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ABSTRACT A novel approach is presented for synthesizing radiation patterns of substrate-integrated
waveguide leaky wave antennas in two stages. In the first stage, the antenna is considered an equivalent
rectangular waveguide with slots, and a comprehensive equivalent circuit model is constructed. Varying slot
configurations are accommodated by the developed equivalent circuit model. Each slot section is represented
as an admittance with the incorporation of Elliott’s slot theory. Computations of the relative aperture
fields are performed using circuit theory, and the far-field pattern is estimated through array theory. In the
second stage, the circuit model is utilized for genetic algorithm-based optimization, enabling customization
of the radiation pattern to meet specific requirements. The methodology has a computational advantage
over full-wave simulations, resulting in a significantly faster and more efficient design process. Numerical
verification through simulation of various examples and experimental validation through antenna fabrication
are presented, affirming agreement between calculated and measured results. Remarkable effectiveness in
antenna engineering can be attained for future wireless communication systems by using the proposed
technique.

INDEX TERMS Leaky wave antenna, modeling of antenna, optimization, pattern synthesis, substrate
integrated waveguide.

I. INTRODUCTION
A substrate-integrated waveguide (SIW) is a dielectric-filled
parallel plate waveguide with two rows of metallic cylinders
within which electromagnetic waves are confined [1]. The
waveguide technique is used to integrate a rectangular waveg-
uide into a dielectric substrate. Its applications, including
antennas, filters, multiplexers, couplers, and power dividers,
all benefit from their low loss, cost-effective manufacturing,
and seamless integration with planar circuits, in contrast to
traditional bulky waveguides.

Leaky wave antennas (LWAs) are generally developed
based on various transmission lines or waveguides integrated
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with radiating discontinuities (RDs) [2], [3], [4], [5], [6], [7],
[8], [9], [10], [11]. The inclusion of RDs or perturbations
is essential for transforming nonradiating guides into open
and radiative structures. Consequently, the loading effects of
RDs, particularly their impedance and admittance properties,
inevitably affect the operating leaky mode of LWAs in terms
of the associated attenuation and phase constants [7], [8],
[9], [10], [11], [12], [13], [14]. An intriguing utilization
of SIW is found to be LWA [15], where energy radiation
is enabled by large periodic gaps between vias. Extensive
exploration of SIW-based LWAs is undertaken in [15], [16],
[17], and [18], driven by their inherent ability to scan with
frequency. This attribute renders them appealing for 5G base
station antennas, providing scalability, cost efficiency, and
straightforward feed design [9].
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Researchers have proposed various techniques for mod-
eling and generating far-field patterns for SIW LWAs [3],
[4], [5], [6]. In [3], the SIW LWA is modeled as a
Transverse Equivalent Network (TEN). The focus has
been on SIW LWA design, with specific beamwidth and
scanning angle parameters achieved through the control of
the waveguide width and period of the vias. Nevertheless,
it is constrained to periodic structures and does not consider
sidelobe levels (SLL) or other pattern parameters. In an
alternative approach [4], the antenna is presented as a
lossy transmission line, divided into sections as two-port
networks. Although effective for certain LWAs, it encounters
problems with accuracy in the presence of rapid profile
variations. The concepts introduced in [19], [20], and [21]
are generalized by [4]. In the latest work, a nonconventional
array theory approach is applied to design an SIW LWA [5].
This approach is based on the general principle of pattern
multiplication using the phase of the antenna element [22].
Both the element pattern and array factor exhibit a frequency
dependence. Wide scanning is achieved, though there is no
explicit way to control side lobe levels (SLLs) or other
performance parameters. A simulation model is introduced
in [6], refining far-field patterns through the adjustment of
slot dimensions and associated amplitude weighting for a
slotted waveguide structure on SIW technology. Gain can be
maximized for the optimum number of slots, while balancing
performance parameters. Low SLLs can be achieved by
choosing appropriate weighting coefficients.

This study introduces a novel transmission-line-based
circuit model for SIW LWAs. By considering large openings
between vias as slots and integrating them into a circuit model
as shunt loading, the distributions of the aperture fields across
these slots are determined by solving the circuit. Array theory
is then applied to these fields to derive far-field radiation
patterns. This approach incorporates optimization techniques
to minimize differences between the desired radiation pattern
(encompassing scanning angle θDesired and beamwidth) and
the calculated pattern.

