to obtain its general scattering matrix.
Fixed sections are only once coupled at the beginning, while each
optimization iteration is calculated with full-wave precision by
adding the interactions with the modifiable sections. A complete
design process of a novel 16-slot progressive-wave SIW-fed array
is performed to validate the strategy usefulness. 112800 iterations,
with 47 optimization variables, are calculated in under 4 hours
(speed-up factor of over 2000 compared to general purpose
commercial software). The designed device is manufactured
and experimentally characterized, measuring a 1.05 GHz |S11|
bandwidth under -10 dB, and a maximum gain of 15.6 dBi at
θ=-11◦ in the array plane.

Index Terms—Addition theorems, cylindrical modes, spherical
modes, optimization process, antenna array, substrate integrated
waveguide (SIW).

I. INTRODUCTION

SUBSTRATE integrated waveguide (SIW) tecnology has
been a topic of interest for many researchers in the last

few years, due to its capability to combine the high-power han-
dling properties of traditional rectangular waveguides with the
fabrication techniques used in printed circuit boards (PCBs).
SIW devices are based on the use of metallized via holes to
connect the two metal layers of a dielectric substrate, with
rules on the size and separation of said via holes [1], [2].

Slot antenna arrays placed on the top-plate of a SIW can
be found quite early in the literature [3], [4], [5], [6], [7],
[8], [9], [10], [11], [12]. More complex structures that modify
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Universidad Autónoma de Madrid, 28049 Madrid, Spain.
(e-mail: joseluis.masa@uam.es).

the basic slot radiating element, such as the use of dielectric
resonators placed on top of the slot [13], [14], [15], have been
reported. Resonant patch antennas, where the SIW is used
as a resonant cavity, are also common [16], [17], [18], [19].
Even SIW-based leaky-wave antennas [20], [21], [22] or horn
antennas [23], [24] are present in the literature.

Nevertheless, most of these devices have been designed
using commercial full-wave software, which is not known for
its fast iteration times in a design process. Some works use a
circuital approach [8], [14], [10], [11], [12], [21], aggressive
space mapping [25] or Elliot’s formulas [6], [11], but yet a full-
wave simulation of the device is usually needed to precisely
tune and validate the design.

To the best of the authors’ knowledge, only another fast
hybrid full-wave methodology to analyze SIW-fed antenna
arrays had been proposed in previous works. In [26], [27]
the Method of Moments (MoM) is hybridized with mode-
matching (MM) to obtain fast iteration cycles with full-wave
precision when working with antenna slots fed by SIW. This
method exhibits very low iteration times, but it is limited by
its application to just antenna slots fed by SIW.

Recently, we have introduced a hybrid full-wave methodol-
ogy based on a finite-element/modal analysis (FE/MA) with
fast frequency sweep and modal expansion in cylindrical
modes for the fast analysis of SIW circuits in [28]. Later,
it was extended to the analysis of antenna arrays placed on
the top plate of a SIW by the simultaneous use of the addition
theorems for spherical and cylindrical modes, in [29]. This
methodology is based on the division of the SIW device
into different sections bounded by cylindrical ports, and by
hemispherical ports if a radiating element is contained in the
considered section. The general scattering matrix (GSM) of
each section is obtained using the FE/MA solver with fast
frequency sweep, but any other methods able to obtain GSMs
are suitable. The use of FE/MA allows the analysis of arrays of
different types of elements such as arbitrarily shaped apertures,
patches, or dielectric resonator antennas (DRAs) at the expense
of a lesser memory saving (compared to other works in the
literature). Once the GSMs of all the different sections have
been obtained, cylindrical and spherical addition theorems are
used simultaneously to obtain the behavior of the analyzed
device.

In this work, we propose a different strategy using a new
formulation of the problem based on the sequential coupling
of fixed and modifiable sections in each iteration of an
optimization process. This new strategy allows us to accelerate
the aforementioned methodology. In the new formulation, a
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group of fixed sections is established at the beginning of
an optimization process, and the interactions between them
are calculated only once. The elements modified, by using
either a different geometry or position on the design, are
then coupled between them and to the other sections of
the device in each iteration. With this new strategy, lower
iteration times can be obtained in contrast to performing the
simultaneous coupling of all the sections of the device. It
should be noted that the proposed methodology will provide
better iteration times the greater the total number of modes
from fixed sections is, compared to those from modifiable
ones. More specifically, since the metallized via holes that
form the SIW walls are neither geometrically changed nor
moved, and they are much greater in number than the usually
optimized radiating elements, much lower iteration times can
be obtained.

In order to test the validity and utility of the new pro-
posed strategy, a full design process of a progressive wave
16 transversal slot SIW antenna linear array is carried out.
Apart from the known advantages of SIW technology, it also
allows for near-broadside radiation, greatly in contrast with
traditional hollow rectangular waveguides [30], [?]. The use
of the proposed method allows to consider in a single step
the complete interactions between the slots. As a result, a
novel design where the physical dimensions of the slots do not
follow a monotonic tendency to increase the adaptation, and no
additional matching elements are needed, has been obtained.
The optimization of the distance between elements, as also
the width and length of each individual slot, has resulted in
a design that contrasts with the traditional literature [3], [4],
[5], [6], [7]. The criteria, algorithm and limits of the different
variables used in the optimization process are also discussed.
The computational time of each iteration of the optimization
process is also compared to those obtained if our previous
work was to be used instead. Additional simulations with the
CST Studio Suite 2020 [31] are also performed to validate the
formulation.

