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Abstract - In this article, different design configurations of rectangular microstrip patch antenna (RMSA) array operating at
S-band frequency are presented. The substrate material utilized in the designs is Rogers-RT-5800 with dielectric permittivity (Er=
2.2), thickness of (h=1.6 mm), and loss tangent of (6 = 0.009). The performances of a single element, (1x2), (2x2) and (1x4) array
elements operating at (3.6 GHz) are investigated using the CST and HFSS numerical techniques. The simulation results indicates that
the antenna gain of (8.68, 10.35, 10.43 and 10.52) dB, VSWR (1.045, 1.325, 1.095 and 1.945), return loss (-34.91, -17.15, -27.42 and
-12.26) dB, and bandwidth (85.00, 200.00, 215 and 106.4) MHz are achieved with the implementation of HFSS for advanced single
element, (1x2), (2x2) and (1x4) array elements, respectively. Besides, the corresponding antenna parameter values provided by CST
are, gain (7.36, 9.8, 9.87 and 10.30) dB, VSWR (1.011, 1.304, 1.305 and 1.579), return loss (-44.97, -17.58, -17.55 and -14.01) dB, and
bandwidth (92.28, 204, 229.49 and 129.12) MHz, respectively. The results also reveals that the higher gain and wider bandwidth are,
respectively, achieved with (1x4) and (2x2) array configuration arrangement and with both simulation techniques. Additionally,
a good agreement and an advancement between the obtained results with the ones previously studied for the same array types
operating at S-band frequencies are also observed.
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1. INTRODUCTION able and handheld devices become smaller over the
time, it is critical yet challenging to develop an antenna
geometrical arrangement that maintains at a particular
band frequency providing high directivity, gain, wider
bandwidth, and high-quality services [1,5]. Therefore,
the MSA can be regarded as a reliable candidate for the
new wireless application systems due to its low cost,
light weight and ease of fabrications. However, the MSA
has a number of drawbacks, including low gain and nar-
row bandwidth which make the researcher to develop
methods to overcome these MSA disadvantages.

In the field of wireless communications, the antennas
have played a significant role, and have many forms in-
cluding patch antennas, wire antennas, horn antennas
and parabolic antennas, having own properties and
applications and without which the world could never
reached at this stage of developed technology systems
[1,2]. In the last two decades, the wireless communica-
tion systems have been developed from analog into
digital technologies systems to improve the data rate
capability and increase the speed of multimedia trans-
mission [3]. New 5G frequency bands which utilized
(3.3-3.8) GHz in several countries around the world, for
the 6 GHz sub-band, have been approved to support
higher data speed transfer [3,4].

Many studies were published in the literature pro-
posing different feeding methodologies, slots, de-
fected ground plane, various antenna arrangement
arrays to achieve antenna improvement characteristics

On the other hand, as technological innovations for
instance smart phones, Internet-of-Things (loT), wear-
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[6,7]. Among these methods, the MSA arrays of vari-
ous geometrical construction have been increasingly
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employed in recent years, since they are durable and
provide very attractive performance for several applica-
tion systems such as, 5G, satellite, medical applications,
WLAN, radar, personal technology and military applica-
tion systems [8-10]. A planar slot RMSA array operating
at (3.5 GHz) was designed and fabricated by [11] for a
sub-6 GHz 5G wireless application systems. It was found
that the proposed antenna provides a gain, efficiency
and bandwidth of the order of (4.2 dB), (82%) and (19
MHz), respectively. A RMSPA gain improvement through
an array of (4x1) configuration operating at (2.5 GHz)
was designed and simulated on the FR4 dielectric sub-
strate of thickness (1.6 mm) making it reliable for WiMAX
applications [7]. Besides, a higher radiation performance
for an inset fed single element, (1x2) and (1x4) arrays
RMSPA placed on Rogers-RT-5880 with thickness (1.6
mm) operating at (2.4 GHz) for WLAN applications was
achieved by [12] using IE3D numerical method. Addi-
tionally, a single RMSA array with (1x2) and (2x2) arrays
was proposed to operate at S-band frequencies using
FR4 dielectric substrate of thickness (1.6 mm) [13,14]. On
the other hand, a coaxial probe fed single RMSPA, (1x4),
(2x2) and (4x4) element arrays were designed and in-
vestigated by [15] using RT-Duriod dielectric substrates
with thickness (h=3.175 mm) to operate at (1.48 GHz)
for radar application systems. Moreover, the directivity
enhancement of a triangular MSA operating at (5.5 GHz)
was proposed and fabricated through a T-junction inset
fed of (2x2) patch element arrays using FR4 epoxy as a
substrate material with thickness (1.6 mm) [16]. Besides,
the size reduction of RMSA array operating at (2.4 GHz)
with acceptable radiation performance were investigat-
ed by [33] using different array configuration types. Gen-
erally, these research woks displayed that the gain and
bandwidth could be enhanced properly with the use of
reliable array constructions.