Compared with previous approaches [3], [4], this work
offers a more versatile methodology for pattern synthesis
in both periodic and quasi-periodic structures. Effective
minimization of the SLL and consideration of diverse pattern
parameters are possible. In line with [5], the element
pattern is predetermined, and the phase of the array factor
is manipulated. This is done by adjusting slot openings,
changing the spacing between slots, and varying their
numbers. In a manner akin to [6], weighting coefficients
in the array factor are adjusted through an optimization
process to achieve the desired pattern. In this context, these
weighting coefficients correspond to the voltages across
slot admittances in the circuit. The implementation of
phase manipulation and the determination of coefficients
in the array factor rely on the proposed circuit model.
Furthermore, this circuit-centric approach exhibits cost-
efficient computational performance compared to traditional

full-wave simulation-based software, aided by the utilization
of optimization techniques, such as genetic algorithms in
MATLAB, facilitating the efficient identification of optimal
solutions within predefined constraints. A circuit model
can be used for initial design exploration and optimization,
followed by detailed electromagnetic simulations to validate
and fine-tune the design. This work provides a tool for
designing SIW LWAs with radiation patterns and scanning
angles of reasonable accuracy. Its potential for advancing
antenna engineering in 5G communication is underscored
by its flexibility, accuracy, scalability, and computational
efficiency.

FIGURE 1. Equivalent rectangular waveguide for SIW LWA with slots in its
narrow wall (a) TE10 mode H-field making round through slots (Oblique
view) (b) Top view of a slot-based waveguide with H-field lines inside the
waveguide section.

Section II provides insight that, regardless of the size of the
slot, the field distribution on the slot aperture approximates
a half sine wave. The peaks and phases of these sine waves
vary from slot to slot due to the leaky nature of the antenna.
Aperture fields of the same shape result in corresponding
far-field patterns of the same shape. Superposition is applied
to determine the overall radiation pattern for an array of
slots. The slot section model as shunt admittance, detailed
theory for circuit modeling, and formulation of cost function
for optimization are presented in section III. Simulation
results for different examples are presented in section IV
for numerical verification and in section V, measured
results are displayed for experimental validation. Detailed
comparison with other models can be found in Table 1 of
section V.

II. SIW LEAKY WAVE ANTENNA
SIW becomes a leaky wave antenna if the spacing between its
vias is adequate [15]. A simplified diagram of the equivalent
rectangular waveguide of SIW LWA is shown in Fig. 1,
obtained using equivalent width formulae given in [16]. All
walls serve as conducting planes except large gaps between
vias are substituted with rectangular slots having the same
height as the substrate thickness. When this waveguide
is excited by the TE10 mode, H-field lines of the mode
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experience disturbance in the vicinity of the slots, as depicted
in Fig. 1. Slot apertures can act as magnetic dipoles for very
small openings and can be considered as an array of magnetic
dipoles.

Wide slots in the waveguide structure act as radiation
sources, perturbing the mode field within and introducing
extra leaky attenuation and phase changes. This causes a
significant field spread outside the waveguide, as shown in
Fig. 2. Specifically, the Ey component of the mode field
exhibits an intuitively observed half-sine wave shape, where
it has a nonzero value at the slot’s center and smoothly
diminishes to zero at the edges, a behavior stemming from the
perfect electric boundary characteristics of the surrounding
wall, as depicted in Fig. 3. The radiation patterns of slots with
similar tangential field shapes share the same overall shape,
differing mainly in peak values and phases. Superposition
can be employed to determine the radiation pattern produced
by an array of these slots, considering relative aperture field
changes. This technique is versatile and can be applied to
a range of waveguide structures with slots, utilizing either
general array theory or the equivalence principle, while
considering their specific constraints and limitations.

III. RADIATION PATTERN RADIATED FROM SIW LWA
A. DETERMINATION OF ADMITTANCE (Y) FOR A SLOT
SECTION
A radiating discontinuity in a waveguide structure can be
described using either series or shunt-loading models [2].
Slots on a substrate-integrated waveguide structure are
modeled as impedances in [7] and [8], and as admittances
in [12] and [13] by manipulating the equivalent magnetic
surface currents. Elliott’s slot theory in [11]models a resonant
slot on a waveguide structure as a shunt conductance in a
transmission line (TL). Rectangular waveguide-based LWAs
with hole-shaped slots are modeled as a complex shunt
impedance by Oliner and Goldstone [10]. Here in this
work, the slot is not in a resonant state. Consequently,
the admittance presented in the TL model is complex.
Irrespective of the slot shape and structure of the waveguide
section, by using S-parameters data generated by full-wave
simulation or even by measurement, Y can be derived for any
unit slot waveguide section.