The final design, with a size of 9.17λ0 at 17GHz, is
manufactured and measured, obtaining a 15.6 dBi measured
gain near-broadside, with over a 1.0GHz measured bandwidth
under −10 dB in terms of |S11|. The manufactured design also
has a 98.5% measured impedance mismatch factor (defined as
the ratio of the power accepted by the antenna to the power
incident at the antenna terminals), resulting in a 64.4% esti-
mated total efficiency. These results, hard to be simultaneously
obtained in the current state of the art [21], [32], [20], [33],
[34], are obtained due to the capability of the methodology to
consider all the interactions within the array in an optimization
process with low iteration times.

II. THEORY

The new proposed strategy follows the block diagram shown
in Fig. 1, where a zero step is also included. This zero
step refers to the analysis and determination of the GSMs
that characterize each section into which the SIW array is
decomposed, and the assignation of fixed and modifiable
sections. Feeding sections, as also the metallized via holes,
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Figure 1. General block diagram of the new proposed strategy, with
optimization loop.

can usually be considered fixed. Each possible geometry of
the modifiable sections is also computed in this step, resulting
in a discrete collection of analyzed geometries that can be
easily and quickly loaded in each iteration of the optimization
process. In this way, there is no need to compute any new
GSM of any modifiable sections, since they can be just readily
loaded from the collection computed in this step.

In general terms, three different section types can be defined
in a usual single-layer SIW array: feeders, radiating elements,
and scatterers (i.e., the metallized via holes). A feeder is
defined as any section i that relates feeding modes, i.e. from
a rectangular waveguide or a coaxial line, with cylindrical
modes. Its GSM is structured as[

Γ(i) R
(i)
c

T
(i)
c S

(i)
c

] [
v(i)

a
(i)
c

]
=

[
w(i)

b
(i)
c

]
, (1)

where v(i) and w(i) are column vectors of the complex ampli-
tudes of the incident and reflected feeding modes, respectively,
on the feeding port of a section i. The complex amplitudes of
the standing and scattered cylindrical modes on the cylindrical
port of section i are presented, respectively, in the column
vectors a

(i)
c and b

(i)
c . Γ(i) is the reflection matrix, whose ele-

ments are the reflection and coupling parameters of the feeding
modes. T(i)

c is the transmission matrix, whose elements are



THIS IS AN EARLIER VERSION OF THE PAPER WITH DOI: 10.1109/TAP.2022.3177505. 3

Figure 2. Top (left) and side (right) view of a slot placed on a SIW top plate.

the transmission coefficients between incoming feeding modes
and outgoing cylindrical modes. On the other hand, R(i)

c is
the corresponding reception matrix between outgoing feeding
and incoming cylindrical modes. Lastly, S(i)

c is the scattering
matrix of the cylindrical modes considered on the cylindrical
port of section i. The use of standing cylindrical modes allows
for a more compact formulation based on the source scattering
matrix as defined by Yaghjian [36]. Nevertheless, it can be
easily related to the classical scattering matrix in terms of
incoming and scattering cylindrical modes [38].

The radiating elements are any section i that relates spheri-
cal modes with cylindrical modes, as it can be seen in Fig. 2.
Their GSM can be summarized as[

S
(i)
e C

(i)
ec

C
(i)
ce S

(i)
c

][
a
(i)
e

a
(i)
c

]
=

[
b
(i)
e

b
(i)
c

]
, (2)

where a
(i)
e and b

(i)
e correspond to the standing and scattered

spherical modes on the hemispherical port, S
(i)
e takes ac-

count of the relation between standing and scattered spherical
modes [35], [36], and C

(i)
ec and C

(i)
ce account for the coupling

between spherical and cylindrical modes. This definition of
radiating elements implies that this kind of section does not
directly relate feeding modes to spherical modes.

The final type of section, the scatterers, can be defined
as any section i that is only able to relate the complex
amplitudes of the cylindrical modes present in its cylindrical
port. Therefore, they have a very simple GSM, structured as[

S(i)
c

] [
a(i)c

]
=

[
b(i)
c

]
. (3)

There are analytical methods to obtain the GSM of the SIW
metallized via holes, or from dielectric posts [37]. To obtain
the GSM of the rest of the elements, we use the FE/MA solver
proposed in [38].

From these GSMs, we define the following matrices that
will be used in the rest of the methodology as a collection of
diagonal block matrices, composed from the GSMs of all the
sections considered in the analyzed device, as

Γ = diag
(
Γ(i)

)
;Tc = diag

(
T

(i)
c

)
;Rc = diag

(
R

(i)
c

)
;

Cce = diag
(
C

(i)
ce

)
;Cec = diag

(
C

(i)
ec

)
;

Sc = diag
(
S
(i)
c

)
;Se = diag

(
S
(i)
e

)
.

(4)

In a similar way, the complex amplitudes of the considered
modes can be grouped in column vectors as

v =



v(1)

...
v(i)

...
v(N)

 ;w =



w(1)

...
w(i)

...
w(N)

 ;bx =



b
(1)
x

...
b
(i)
x

...
b
(N)
x


; (5)

where N is the total number of considered sections, and x can
be either c or e to denote scattered cylindrical (bc) or spherical
(be) modes, respectively. Additionally, ac and ae are defined
in a similar manner.

Finally, as explained in [28], the interactions between the
different cylindrical ports are taken into account by means of
the general translational matrix for cylindrical modes, G(i,j)

c .
This matrix relates the scattered cylindrical modes from the
cylindrical port of section j to the incident cylindrical modes
of section i. An analogous definition can be extracted for
spherical modes, where G

(i,j)
e allows the consideration of

arbitrary rotation and translation in a 3D space [36]. The
generalized translation matrix created from these terms can
be expressed as

Gx =



0 G
(1,2)
x · · · G

(1,Nx)
x

G
(2,1)
x 0

. . .
...