Therefore, this work is established to improve the
overall radiation performance of RMSA array operating
at (3.6 GHz) through an investigation of various geo-
metrical array configurations. The design procedure is
performed by arranging four element RMSA array in a
form of single patch, (1x2), (2x2), and (1x4) array geo-
metrical configurations and the fundamental antenna
parameters for each of them are calculated using both
HFSS and CST simulation methods. The main purpose
of the study is intended to attain a lightweight antenna
providing reliable gain and wider bandwidth suitable
for most S-band application systems which is a part of
the electromagnetic spectrum ranged between (2-4)
GHz. This band frequency is selected due to the fact
that it implemented for radio and television, satellite
communication, radar weather station, wireless net-
work and ship radar [17,18].

The remind section of the article is organized as
follows. In section 2, a theoretical design calculation
of the physical dimension for single element, (1x2),
(2x2), and (1x4) array array RMSA array elements are
described. The computation of the fundamental RMSA
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array parameters for each mentioned array configura-
tion are presented and discussed in section 3. The main
conclusion and recommendation for future work are
mentioned in section 4.

2. MATERIAL METHOD

In this study, a single (MSA) is designed and then up-
graded to the two and four (MSA) elements in both the
parallel (corporate) with series feeding method, to im-
prove the value of gain, directivity and bandwidth. The
design procedure for all mentioned array cases is per-
formed by the implementation of both CST and HFSS
software package. These two simulation methods are,
respectively, based on the numerical methods known
as Finite Element Method (FEM) and Finite Integral
Techniques (FIT) [19]. The (FEM) is an alternative com-
putational electromagnetic method (CEM) suggested
to determine a solution of partial differential equation
in the frequency domain. It was proposed in the 1940s
by Courant and it was firstly employed to solve prob-
lems containing difference in electric potential but it is
now widely used in the field of RF/microwave system
technology. In this technique, the total domain is dis-
cretized into a sub-domain of unordered mesh which is
a successful solver for complicated structures and non-
uniform objects which offers a high degree of geomet-
ric tolerance [20]. Meanwhile, in (FIT), the solution of
Maxwell equations can be derived from both frequen-
cy and time domains and it was firstly approved by
Weiland 1977 [21]. This method is suitable to different
electromagnetic problems extending from static field
measurements to high frequency applications in time
as well as frequency domain. The (FIT) is composed of
distinct types of grids, like non-orthogonal or Cartesian
and describes a volume within Maxwell’s equations
which can be resolved in a finite unit of discrete loca-
tions. Hence, (FIT) is extremely equivalent to the finite
difference time domain method (FDTD) [2].

Furthermore, both CST and HFSS are a full-wave elec-
tromagnetic field (EM) simulation software that helps
to solve all 3D electromagnetic or mechanical second
differential problems [2]. As the antenna operational
frequency (f) , dielectric substrate permittivity (¢)
and substrate thickness (h) are specified, then the di-
mensions of patch and ground plane are computed
through some mathematical expression provided by
transmission line method. Later, the radiation perfor-
mance for each of the mentioned array structures are
computed using CST and HFSS simulation methods.
The simulation design for single element RMSA and
considered array configurations are described in the
following subsections.

2.1. SINGLE ELEMENT

The design of single element RMSA with specification
of its patch and fed line dimension is demonstrated in
Figure (1) which are computed by implementing both
mentioned simulation software techniques.
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The proposed antenna is built up on Rogers-RT-5800 di-
electric substrate of relative permittivity (€ =2.2)and thick-
ness of (h=1.6 mm) and having loss tangent of (6=0.009)
[22,23]. In the design procedure, an extensively inset fed
and transmission line feeding methods have been uti-
lized and their patch and line dimensions are evaluated
through the following equations based on transmission
line method [11]. The first quantity is the patch width (Wp)
and it can be determined using equation [24]:

c [ 2
P 2 &+ (1M

where, (fr) is the antenna operating frequency, (c) is
speed of light in free space and (e)is the substrate rela-
tive permittivity. The second parameter that must be
specified is the effective dielectric constant (seﬁ) which
is introduced due to the fringing field effect and for
RMSA is calculated as given by [24]:

Er+1
Eefr =5

&1 h

As a consequence of radiation fringing effect on both
sides of the patch, then the length is extended by an
amount (4L) and is determined through an equation

given by [24].