Consider a section of a waveguide containing a single
aperture, as shown in Fig. 4(a). A symmetrical waveguide
section of length L and cross-sectional dimensions a and b,
containing a slot of length s in the middle, is taken and shown
in Fig. 4(a). An equivalent circuit model for this waveguide
section is exhibited in Fig. 4(b). Length L/2 is taken from the
middle of the slot to either side of the waveguide section.
The waveguide is depicted as a TL with impedance Zw
and propagation constant γ, where these parameters are
calculated for the TE10 mode. The slot section is modeled as
a complex admittance, where Y =G+ jB.G is proportional to
radiation loss, and B is responsible for phase change [14]. It is
characterized by the parameters: length s, width b, dielectric

material with permittivity ϵ, and frequency of operation f.
The ABCD matrix is calculated for the unit slot waveguide
section, and is given in (1).[

coshγL/2 Zw sinhγL/2
sinhγL/2

Zw
coshγL/2

]
×

[
1 0
Y 1

]
×

[
coshγL/2 Zw sinhγL/2
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]
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A B
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]
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2
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2
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w Y
2
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sinhγL
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+
Y coshγL

2
+
Y
2

,

D = coshγL +
ZwY sinhγL

2
.

Using conversion formulae available in [23], S-parameters
can be obtained from ABCD parameters. The Y can be
calculated from S-parameters, as given in (2).

Y =
(2 coshγL+Q sinhγL ) S11−R sinhγL

Zw
2 [R coshγL−Q−(Q coshγL+2 sinhγL−R) S11]

(2a)

Y =
2 − S21(2 coshγL + Q sinhγL )

S21
Zw
2 ( Q coshγL + 2 sinhγL − R)

(2b)

where, Q =

[
Zw
Z0

+
Z0
Zw

]
, R =

[
Zw
Z0

−
Z0
Zw

]
The variation in Y value of a slot section depends on

the frequency, structural design parameters, S-parameters, γ,
and impedances, as mentioned in (2). S-parameters, γ, and
impedances themselves depend on frequency. In addition to
frequency, S-parameters vary with port impedance Z0 and
waveguide impedance Zw. Here, Zw represents the impedance
at any arbitrary operating frequency, whereas Z0 signifies the
port impedance at a specific frequency.

B. DETERMINATION OF SLOT APERTURE FIELDS
To obtain radiation patterns for slots-based leaky wave
antennas, it is necessary to know the relative magnitudes
and phases of tangential electric fields for these slots. These
fields are directly proportional to the corresponding voltages
of admittances in the equivalent circuit model, for which
analytical expressions are derived below.

A waveguide with n number of slots is shown in Fig. 5(a),
and the circuit model is presented in Fig. 5(b), where each
slot section is depicted as a shunt admittance. There will be
n+1 sections of the waveguide for n number of slots. Four
steps are involved in determining the aperture voltages of n
number of slots. First, the ABCD matrix for any mth section
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FIGURE 2. SIW LWA equivalent rectangular waveguide with slots in its narrow wall. (a) Mode Field at the edges of the slot. (b) Mode field at the
center of the slot. (c) Depiction of perturbed TE10 field due to leaky nature of the antenna because of slots.

FIGURE 3. Electric field on slot aperture for different slot opening lengths
at 15 GHz.

of the waveguide will be calculated, as given in (3):[
Am Bm
Cm Dm

]
=

[
coshγLm Zw sinhγLm
sinhγLm/2

Zw
coshγLm

]
(3)

Second, the impedance looking into any mth section and
towards the load side will be calculated, as given in (4):

Zin,m = Z0

 1
Y /
m

+ Z0 tanhγLm

Z0 +
1
Y /
m
tanhγLm

 (4)

Equations (3) and (4) can be modified for lossless cases
by ignoring the attenuation constant in γ and using standard
identities of hyperbolic functions. Third, the calculated
impedances from (4) will be used to calculate equivalent
admittances looking into themth section of the waveguide and
from the source side in parallel with the nth slot admittance,
as given in (5):

Y /
n = Yn +

1
Zin,m

(5)

Here, m = n+ 1.
Where Yn is the value of admittance of nth slot section that

can be found by using (2). Fourth, admittances from (5) and
ABCD parameters from (3) will be used to find excitation
voltage for each nth slot, as shown in (6).