...
. . . . . .

...
...

. . . 0 G
(Nx−1,Nx)
x

G
(Nx,1)
x

. . . G
(Nx,Nx−1)
x 0


,

(6)
where, once again, x can be c or e to denote either cylindrical
modes or spherical modes respectively, with Nc being the
number of considered sections with cylindrical ports and Ne

the number of considered sections with spherical, or in this
case, hemispherical ports.

It is also in this step where the differentiation between fixed
and modifiable sections is made. Contrary to [29], where all
sections were coupled simultaneously, in this work we adopt
a different strategy. This consists of first coupling the sections
that will not change in the optimization process neither in
shape nor in position, to later couple the modifiable sections
with each other and with the fixed sections (see Fig. 1). As
it was proven in [39], in the context of coupling of antennas
in terms of equivalent dipoles, the result of this strategy is
the same as the one obtained if we couple all the sections
simultaneously. However, in an optimization process, the fixed
sections only need to be coupled once at the beginning (step
1 in Fig. 1). This will save computational time if their number
is large in comparison with the modifiable sections, as we will
show later. Therefore, Gc can be divided into four sub-blocks
to account for the coupling between the cylindrical ports of
fixed and modifiable sections as

Gc =

(
Gmm

c Gmf
c

Gfm
c Gff

c

)
, (7)
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where Gff
c represents the application of the general trans-

lational theorems for cylindrical modes for only the fixed
sections, Gmm

c is its counterpart for the modifiable sections.
Gfm

c and Gmf
c are applied between fixed and modifiable

sections, or modifiable and fixed, respectively.
The defined group column vectors in (5), as well as the

diagonal block matrices constructed from the GSMs of the
different sections in (4), will have superscripts to indicate if
they refer to fixed or modifiable sections. In this way, Sf

c

is the diagonal block matrix constructed from the cylindrical
scatter sub-matrix of only the fixed sections. On the other
hand, Sm

c is the corresponding matrix when considering only
the modifiable sections.

A. Interaction between the fixed sections
In this first step, the interaction between the cylindrical

ports of the considered fixed sections are taken into account,
since no fixed spherical ports are considered. Most frequently,
antennas use a feeding network that is designed and optimized
independently from the radiating elements, and can be consid-
ered fixed, or non-modifiable, to the rest of the design. Other
parameters are also usually fixed in the design, such as the
maximum dimensions of the antenna, the distance between the
SIW walls, or the number of radiating elements. Henceforth,
the formulation will consider the feeding elements, whose
GSM was described in (1), as fixed sections. Many metallized
via holes will also be considered to be fixed, i.e. those
composing the SIW walls, and will also be accounted for in
this step.

The analysis between cylindrical ports has been previously
resolved in [28], obtaining as a result the s-parameters of the
feeding modes. Nevertheless, the assumption made in [29],
that no field is coming from outside the considered group
of cylinders, is not true any more. In the present work, the
modifiable sections have a non-zero contribution. Therefore,
the equations (6) and (7) from [29], when considering that the
modifiable sections introduce outside field to the interaction
between the fixed cylinder ports, result in

Γfv +Rf
cG

ff
c bf

c +Rf
cao = w, (8)

Tf
cv + Sf

cG
ff
c bf

c + Sf
cao = bf

c , (9)

where ao is the complex amplitude of the standing cylindrical
modes on the fixed cylindrical ports due to the modifiable
sections.

Hence, solving (9)

(
I− Sf

cG
ff
c

)−1
Tf

cv +
(
I− Sf

cG
ff
c

)−1
Sf
cao = bf

c , (10)

and inserting the result in (8) leads to(
Γf +Rf

cG
ff
c

(
I− Sf

cG
ff
c

)−1
Tf

c

)
v +

(
Rf

c +

Rf
cG

ff
c

(
I− Sf

cG
ff
c

)−1
Sf
c

)
ao = w.

(11)

From (10) and (11), it is possible to extract the GSM
considering only the cylindrical interactions between the fixed
sections as follows

Γ(c)f = Γf +Rf
cG

ff
c

(
I− Sf

cG
ff
c

)−1
Tf

c (12)

R(c)f
c = Rf

c +Rf
cG

ff
c

(
I− Sf

cG
f
c

)−1
Sf
c (13)

T(c)f
c =

(
I− Sf

cG
ff
c

)−1
Tf

c (14)

S(c)f
c =

(
I− Sf

cG
ff
c

)−1
Sf
c (15)

where the superscript (c)f indicates that these matrices are
obtained from coupling the fixed cylindrical ports.

B. Coupling to modifiable sections

The second step of the proposed strategy is also the iterated
step in an optimization process. In this step, the previously
fixed matrices are used in conjunction with a unique set of
defined positions and geometries of the modifiable sections.
These positions and geometries can be different each time this
step is performed, and they can be decided by the designer
(i.e., when fine tuning a design) or an optimization algorithm.