0.412(89ff+0.3)(%+0.264)

— &
(seff—o.zss)(%w.s) off (3)
and,
_ c
Leff T e (4)

where, (Leﬁ) is the patch effective length is expressed as:

While the actual patch length (Lp) can be obtained
with respect to the extension and effective length of
the patch as:

Ly = Legr — 2AL (5)

To improve the performance of the patch antenna de-
sign, the ground plane should be larger than the patch
dimensions by approximately six times as the substrate,
hence the width (Wg) and length (Lg) of substrate are cal-
culated by using the following relations [13,25]:

W, = W, +2(3) (6)

Ly =L, +2(3) (7)

Moreover, the width of feed line (Wf) can be obtained
from input impedance equations as mathematically
expressed by [9] as:

80 |8 Wr if W<

[Ererf [Wf t if 5 =1

Z, = 1207 8
W L >1

(607 %4 11,393 40.667xIn( Lt 1.444 f h
ref | +1- I n{— i

where, (Z) is the antenna impedance, and for trans-
mission line feed is equal to 50 ohms, while, the char-
acteristics impedance (Z)) of the two microstrip lines is
given by [6] as:
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Z,=2%50Q 9)

Moreover, the length of the inset-fed line is specified
by [71:

(10)

Depended on the above equations, the single RMSA
dimensions after optimization through the mentioned
simulation methods are determined and the results are
summarized in the Table 1.

Fig. 1. Top view of simulated single RMSPA with (a)
HFSS and (b) CST.

Table 1. Dimension optimization of single element

Parameters Description Value(mm)
w, Patch width 27.00
L, Patch length 31.48
G, Gap between Line feed and Patch 3.75
F, Inset-feed length 8.15
L Transition line length 33.06
w, Microstrip line feed width 6.75
w, Ground width 64.25
L, Ground length 82.06
H Substrate thickness 1.575

2.2. ANTENNA ARRAY

As mentioned before, the antenna array is usually
employed to enhance the antenna directivity, gain and
plays different roles that are not achieved normally
by a single element [26]. Generally, the array factor is
depended on the array elements, space between ele-
ment, geometry of the array and excitation vector. For
one-dimensional linear array, the mathematical expres-
sion for the array factor is formulated as given by [27]:

AF(6,0) = (1

While, for two-dimensional planner array, this factor
is expressed as [27]:

AF(8,0) = SMy SN, Ly KFmntamn) (1)

M j(kfm+a
m:llme]( m+am)
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Where, (7) is the elements vector location, () is
amplitude and (a, ) is the excitation phase for (m",n")
elements to achieve maximum directivity in the given
direction (6,0)[28]. Regarding the parameters that have
been evaluated for single patch element, a (1x2), (2x2)
and (1x4) RMSA arrays are built. The rectangular patch
elements are implemented in a linear and planer con-
figuration, using inset line feed techniques with input
impedance of (50 Q). Each patch elements arrays are
separated by (0.5 N) with optimized dimensions as
demonstrated in Figures (2 and 3) which are designed
with CST ad HFSS. This arrangement has the benefit of
becoming easier to establish as well as being efficiently
optimized by the patch's inset-fed and length of the in-
set fed [29,30].

W, \ 110.20 mm

L,
wu 67°L8

F 6?5I mm
(a) (b)

Fig. 2. Top view of proposed (1x2) RMSA arrays
simulated by (a) CST and (b) HFSS.

W 110.20 mm

S0

112.45 mm

L=

186.93mm

91.74 mm

3.17 mm

&
<€

7.64mm

()

Fig. 3. Top view of proposed (2x2) RMSA arrays
simulated by: (a) CST, (b) HFSS and (c) (1x4) by CST.

When the dimensions of the patch, ground plane,
fed-line as well as dielectric substrate characteristics
are specified, then the radiation performance of each
array configuration are evaluated by both simulation
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method and the result are presented in the form of
table or graphs as described in the next section.