Vn =

[
1

An + BnY
/
n

]
Vn−1 (6)

C. DETERMINATION OF RADIATION PATTERN
Radiation patterns can be found using array theory [24].
Element patterns can be generated through full-wave analysis
of unit slot waveguide section and circuit analysis would
give relative aperture excitation coefficients to calculate array
factor (AF). The radiation pattern can be calculated then
using element pattern and array factor. For applying array
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FIGURE 4. Unit slot waveguide section (a) Equivalent rectangular waveguide for SIW, where the perfect electric conducting(PEC)
walls can be realized by via-holes with accurate width conversion formula. (b) Equivalent circuit model.

FIGURE 5. n number of slots-based LWA (a) Waveguide model (b) Equivalent circuit model.

theory for more than one slot, the factors that can affect the
radiation pattern of the waveguide, are the number of slots
n, edge-to-edge spacing between slots [ l1, l2, l3, . . . .ln−1],
and opening of slots [s1, s2, . . . sn], referring to Fig. 2(c). The
comparison of array theory (AT) generated pattern and full
wave simulation generated pattern would verify the accuracy
of the proposed circuit model.

D. OPTIMIZATION AND DESIGN CONSIDERATIONS
Optimization plays a major role in finding the best feasible
solution when there are constraints and there are so many
solutions available. It is done using a genetic algorithm (GA)
implemented in MATLAB. Fitness functions and constraints
can be devised according to certain applications for which
the design goals could be to achieve certain steering angles,
beamwidth, gain, wide nulls, and side lobe levels (SLLs).

In generalized waveguide-fed slot antennas, design param-
eters are number of slots, spacing between slots, and dimen-
sion of slots. Other parameters like frequency of operation,
the thickness of the substrate, and cross-sectional dimensions
of the waveguide are dictated by design requirements and
manufacturing constraints.
The design problem can be formulated as an optimization

problem by defining an error function as an objective
function. The error function is expressed here as a weighted
sum of the differences between the desired pattern and the
calculated pattern, as shown in (7):

OF(X ) =

∑
θ

|err(X , θ)| (7)

where,

err(X , θ) = 4(θ ) − ℵ(X , θ) (8)

VOLUME 12, 2024 54289



N. Zahra et al.: Efficient Numerical Synthesis of Radiation Patterns Using Circuit Model

4 is the specific desired pattern mask. ℵ is the calculated
pattern at each iteration of the optimization process. X is the
vector of optimization variables; vector [l1, l2, l3, . . . .ln−1]
as P containing edge-to-edge spacing between slots and n
variable as total number of slots. The optimization problem
can be described as follows in (9),

min
X

OF(X )

s.t. lb ≤ P ≤ ub

1θ ≤ FNBW

n1 ≤ n ≤ n2 (9)

lb is the lower bound and ub is the upper bound for each
entry of P vector in (9). Also, the number of slots is indicated
by n with lower and upper limits as n1 and n2 respectively.
There are several possibilities to define 4. These include

shaping the beam, minimizing SLL, maximizing gain in
a certain direction, or even a combination of more than
one objective function with corresponding specific weights,
among many other possibilities, using the proposed circuit
model and theoretical expressions. Suppose a beam is
required of some beamwidth (1θ = θFN2 - θFN1) with peak
directed at θDesired , where 1θ is the beamwidth of antenna
which should be equal to or less than first null beamwidth
defined. The expression for 4 can be written mathematically
in (10).

4(θ )

=

 sinc
(
2 (θ − θDesired )

(θFN2 − θFN1)

)
θ > θFN1, θ < θFN2

0 θ ≤ θFN1, θ ≥ θFN2

(10)

In the first expression of (10), θDesired = arg max
θ

| AF(θ ) |,
where θ ∈ [θFN1, θFN2]. AF represents the array factor
of the antenna. θFN1 and θFN2 are the first nulls of the
main lobe, defining the first null beamwidth (FNBW) of
the beam pattern. In the second expression of (10), θ ∈ S,
where S = [0, θFN1] ∪ [θFN2, π]. S corresponds to the
theta space containing side lobe levels, which are implicitly
constrained in (10) to be at the minimum level possible.
However, achieving exactly zero SLL is not feasible due to
antenna structure. SLL below −10 dB is reasonable to be
accepted though. It is noted that 0◦ < θ < 90◦ in the
elevation plane can be optimized to get desired θ by exciting
port1, and for 90◦ < θ < 180◦, optimization can be achieved
by exciting port2.