This step results in the complete analysis of the device,
obtaining both the final s-parameters of the feeding modes and
the radiation pattern of the array. Since the followed procedure
is similar to the one described in [29], a simplified version of
the equation to obtain the S-Parameters is used as founda-
tion. In this case, the waveguide feeding is performed solely
through direct coupling to the cylindrical modes, represented
by matrices Rc and Tc. Therefore, the equation is reduced to[

Γ(g) +R(g)
c G(g)

c PT(g)
c +

+R(g)
c G(g)

c PC(g)
ce GeM

−1Q
]
v = w,

(16)

with

P =
(
I− S(g)

c G(g)
c

)−1

, (17)

M = I− SeGe −C(g)
ec G

(g)
c PC(g)

ce Ge, (18)

Q = C(g)
ec G

(g)
c PT(g)

c , (19)

where the (g) superscript indicates a global matrix constructed
from the modifiable sections and the previously coupled fixed
sections.

Since, in this case, the interaction between the cylindrical
ports of the fixed sections has already been performed, (7) is
used to define a new coupling matrix

G(g)
c =

(
Gmm

c Gmf
c

Gfm
c 0

)
.

Similarly, the cylindrical scattering matrix, S(g)
c , should also

consider independently the previously coupled fixed cylindri-
cal modes to those corresponding to the modifiable sections,
resulting in

S(g)
c =

(
Sm
c 0

0 S
(c)f
c

)
,

and since the feeding ports are contained in the fixed sections
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T(g)
c =

(
0

T
(c)f
c

)
, (20)

R(g)
c =

(
0 R(c)f

c

)
, (21)

Γ(g) =
(
Γ(c)f

)
. (22)

Additionally, because the radiating elements are considered
only modifiable sections

C(g)
ce =

(
Cm

ce

0

)
,

C(g)
ec = (Cm

ec 0) .

The main computational effort of evaluating (16) resides in
the needed inversion of (17). We will use block-wise matrix
inversion instead of a direct inverse, since the matrix to invert
can be decomposed as

I− S(g)
c G(g)

c =

(
I− Sm

c Gmm
c −Sm

c Gmf
c

−Sm
c Gfm

c I

)
. (23)

Consequently,

(
I− Sm

c Gmm
c −Sm

c Gmf
c

−S
(c)f
c Gfm

c I

)−1

=(
V VSm

c Gmf
c

S
(c)f
c Gfm

c V I+ S
(c)f
c Gfm

c VSm
c Gmf

c

)
,

(24)

with

V =
(
I− Sm

c

(
Gmm

c +Gmf
c S(c)f

c Gfm
c

))−1

. (25)

The inversion expressed in (24) is more efficient than a
direct inversion, since it benefits from the fact that the inverse
of an identity matrix is itself.

Now, defining

A = Gmf
c S(c)f

c Gfm
c ,

B = Cm
ec (G

mm
c +A)V,

and inserting them into (18) and (19) gives

M = I− (Se +BCm
ce)Ge, (26)

Q = (BSm
c +Cm

ec)G
mf
c T(c)f

c . (27)

The terms of (16) that included P are now expressed as

R(g)
c G(g)

c PT(g)
c = R(c)f

c Gfm
c VSm

c Gmf
c T(c)f

c ,

R(g)
c G(g)

c PC(g)
ce Ge = R(c)f

c Gfm
c VCm

ceGe.

Therefore, using (26) and (27), (16) is computed as[
Γ(c)f +R(c)f

c Gfm
c V (Sm

c +

+Cm
ceGeM

−1Q
)
Gmf

c T(c)f
c

]
v = w.

(28)

When the number of fixed sections is much greater than
the number of modifiable ones, an usual occurrence, the main
computational cost is due to finding A, which is obtained from
the multiplication of 3 matrices. These have a dimension of
nm×nf , nf×nf and nf×nm, where nf is the total number
of cylindrical modes used in the considered fixed sections. nm,
by contrast, is its counterpart for the considered modifiable
sections. Nevertheless, the direct computation of (16), as it
was done in [29], requires the inversion of a square matrix
with dimension (nm+nf)× (nm+nf) to obtain P in each
iteration. On the other hand, the effort to calculate M−1Q is
identical to solving an equation system with a dimension equal
to the number of spherical modes. For antennas placed on top
of a SIW plate, the total number of used spherical modes
is much lower than the number of used cylindrical modes,
implying a much lower effort. The new strategy allows for
faster iteration times in an optimization process, as it will be
seen in the next section.

Regarding the radiated field, it can be obtained from the
scattered vector spherical waves when the interactions between
all the sections are taken into account [29]

E (û) = Ube = UFM−1Qv, (29)

where F accounts for the rotation angles if there are rotated
elements [40]. U is

U =
(
ee−jk0û·u1 , . . . , ee−jk0û·ui , . . . , ee−jk0û·uNe

)
, (30)

where ui is the position vector of the array element i,
(ui = xix̂ + yiŷ), k0 is the free space wavenumber, û is
the unitary vector in spherical coordinates, and e is a row
vector containing the electric fields of the spherical modes in
each array element. From the calculated radiated field, any
desired radiation pattern for a specified polarization can be
easily computed.

III. OPTIMIZATION PROCESS

In this section, a progressive-wave 16 transversal slot SIW-
fed 1D linear array antenna polarized in x-direction, according
to Fig. 3, is designed using the freely available unified third
version of the non-dominated sorting genetic algorithm (U-
NSGA-III) [41] provided with pymoo [42], considering Riesz
s-Energy directions [43]. The NSGA-III gave excellent per-
formance when used with a different strategy to optimize
a slotted hollow rectangular waveguide in [?]. According
to their authors, the U-NSGA-III algorithm, as well as the
Riesz s-Energy directions, provide better convergence in multi-
objective optimizations when compared to the original NSGA-
III and Das-Dennis directions. They also ensure that a global
optimized minimum can be reached in a many variables to
optimize scenario. Nevertheless, any optimization algorithm
can be seamlessly integrated to the proposed strategy.