3. RESULTS AND DISCUSSION

As previously mentioned, the main purpose of the
present work is to develop a high gain and wider band-
width (RMSA) with lightweight as well as offering better
radiation characteristics suitable for compact S-band
wireless applications systems operating at (3.6) GHz.
According to the optimized patch, ground plane and
inset-fed dimension values of the proposed antennas,
the reflection coefficient (511), voltage standing wave
ratio (VSWR), gain, directivity, bandwidth and antenna
radiation pattern for each mentioned array configura-
tion have been analyzed by both HFSS and CST com-
putational methods. The calculated results of the simu-
lated RMSPA parameters are presented and explained
in details in the following sub sections.

3.1.RETURN LOSS (S11) AND VSWR

The computed results of the S11 parameters for the
single element and (1x2) array element RMSPA are
shown in Fig. 4. It is clearly seen from this figure that
the simulated (S11) for single element reaches a value
of (-34.91) dB with a bandwidth of (85) MHz in HFSS,
while it arrives a value of (-44.97) dB and bandwidth
of (92) MHz at (3.6) GHz with implementation of CST.
While, the values of (S11) are (-17.15 and -17.58) dB
for (1x2) elements RMSA arrays within a bandwidth of
(200 and 204.42) MHz for HFSS and CST, respectively.
However, the value of S11 parameter as a function of
frequency for (2x2) and (1x4) array types are (-17.55
and -27.58) dB with a bandwidth (229.49 and 215) MHz
and (=14.014 and -12.969) dB with a bandwidth (129.12
and 106.90) MHz by implementing CST and HFSS, re-
spectively as demonstrated in Fig. 5. These computed
results reveal a significant enhancement in the band-
width with increasing antenna array elements and val-
ues of (S11) are more less than (—10) dB, which indicate
the impedance matching as well [9,14]. Additionally,
these results also displays that the (2x2) RMSA array
configuration provide higher bandwidth operation
compare to the other array arrangement considered in
this investigation.

In contrast, the (VSWR) that is represent the amount
of radio frequency power that properly converted from
the source into the transmission line towards a load is
also computed for all considered cases and with both
simulation methods [31]. The calculated results of VSWR
obtained for single element and (1x2) array RMSA are
(1.045 and 1.011) dB and (1.305 and 1.325) with the
implementation of CST and HFSS, respectively as shown
in Fig. 6. Besides, the simulated results of VSWR pre-
dicted by both CST and HFSS techniques for (2x2) and
(1x4) array types are, respectively, (1.094 and 1.350) dB
and (1.579 and 1.945) dB as demonstrated in Fig. 7. Ac-
cordingly, these figures indicates that the VSWR for all
considered cases are smaller than 2 (VSWR < 2) which
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is regarded as an optimal limit which leads to enhanced
antenna radiation performance for use in S-band wire-
less commutation systems [31].

3.2. ANTENNA RADIATION PATTERN

The antenna radiation pattern define as the graphi-
cal descriptions of radiation fields and through which
the characteristics of antenna radiation power would
be identified over large distances and in different spa-
tial orientations [32]. Figs. (8 and 9), display the three-
dimensional calculated gain, consequently for the
proposed single element, (1x2), (2x2) and (1x4) RMSA
arrays. The computed results achieve by HFSS simula-
tor as depicted in Figs 8(a) and 9(a) suggest that the
maximum values of gain are (8.68, 10.35, 10.43 and
10.52) dB for advanced single element, (1x2), (2x2) and
(1x4) (RMSA arrays operating at (3.6) GHz, respectively.

Furthermore, the higher antenna gains values pro-
vided by CST techniques for single element, (1x2),
(2x2) and (1x4) RMSA arrays are, respectively, (7.36,
9.8, 9.87 and 10.30) dB, as obviously seen in Figs. 8(b)
and 9(b). Generally, according to the results displayed
in these figures, one clearly observes that the antenna
gains increase with increasing antenna elements and
all of which lies within an acceptable value reliable for
S-band application systems. In addition, these results
also implies that the (1x4) and (2x2) array configura-
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tions maintain higher antenna gain compare to the
other considered geometrical arrangements. Besides,
both simulation techniques are also employed to
compute the two-dimensional polar pattern view of
E-plane radiation fields and the results are graphically
presented in Figs. 10 for single element, (1x2), (2x2) and
(1x4), respectively. It is clearly seen from these figures
that as the number of patch element increase more
side and back lobes are introduced while maintain the
main beam in the same direction. Among which, the
(2x2) array configuration provide lower side lobe level
power as can be depicted in Fig 10(c) which support
the reliability of this configuration to be applicable for
more practical wireless communication systems.

Moreover, the overall RMSA array parameters such as,
S11, VSWR, gain, directivity, efficiency and bandwidth
that have been achieved with both simulation soft-
wares and for each considered array congigurations
operating at (3.6 GHz) are summurized in Table 2.