Circuit model-based optimization on a numeric computing
platform is much faster than full wave simulation-based
optimization. In the proposed work, the optimization pro-
cess is performed on theoretically obtained expression for
radiation pattern and is compared with the desired pattern
at each iteration of the optimization process. The antenna is
simulated also on a full wave simulator for optimized vector
X. Three patterns; the desired or targeted one, the pattern from
full-wave simulation, and the one from the calculation on

FIGURE 6. Real and imaginary values of admittance of slot section of
length (SL) for ϵr = 2.2, tanδ = 0.0009, a = 12.5 mm, and b = 1.575 mm at
various frequencies.

FIGURE 7. The dispersion curves of the unit slot waveguide section for
ϵr = 2.2, tanδ = 0.0009, a = 12.5 mm, and b = 1.575 mm.

MATLAB using the circuit model, are then compared in the
next section.

IV. SIMULATION RESULTS
A. ADMITTANCE OF A SLOT SECTION
Shunt admittance can be calculated by using (2), if
S-parameters are available. Required S-parameters data can
be obtained by simulating unit slot waveguide section on
a full wave simulator or by measurement. Calculated real
and imaginary values for admittance are shown in Fig. 6
using full-wave simulation for unit slot waveguide section of
particular dimensions and dielectric, as an example. Values
vary with slot length and frequency of operation, whereas the
dimensions of the waveguide and dielectric with which it is
filled are kept constant. The attenuation constant of the leaky
mode is related to the real part of the admittance, whereas
the phase constant is influenced by the imaginary part of that
parameter [14]. It should be noted that the calculated radiation
pattern is found to be sensitive to the numerical accuracy of
admittance.
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FIGURE 8. Numerical verification (a) Numerical example#1: Radiation pattern in elevation plane at 15 GHz for two 3 mm slots with 6 mm spacing
(b) 3D patterns for numerical Example#1 (c) Numerical example#2: Radiation pattern in elevation plane at 16.5 GHz for five 4 mm slots with P as
[2 3 4 5] in mm (d) 3D patterns for numerical example#2 (e) Numerical example#3: Radiation pattern in elevation plane at 15 GHz for ten 5 mm
slots with 1 mm spacing each (f) 3D patterns for numerical example#3.

The effective phase constant (βeff ) and attenuation constant
(αeff ) can be obtained from S-parameters [8], and their
representation is shown in Fig. 7 for a particular waveguide
dimension and varying slot dimensions. The k0 represents
the wavenumber of free space. In cases where |βeff | < k0,
electromagnetic waves operate within the fast wave regime,
indicating the potential for radiation from the LWA.Radiation
is not feasible otherwise. It can be observed that |βeff | <

k0. The small value of αeff facilitates controlled leakage of
energy along the length of the antenna, allowing for radiation.

B. NUMERICAL VERIFICATION OF THE CIRCUIT MODEL
The accuracy of the circuit model is verified in this section.
The slot section is simulated on a full wave simulator for
extraction of S-parameters and element patterns. The height

of the PEC wall is extended in y direction in Fig. 4; above and
below the slot to determine the radiation pattern of waveguide
with more than one slot using the equivalence principle along
with general array theory. A waveguide with more than one
slot is realized by replicating a unit slot waveguide structure.
Voltages are calculated using the proposed circuit model for
the determination of radiation patterns. Both theories will
give comparable results in this case. Unit slot waveguide
section of dimensions a = 7 mm and b = 1.575 mm filled
with a dielectric of ϵr = 2.2 and tanδ = 0.0009 is used
for the examples below. The 2D patterns presented in the
elevation plane showcase how well these patterns align at
their peak values. Additionally, by displaying 3D patterns,
it can be inferred that reasonable similarities extend to their
three-dimensional shapes. It should be noted that circuit
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FIGURE 9. Scanning of the radiation pattern with a change in frequency,
when a = 12.5 mm, b = 1.575 mm, fo = 15 GHz (a) Numerical eample#4:
ϵr = 1, tanδ = 0, n = 3, s = 2 mm, P = [7.57 mm, 7.47 mm] (b) Numerical
eample#5: ϵr = 2.2, tanδ = 0.0009, n = 8, s = 3 mm, P = [2.18, 1.00, 3.18,
5.68, 3.05, 1.00, 2.11] mm (c) Numerical eample#6: ϵr = 2.2, tanδ =

0.0009, n = 10, s = 3 mm, P = [2.47, 7.99, 1.00, 1.00, 7.99, 2.47, 7.99, 1.00,
1.00] mm.

model-based 3D patterns displayed in Fig. 8 are calculated
using general array theory, which will be used for any type of
waveguide structure later.