The device is based on a Rogers RT/Duroid 5880 (εr = 2.2)
substrate, with a height of 1.575mm and a 35 µm copper
thickness. The SIW width (wsiw) is 11mm, the via diameter
(d) and pitch (p) are 0.8mm and 1.6mm respectively. Since
an equivalent rectangular waveguide (RW) with the same
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Figure 3. a) Top view of the equivalent RW to cylindrical port transition with
connection to the SIW layer. b) Top view of two slots with their variables
to optimize: length, width and distance between consecutive slots. c) Top
schematic view of the optimized array with considered local axis.

propagation constant (β) can be determined, it is used as
the excitation of the fundamental mode of the SIW in the
array design process. The RW width is obtained using the
equations from [44], resulting in a value of 10.573mm. A RW
to cylindrical port transition is designed following the structure
shown in Fig. 3.a, so that a back-to-back configuration with a
SIW in between ensures a reflection coefficient under −50 dB.
Two of these structures are used as the input and output ports
of the device in the optimization process. The selected working
frequency is 17GHz, suitable for satellite communications or
radar positioning applications.

The parameters to optimize are the length and width of
each individual slot, and the distance between consecutive
slots, adding to a total of 47 individual variables to optimize.
Broadside radiation in slot arrays usually implies matching
problems due to the in-phase additive mismatches of each
individual radiating element [45], [46], usually placed at the
ideal distance of near a guided wavelength (λg) in hollow
rectangular waveguides. Furthermore, the distance used to
separate the slots results in grating lobes, greatly reducing the
array performance. Since SIW is substrate based, the grating
lobe problem is partially solved. However, the λg spacing
needed for broadside radiation still implies the appearance
of in-phase additive mismatches. Examples in the literature
without additional matching elements, nor modifications to the
radiating element, are hard to find [47], [4], [5], [7], [48], [12],
[22]. Transversal arrays increment the matching problem not
only due to their higher slot reflection, but also due to the
effects of mutual coupling between individual slots [49], re-
sulting in additional modifications to the design elements [21],
[32], [20], [33], [34]. Additionally, they also usually employ a
monotonically increasing slot length to obtain a near-broadside
radiation, and use the slot width as a fixed parameter of
the design. In this work, all these traditional problems are
attempted to be solved with the selected optimized variables,
which clearly go in contrast with previous works.

Four different optimization goals are defined as minimiza-
tion functions. In terms of |S11|, the goal is defined as a
maximum difference between the obtained values and −20 dB

at 17GHz, and −15 dB at 16.85GHz and 17.15GHz. The
purpose of this goal is to obtain a sufficiently wide bandwidth
where the |S11| is under −10 dB. A lower than −30 dB
at 17GHz goal is defined in the case of |S21|. This |S21|
goal will ensure that the incoming power is radiated through
the slots, and will not escape through the output port. In the
case of the gain in the array (φ = 0◦) plane, the goal is
defined as a minimization of the inverse of the maximum
gain between θ = −10◦ and θ = 10◦ at 17GHz, in order to
obtain maximum near-broadside radiation. The last goal is to
minimize the side lobe level (SLL) in the same φ = 0◦ plane
at 17GHz. Transversal linear slot arrays have a very strong
linearly polarized radiation pattern in the main direction of the
array. Due to this, only goals on the array plane are considered
for this optimization. Nevertheless, since the proposed strategy
is able to fully determine the radiated field, optimization goals
can be defined for any polarization or direction in accordance
with the radiating element or the geometry.

The genetic algorithm is set up with a population size of
2350 individuals, a mutation η of 3, and a 100% probability
of a binary crossover [50] with also an η of 3. As termination
criteria, up to 48 generations will be calculated.

The distance between consecutive slots is optimized be-
tween 7.83mm and 16.53mm (0.45λ0 and 0.95λ0, or 0.55λg

and 1.15λg at 17GHz, respectively). The selected separations
between slots, in a transversal array, make in-phase mismatch-
ing and mutual coupling effects possible to occur. Neverthe-
less, the proposed methodology can take them into account,
ensuring that the optimized design has solved these problems.
The length of the slots is discretized into 32 values, ranging
from 4.0mm to 8.65mm (0.23λ0 and 0.50λ0, respectively).
The width, on the other hand, varies from 0.3mm to 1.2mm,
and is discretized into 7 values. A FE/MA of each possible
section is carried out to obtain their corresponding GSMs,
using 24 spherical and 15 cylindrical modes in their respective
spherical and cylindrical ports. The SIW vias are described
analytically using 7 cylindrical modes, while 21 cylindrical
modes are used for the RW feeding section.

To guarantee that all the possible combinations of parame-
ters can be simulated, the 16 slots are placed along a 259.2mm
(14.5λ0) long SIW. With this, the 16 antennas can be separated
by the maximum possible distance, and still have a 5mm
separation from the feeders. Therefore, the considered fixed
sections are the two RW to cylindrical port transitions, and
162 pairs of metallized via holes, resulting in 2310 fixed
cylindrical modes. The modifiable sections, which are the
antennas, account for a total of 384 spherical modes and 240
cylindrical modes.

Table I shows a comparison of the CPU execution time
per calculated frequency point between using the FEM solver
from CST Studio Suite 2020, the previous work published
in [29] and this work. This comparison is subdivided in GSMs
computation (using the FE/MA solver), analysis time and
iteration time. The GSMs computation time is the time spent
by the FE/MA solver to obtain the GSM of the equivalent RW
feeder and each one of the 224 possible slot combinations (32
lengths with 7 widths). It must be noted that the GSM are
only computed once, at the start of the optimization process.
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Table I
CPU SIMULATION TIME PER CALCULATED FREQUENCY POINT ON A
XEON E-2176G (3.70GHz) FOR THE PERFORMED OPTIMIZATION

PROCESS.

CST Using [29] This work
GSM computation

(Step 0) N.A. 805.1 s 805.1 s

Analysis time
(Steps 1+2) 282.36 s 1.21 s 1.53 s

Iteration time
(Step 2) 282.36 s 1.21 s 0.12 s

Iteration speedup factor
(compared to CST) x1 x233 x2259

Analysis time refers to the time needed to obtain the complete
response of the device from the start of the optimization
process. For the new proposed strategy, this means the time
spent in firstly calculating the interaction of the fixed sections,
and then coupling the modifiable section. Iteration time refers
to the time needed to obtain the complete response of the
device when some part of it is modified. While for the previous
work in [29], and with many commercial software, this implies
to restart the whole calculation process, for the new strategy it
implies that only the coupling to modifiable section has to be
redone. This key difference allows for speedup factors of over
x2000 for the performed optimization process when compared
to commercial software.

This speedup factor implies that if single frequency opti-
mization goals are defined, the complete optimization process
(112800 total iterations), with full-wave accuracy in the result
obtained in each iteration, takes 4 hours to finish with the new
proposed strategy. In contrast, the same optimization process
using the findings in [29] would take 38 hours to complete,
while the use of the general purpose CST Studio Suite would
be unaffordable, leaving its use for the subsequent validation
step.

IV. VALIDATION AND RESULTS

This section features a comparison between the results ob-
tained from the proposed full-wave methodology, CST Studio
Suite 2020 and experimental measurements. The optimized
physical dimensions of each slot, as also the separation be-
tween them, are shown in Table II. The distance between
slots is defined from one slot to the next. In other words, the
separation indicated for the first slot represents the distance
between the centers of the first and the second slot.

The optimized design is also simulated with CST Studio
Suite 2020, in order to validate the full-wave capabilities of
the proposed methodology. The obtained results are shown in
Fig. 4, where an excellent agreement between the two software
can be observed. In terms of |S11|, not only are the de-
fined optimization goals completely fulfilled, but a 1.05GHz
bandwidth under −10 dB, from 16.32GHz to 17.37GHz, is
also obtained. The |S21| of these two lossless simulations has
a −50 dB value at 17GHz, so it can be considered negligible.

Regarding the simulated gain at 17GHz, a maximum value
of 17.5 dBi at θ = −10◦ in the array (φ = 0◦) plane is ob-
tained. The maximum obtained gain for the cross-polarization

Table II
OPTIMIZED DIMENSIONS AND SEPARATION OF THE 16 SLOTS.

Slot
Number

Length
(mm)

Width
(mm)

Distance
(mm)

1 4.60 0.60 12.00
2 4.75 0.75 11.14
3 5.20 1.05 12.23
4 5.35 0.45 10.86
5 5.50 1.20 11.55
6 5.65 1.05 10.18
7 5.20 1.20 13.01
8 5.50 1.20 10.27
9 5.65 1.05 10.30
10 6.55 0.30 9.45
11 6.40 1.20 9.28
12 6.70 0.90 11.81
13 6.25 0.30 9.26
14 7.15 0.45 8.54
15 7.15 0.75 9.62
16 7.30 0.30 -

is −46.4 dBi with the proposed strategy, and −59.8 dBi with
CST Studio Suite. The total efficiency of an array is defined
as the realized gain divided by its directivity. In these lossless
simulations, the total efficiency of the design is equal to the ra-
tio of the power accepted by the antenna to the power incident
at the antenna terminals. This parameter, also called impedance
mismatch factor (M ), is calculated for this 2-port antenna as
1−|S11|2−|S21|2, resulting in a total 99.95% efficiency. When
the datasheet dielectric and metal losses are considered, the
maximum realized gain value descends to 17 dBi. The total
efficiency in this case can also be expressed as M/l, where l
refers to the the considered losses in natural units, calculated
as l = 10

L(dB)
10 (with L(dB) being the positive losses in dB of

the device). For the considered datasheet dielectric and metal
losses, the simulated total efficiency is reduced to 88.0% The
obtained SLL is −13.6 dB, while the angular width at 3 dB
is 7◦. When losses are considered, the maximum obtained
gain for the cross-polarization is −65.0 dBi, according to CST
Studio Suite.

The design is manufactured and measured, and its radiation
pattern is characterized. A 2.2mm wide and 8.0mm long
microstrip line, as seen in [7], is added to the device to match a
Huber+Suhner end-launch SMA connector. The manufactured
design has a total length of 22.08 cm, while the distance
between the first and last slot is 15.95 cm, which equates to
9.17λ0 at 17GHz. An additional SIW with the same length
as the antenna is also produced to correctly characterize the
chosen substrate. Photos of the manufactured device, as also
various photos of the measurement process, are exhibited in
Fig. 5.

In order to consider the real effects on transmission due
to substrate tolerances, and losses due to connectors and the
chosen coaxial to SIW transition, the manufactured SIW with
the same length as the antenna is experimentally characterized.
The obtained results are used to model the unforeseen realistic
effects. The substrate is now modeled with a dielectric constant
of εr = 2.18, and an experimentally adjusted tangent loss of
0.004 that covers all the mentioned realistic effects. An addi-
tional simulation, considering the used connectors, the coaxial
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Figure 4. Simulated s-parameters (top) and realized gain at 17GHz in the
φ = 0◦ plane (bottom) of the lossless optimized design. FW refers to the
results obtained with the proposed full-wave methodology.