FIGURE 10. Optimized results in elevation plane for design example#1
(a) Normalized radiation pattern at frequency 14.5 GHz (b) Simulated
normalized directivity plots showing frequency scanning behavior.

Simulation techniques are frequently utilized to assess
various scenarios, including the examination of pattern
scanning by changing frequency with the adjustment of
admittance values. The simulated results, obtained through
full-wave simulation(FWS), closely match the calculated
outcomes derived from MATLAB using array theory and
circuit model equations, which are referred to as array
theory(AT) results and are shown in Fig. 9. This tells that
the circuit model accurately represents the behavior of the
system, even when considering the changing impedance
values with change in frequency.

C. OPTIMIZATION EVALUATION
This section showcases two design examples that demon-
strate the optimization process based on the proposed circuit
model. The optimization is performed using a genetic
algorithm implemented in MATLAB with a population of
200 in each of the 200 generations. The design parameters,
P and n, are obtained through cost function optimization.
The resulting radiation patterns are compared for both array
theory (AT) generated and full wave simulated patterns. The
P vector and n are part of the X vector and have to be
optimized. The slot openings [s1, s2, . . . sn] are defined before
performing optimization and are not included in the vector X.
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FIGURE 11. Optimized results in elevation plane for design example#2
(a) Normalized radiation pattern at frequency 15 GHz (b) Simulated
normalized directivity plots showing frequency scanning behavior.

Varying constraints could result in other possible solutions.
The precision of achieving the intended pattern could be
influenced by the selection of population and generation sizes
in the genetic algorithm. The importance lies in validating
the final optimized result through comprehensive full-wave
simulation, typically requiring only a single simulation.
In most cases, the focus is not on the precise distribution of
pattern across all angles. Instead, it is primarily concerned
with certain properties of pattern that must meet specific
criteria, such as minimizing sidelobes or achieving maximum
gain in a specific direction. Therefore, employing a cost
function in the optimization process proves to be highly
advantageous as it allows to effectively assess and describe
performance.

1) DESIGN EXAMPLE # 1
Waveguide dimensions a and b are defined to be 12.5 mm
and 1.575 mm respectively for a lossy dielectric Rogers
RT/duroid 5880 with ϵr = 2.2. Each slot has a length of
3 mm. Extended PEC plane is realized above and below
the conductor wall with slots, as in the previous section,
to calculate radiation pattern using the equivalence principle
as well as general array theory. Using MATLAB, P and

FIGURE 12. Solution#1 plots (a) Normalized radiation pattern in
elevation plane at frequency 15 GHz (b) Simulated normalized directivity
plots (dB) for showing frequency scanning behavior in the elevation
plane (c) Radiating segment of antenna with pattern at 15 GHz.

n are obtained through optimization of cost function and
simulation, with the desired steering angle θdesired of beam
set to 80◦ and setting θFN1 = 65◦, θFN2 = 95◦ at 14.5 GHz.
For n = 13 and P = [4.01 5.83 1.02 1.86 7.56 1.01 1.31
7.98 1.15 1.19 7.42 3.28] mm, the desired pattern with the
desired peak angle and beamwidth is achieved by exciting
port1. The results are presented in Fig. 10, with the maximum
peak side lobe level (PSLL) found to be −11.6 dB at
14.5 GHz on the full wave simulator. HPBW is 13◦ here.
The full wave simulated result is in good agreement with the
calculated patterns using the circuit model, except for some
discrepancies in the side lobe region. However, as long as SLL
is less than −10 dB, differences in patterns can be neglected.
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FIGURE 13. Solution#2 plots (a) Normalized radiation pattern in
elevation plane at frequency 15 GHz (b) Simulated normalized directivity
plots (dB) for showing frequency scanning behavior in the elevation
plane (c) Radiating segment of antenna with pattern at 15 GHz.

The intrinsic nature of the leaky wave antenna for steering
the beam with a change in frequency without significantly
distorting the beam shape can be observed in Fig. 10(b). The
beam covers roughly 21◦ scanning range in the elevation
plane for a frequency range of 12.5 GHz - 15.5 GHz, with
an average scanning of 6.6◦ observed for a 1 GHz change in
frequency.