Figure 5. Photo of: manufactured optimized design with end-launch connec-
tors (top), substrate characterization using a SIW of the same length (left),
and radiation measurement mount in an anechoic chamber (right).

to SIW transition, the effects due to the rounded corners of
the slots because of fabrication limits, the measured substrate
characterization data, and the copper surface roughness, is
performed.

The results obtained from the measurement process, as also
from the simulation in realistic conditions, are shown in Fig. 6.
These exhibit a close resemblance in terms of s-parameters,
albeit with a slight frequency shift. The measurements
show a |S11| −10 dB band of 1.06GHz, from 16.38GHz
to 17.44GHz. In the case of the simulation, this bandwidth
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Figure 6. S-parameters (top) and realized gain at 17GHz in the φ = 0◦

plane (bottom) measured (Meas.) and simulated with CST Studio Suite 2020
in realistic conditions (Real.).

is expanded to 1.13GHz, from 16.30GHz to 17.43GHz.
At 17GHz, the measured |S21| is −50 dB. And while the SLL
and the angular width have been maintained, the maximum
realized gain has been reduced to 15.6 dBi. Also, because of
the dielectric constant variation and the rounded slot corners,
the maximum gain is now located at θ = −11◦ in the φ = 0◦

plane. The increased losses imply that a total efficiency of
64.5% is obtained from the measurements, while a M of
98.5% is measured. Although CST Studio Suite predicts a
maximum cross-polarization gain of −63.0 dBi, the measured
value was −22.3 dBi.

Fig. 7 shows the maximum realized gain and total efficiency,
over frequency, measured and simulated with CST Studio Suite
2020 with datasheet values and realistic conditions. A great
resemblance between the obtained results can be observed
not only for the design frequency, but also over most of the
obtained bandwidth in which |S11| is under −10 dB. The
measured 3 dBi gain bandwidth is 1.33GHz, from 16.23GHz
to 17.56GHz. In terms of total efficiency, a minimum value of
60% measured between 16.45GHz and 17.46GHz, although
a 95% of matched power is measured between 16.42GHz
and 17.42GHz

Although the measurements show a decreased performance
with respect to the original simulations of the optimized
device, all the goals proposed in the optimization process have
been correctly fulfilled. Furthermore, the measurements show
how the obtained design is robust to fabrication errors and
substrate realistic effects. The main drawback observed in the
measurements is attributed to greater than expected losses,
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Figure 7. Maximum realized gain over frequency (top) and total efficiency
(bottom) measured (Meas.) and simulated with CST Studio Suite 2020 in
datasheet (DT.) and realistic (Real.) conditions. Bottom graphic also shows
the measured impedance mismatch factor (M ).

which in this specific optimization process have not been taken
into account.

V. CONCLUSION

In this work, we have introduced a new strategy that greatly
reduces iteration times in an array design and optimization
process. Its usefulness has been validated by performing a
complete design process of a novel 16-slot progressive-wave
SIW-fed array. The inclusion of the coupling between radiating
elements in the optimization phase has resulted in a non-
traditional design, with no monotonic tendencies and no addi-
tional matching elements being used. This has been, tradition-
ally, a difficult task, because of the strong mutual coupling and
matching problems due to the chosen polarization and near-
broadside radiation. The optimization process has been carried
out in 12 hours (4 hours per optimized frequency point),
resulting in extreme speedup factors compared to traditional
commercial software. Furthermore, the full-wave capabilities
of the methodology have been validated by CST Studio
Suite 2020. The designed array has been manufactured and
experimentally characterized, resulting in a great resemblance
to simulations with realistic conditions. Therefore, the new
strategy allows quick design processes, even with a high
number of optimization variables, and providing full-wave
accuracy in the results of each iteration.
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Fernández-Jambrina, “Monopulse circularly polarized SIW slot array
antenna in millimetre band,” J. Electromagn. Waves Appl., vol. 25, no.
5-6, pp. 857–868, 2011.

[6] S. E. Hosseininejad and N. Komjani, “Optimum design of traveling-
wave SIW slot array antennas,” IEEE Trans. Antennas Propag., vol. 61,
no. 4, pp. 1971–1975, 2013.

[7] P. Sanchez-Olivares and J. L. Masa-Campos, “Novel four cross slot
radiator with tuning vias for circularly polarized SIW linear array,” IEEE
Trans. Antennas Propag., vol. 62, no. 4, pp. 2271–2275, 2014.

[8] Y. F. Wu and Y. J. Cheng, “Conical conformal shaped-beam substrate-
integrated waveguide slot array antenna with conical-to-cylindrical tran-
sition,” IEEE Trans. Antennas Propag., vol. 65, no. 8, pp. 4048–4056,
2017.

[9] A. Dewantari, J. Kim, I. Scherbatko, and M. H. Ka, “A sidelobe level
reduction method for mm-wave substrate integrated waveguide slot array
antenna,” IEEE Antennas Wireless Propag. Lett., vol. 18, no. 8, pp.
1557–1561, 2019.

[10] J. Xiao, Z. Qi, X. Li, and H. Zhu, “Broadband and high-gain SIW-
fed slot array for millimeter-wave applications,” IEEE Trans. Antennas
Propag., vol. 67, no. 5, pp. 3484–3489, 2019.