2) DESIGN EXAMPLE # 2
The antenna design uses Rogers RT/duroid 5870 as lossy
dielectric and ϵr = 2.33, with each slot defined to be of
length 4 mm. The waveguide dimensions are a = 7 mm, b =

0.508 mm. The PEC wall is extended around slots as in the

previous example. The desired steering angle θdesired of the
beam is set to 40◦ with the first nulls defined as 20◦ and
60◦, resulting in FNBW of 40◦ at 15 GHz. The results are
presented in Fig. 11, with the PSLL found to be −10.2 dB
at 15 GHz on a full wave simulator. The best possible result
to get the desired pattern is achieved using n = 9, P = [4.25
5.28 6.82 6.87 4.63 7.54 6.38 3.47] mm, and by exciting
port1. HPBW obtained is 17◦ as of desired one. The full wave
simulated result is in agreement with those for the calculated
patterns using the circuit model, except for some anomalies
outside the main lobe region. However differences in patterns
can be neglected as SLLs are below −10 dB. Also, the shape
of sidelobes is not intended, but their levels. The simulated
frequency scanning behavior can be observed in Fig. 11(b)
for a frequency range of 14.6 GHz - 15.2 GHz without any
deterioration in beam shape. An average scanning of 3◦ is
observed for every 200 MHz change in frequency.

V. EXPERIMENTAL VALIDATION
Experimental validation is conducted using an antenna
fabricated with Rogers RT/duroid 5880, a lossy dielectric
with a relative permittivity of 2.2 and tanδ of 0.0009. The
desired steering angle (θdesired ) of the beam is set to 60◦,
with first nulls at 40◦ and 80◦, resulting in a FNBW of
40◦ at 15 GHz. The selection of 15 GHz is based on its
proposal as one of the frequency candidates for 5G mobile
communication by NTT DoCoMo and Ericsson [25]. It is
motivated by its advantages over higher frequencies, such
as 28 GHz and 60 GHz, offering reduced rain attenuation,
lower propagation loss, and system simplicity [26]. It has
been used for beamforming and 5G radio access [27]. The
design of a prototype antenna for urban 5G applications
at 15 GHz is also presented in [9], following specifications
provided in [3].

S-parameters and element pattern are obtained for unit slot
SIW structure, similar to the one in [3]. Admittances are cal-
culated by using (2). Voltages across admittances are obtained
using the proposed circuit model for equivalent rectangular
waveguide with slots. The antenna design includes slots of
length 3 mm, equivalent rectangular waveguide width a =

7 mm, and substrate height b= 1.575 mm. Populations 50 in
each of 100 generations are used in the GA algorithm. SIW
is implemented using optimized X and replicating unit slot
waveguide structure. The width of the SIW used is the one
calculated by using equations given in [16] and [17]. Two
possible optimal solutions are achieved for a targeted pattern
here.

A. SOLUTION # 1
The optimal design requires n and P to be 12 and [1, 1, 8, 1,
7, 1, 8, 1, 2, 1, 1] mm respectively, when integer optimization
is conducted. Considering manufacturer constraints, dia(d)
of via chosen is 0.8 mm, and edge-to-edge spacing between
vias is not less than 20 mils, resulting in modified P to
be [0.8, 0.8, 8, 0.8, 7, 0.8, 8, 0.8, 2, 0.8, 0.8] mm. The
simulation results indicate a PSLL of −8.5 dB at 15 GHz.

54294 VOLUME 12, 2024



N. Zahra et al.: Efficient Numerical Synthesis of Radiation Patterns Using Circuit Model

FIGURE 14. Fabricated antenna (a) Antenna along with feed and impedance matching structure: Microstrip
feed and transition from microstrip feed to SIW(L1), SIW to LWA transition(L2), and radiating LWA(LA)
(b) Photograph of the fabricated SIW LWA (Top view).

FIGURE 15. Measured results (a) Normalized radiation pattern at 15 GHz in the elevation plane (b) Normalized radiation pattern (dB)
scanning with a change in frequency (c) S-parameters.

HPBW of pattern mask is almost 18◦, whereas HPBW
through full-wave simulation is 15◦. Peak is observed to
be at θ = 60◦ and φ = 90◦ in the 3D pattern. Fig. 12
displays the results. Simulated frequency scanning behavior
is observed for a frequency range of 15 GHz to 16.5 GHz,
with an average scanning of 5◦ for every 0.5 GHz change in
frequency.

B. SOLUTION # 2
The optimal design requires n and P to be 15 and [3, 4, 4, 1,
1, 1, 1, 1, 1, 1, 1, 4, 1, 6] mm respectively. However, due
to mechanical constraints, d is 0.8 mm, and edge-to-edge
spacing between vias is not less than 20 mils. This results
in modified P to be [2.4, 4, 4, 0.8, 0.8, 0.8, 0.8, 0.8, 0.8,
0.8, 0.8, 4, 0.8, 6] in mm. The simulation results indicate a
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TABLE 1. Comparison of the proposed model with other models for SIW LWAs.