[11] H. Bai, G. ming Wang, X. jun Zou, and T. Wu, “Wideband and gain
enhancement SIW slot array antenna using sparsification processing and
composite metasurface,” IEEE Trans. Antennas Propag., vol. 69, no. 12,
pp. 9009–9014, 2021.

[12] A. A. Diman, F. Karami, P. Rezaei, A. Amn-E-Elahi, Z. Mousavirazi,
T. A. Denidni, and A. A. Kishk, “Efficient SIW-feed network sup-
pressing mutual coupling of slot antenna array,” IEEE Trans. Antennas
Propag., vol. 69, no. 9, pp. 6058–6063, 2021.

[13] W. M. Abdel-Wahab, Y. Wang, and S. Safavi-Naeini, “SIW hybrid feed-
ing network-integrated 2-D DRA array: Simulations and experiments,”
IEEE Antennas Wireless Propag. Lett., vol. 15, pp. 548–551, 2016.

[14] M. S. Abdallah, Y. Wang, W. M. Abdel-Wahab, and S. Safavi-Naeini,
“Design and optimization of SIW center-fed series rectangular dielectric
resonator antenna array with 45° linear polarization,” IEEE Trans.
Antennas Propag., vol. 66, no. 1, pp. 23–31, 2018.

[15] N. K. Mallat and A. Iqbal, “Out-of-band suppressed SIW-DRA based
filter-antenna subsystem with flexible bandwidth and transmission ze-
ros,” AEU - Int. J. Electron. Commun., vol. 135, p. 153735, 2021.

[16] D. Y. Kim, J. W. Lee, T. K. Lee, and C. S. Cho, “Design of SIW
cavity-backed circular-polarized antennas using two different feeding
transitions,” IEEE Trans. Antennas Propag., vol. 59, no. 4, pp. 1398–
1403, 2011.

[17] Q. Yang, S. Gao, Q. Luo, L. Wen, Y. L. Ban, X. Ren, J. Wu, X. Yang,
and Y. Liu, “Millimeter-wave dual-polarized differentially fed 2-D
multibeam patch antenna array,” IEEE Trans. Antennas Propag., vol. 68,
no. 10, pp. 7007–7016, 2020.

[18] H. Liu, A. Qing, Z. Xu, Z. Yu, and S. Zhang, “Design of physically
connected wideband SIW cavity-backed patch antenna for wide-angle
scanning phased arrays,” IEEE Antennas Wireless Propag. Lett., vol. 20,
no. 3, pp. 406–410, 2021.

[19] Q. Yang, S. Gao, Q. Luo, L. Wen, Y. L. Ban, X. X. Yang, X. Ren, and
J. Wu, “Cavity-backed slot-coupled patch antenna array with dual slant
polarization for millimeter-wave base station applications,” IEEE Trans.
Antennas Propag., vol. 69, no. 3, pp. 1404–1413, 2021.



THIS IS AN EARLIER VERSION OF THE PAPER WITH DOI: 10.1109/TAP.2022.3177505. 10

[20] A. M. Malekshah, A. R. Attari, and M. S. Majedi, “Improved design of
uniform SIW leaky wave antenna by considering the unwanted mode,”
IEEE Trans. Antennas Propag., vol. 68, no. 8, pp. 6378–6382, 2020.

[21] D. Zheng, Y. L. Lyu, and K. Wu, “Transversely slotted SIW leaky-
wave antenna featuring rapid beam-scanning for millimeter-wave appli-
cations,” IEEE Trans. Antennas Propag., vol. 68, no. 6, pp. 4172–4185,
2020.

[22] M. Z. Ali and Q. U. Khan, “High gain backward scanning substrate inte-
grated waveguide leaky wave antenna,” IEEE Trans. Antennas Propag.,
vol. 69, no. 1, pp. 562–565, 2021.

[23] L. Liu, T. L. Bai, J. Y. Deng, D. Sun, Y. Zhang, T. Yong, S. G. Zhou, and
L. X. Guo, “Substrate integrated waveguide filtering horn antenna facil-
itated by embedded via-hole arrays,” IEEE Antennas Wireless Propag.
Lett., vol. 19, no. 7, pp. 1187–1191, 2020.

[24] Y. Zhang, J. Y. Deng, D. Sun, J. Y. Yin, and L. X. Guo, “Compact
slow-wave SIW H-plane horn antenna with increased gain for vehicular
millimeter wave communication,” IEEE Trans. Veh. Technol., vol. 70,
no. 7, pp. 7289–7293, 2021.

[25] Y. Yu, W. Hong, H. Zhang, J. Xu, and Z. H. Jiang, “Optimization and
implementation of SIW slot array for both medium- and long-range
77 GHz automotive radar application,” IEEE Trans. Antennas Propag.,
vol. 66, no. 7, pp. 3769–3774, 2018.

[26] M. Casaletti, G. Valerio, J. Seljan, M. Ettorre, and R. Sauleau, “A
full-wave hybrid method for the analysis of multilayered SIW-based
antennas,” IEEE Trans. Antennas Propag., vol. 61, no. 11, pp. 5575–
5588, 2013.

[27] M. Bertrand, G. Valerio, M. Ettorre, and M. Casaletti, “RWG basis
functions for accurate modeling of substrate integrated waveguide slot-
based antennas,” IEEE Trans. Magn., vol. 56, no. 1, pp. 1–4, 2020.

[28] J. Rubio, A. G. Garcı́a, R. G. Alcalá, Y. Campos-Roca, and J. Zapata,
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