PSLL of −17.55 dB at 15 GHz. HPBW of the desired shape
is 18◦, whereas HPBW through full-wave simulation is 14◦.
The peak of the 3D pattern is observed to be at θ = 57◦ and
φ = 97◦. Fig. 13 displays the simulated frequency scanning
behavior for a frequency range of 15 GHz to 16.5 GHz, with
an average scanning of 5◦ observed for every 0.5 GHz change
in frequency.

The optimization tasks have been conducted on a comput-
ing system equipped with an 11th Gen. Intel Core i5-1135G7
processor, operating at 2.40 GHz and utilizing an x64-based
architecture. The system is equipped with 16 GB of RAM.
The comparative analysis focused on the time per iteration

for full-wave simulation and for genetic algorithm-based
optimization using the proposed circuit model across varying
slot numbers and spacing between slots. The maximum
number of slots used for optimization is 40. In MATLAB, the
proposed method has indicated an average simulation time
of ∼4 seconds per iteration, whereas simulations conducted
on a full-wave simulator like High Frequency Structure
Simulator (HFSS) have shown a substantial increase, with
an average simulation time of 4 minutes and 55 seconds per
iteration. Increasing the generation size can further extend
the completion time for the optimization task, especially
when employing the full-wave simulation approach. Clearly,
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increasing the number of iterations to 200 or 300 could
intensify the computational burden, making it a highly
time-consuming task in the context of full-wave simulation.

The second solution has been manufactured with a focus
on achieving low side lobe levels (SLLs). Also, S-parameters
are found to be good for solution#2 and below −10 dB as
compared to those of solution#1 for the whole frequency
range.

The feed can be connected to a planar waveguide structure
through amicrostrip line on the same dielectric substrate [28].
Equations provided in [29] are utilized to design a microstrip
to SIW transition that offers complete bandwidth coverage
without requiring optimization. To enhance radiation effi-
ciency, the dielectric material is extended beyond vias as in
[3]. Fig. 14 illustrates the antenna that has been fabricated.
In Fig. 15(a), the measured radiation pattern is compared

to simulations in the elevation plane. The target peak is 60◦

with a 18◦ HPBW. However, the calculated pattern peaks at
61◦ with a 13◦ HPBW. Full wave simulation shows a peak
at 57◦ with a 14◦ HPBW and measured data show a peak
at 56◦ with a 13◦ HPBW. These variations can be due to
imperfect metallic surface coverage during testing. However,
a good approximation is achieved in the main beam area of
the pattern, where radiation is primarily due to leaky waves.
To explore beam steering, radiation patterns at different
frequencies are tested, as depicted in Fig. 15(b). A quick
analysis reveals that the measured patterns exhibit higher side
lobe levels compared to the simulated ones in Fig. 13. This
discrepancy can be attributed to partial coverage of metallic
surfaces during testing, diffraction effects from finite ground
plane, and excitation of surface waves. Fig. 15(c) presents
the S-parameters. Although |S11| values occasionally reach
−9 dB at specific frequencies, overall matching performance
remains acceptable. Considering both radiation and reflection
effects, what remains is the power reaching port 2, indicated
here by |S21| values. Port 2 serves as the output port
terminated with a matched load. Notably, the |S21| parameter
consistently stays below -10 dB across the frequency range,
emphasizing substantial energy leakage from the antenna,
while reflection is already minimal. However, a discrepancy
in the level of |S21| between simulation and measurement
is noted. This difference might arise from fabrication errors,
metallization of vias, etc.

The characteristics of the proposed TL model are
compared to those of other models in the Table 1.

VI. CONCLUSION
The research introduces a novel and efficient approach for
designing substrate-integrated waveguide leaky wave anten-
nas. Utilizing a generic circuit model, this method enables
accurate radiation pattern synthesis in both periodic and
quasi-periodic structures, offering faster analysis compared
to the conventional method of full-wave simulation, while
maintaining reasonable accuracy. The versatility of this
technique in controlling side lobe levels and achieving desired
beam shapes through optimization algorithms makes it a

valuable tool for practical antenna designs. The antenna
can be optimized for various possible radiation patterns
by choosing an application-specific cost function. With its
contributions to enhancing antenna engineering capabilities,
this work paves the way for further innovations in SIW-based
antenna design for future wireless communication systems
and 5G applications.
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