Finally, these calculated parameters are compared to
their corresponding value achieved by other research-
er working on the same array configuration and oper-
ating at various S-band frequencies and the results are
presented in Table 3. The accuracy and advancement of
our calculated gain and bandwidth parameters are ob-
served from this table as compared to the correspond-
ing available works performed previously.
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Fig. 4. Change of S11 depeneded on frequncy for (a) single element and (b) (1x2) array
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Fig. 5. Change of S11 depeneded on frequncy for (a) (2x2) and (b) (1x4) array
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Fig. 8. 3D view of RMSA gain by (a) HFSS and (b) CST for single element and (1x2) arrays
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Table 2. Overall simulated antenna chrematistic results for each considered arrays.

Element No. Simul. Tech. S11(dB) VSWR Gain (dB) Dir(dB) Efficiency % BW(MHz)
Single HFSS -33.12 1.045 8.61 8.73 98.62 85.00
1x2 HFSS -17.15 1.325 1035 10.44 99.13 200.00
2x2 HFSS -27.42 1.094 1043 10.81 99.42 215.00
x4 HFSS -12.96 1.945 10.52 10.49 99.71 106.90
Single CST -44.97 1.011 7.36 8.30 88.67 92.28
1x2 CST -17.58 1.304 9.80 10.10 97.03 204.42
2x2 CST -17.55 1.305 9.87 10.30 97.19 229.49
1x4 CST -14.01 1.579 10.30 10.70 95.82 129.12

Table 3. Comparison of propose antenna parameter results with previous researches.

No. Elements S11(dB) VSWR Gain (dB) Dir(dB) BW(MHz) f (MHz) Ref.
-15.62 1.440 6.09 7.09 . 2.40 [20]
-16.624 - 5.1877 - 55 240 [29]
Single Element -22.89 3.29 70 238 130]
(FEM) 22417 1317 6.9981 20 1.44 [31]
-185 1.26 - . 240 [13]
-33.12 1.045 8.610 8.660 85.00 Present work
-17.30 1,670 7.58 8.14 - 240 [20]
9.5 - 9.186 - - 240 [29]
-11.5 . 417 . 15 2,50 [30]
(1%2) Elements -22.99 1.150 - 462 250 5.50 [32]
(FEM) -27.61 1.080 - 735 205 5.55 [32]
-7.25 2.540 9.24 - - 240 [13]
-19.31 1.650 11.42 1217 - 240 [20]
-17.15 1.325 10.310 10.408 200.00 Present work
-30.34 1.070 - 12.91 173 558 132]
(2x2) Elements -32.34 1170 - 11.28 186 5.55 132]
(FEM) -72.5555 0.004 = 14.739 20 1.44 131]
-27.42 1.094 10.430 10.450 215.00 Present work
22 - 13.2- = 60 240 129]
(1x4) Elements -19.906 1.762 14576 20 1.44 131]
(FEM) -8.25 2.260 10.29 - . 2.40 [3]
-12.969 1.945 10.52 12.250 106.90 Present work
-13.934 1.502 2.144 . 61 2.20 126]
-44.830 - 1.369 6.759 - 240 [21]
Single Element -12.89 1.590 425 563 . 240 [33]
(FIT) -265 - 42 - 190 3.50 [34]
-28.76 2.52 2.60 130 3.60 B3]
-44,97 1.011 7.357 8.298 92.28 Present work
-20.371 1.211 458 . 83 22 [26]
(1x2) (EleTr)“e”ts 1121 1.750 9.225 9.633 293 245 [25]
-17.58 1.304 9.670 9.924 204.42 Present work
(2x2) Elements -18.086 1.280 4714 - 836 22 [26]
(FIT) -17.55 1.305 9.87 11.90 229.49 Present work
-20.372 5284 10.59 - 25 [21]
-7.95 2530 7.31 9.58 - 24 [33]
a X4)(';'I'ETTE”“ 1274 1.590 11.73 11.79 355 245 [25]
225 - 452 - - 35 [2]
-14.014 1.579 10.30 12.30 129.12 Present work
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4. CONCLUSIONS

This article has proposed a theoretical calculation
methodology for designing a new single element,
1x2, 2x2 and 1x4 elements RMSA array operating at
(3.6 GHz) suitable for S-band wireless communication
systems. The array performances presented here were
investigated using both HFSS and CST numerical meth-
ods. Generally, the computed results reveals that a
lower side lobe level power, reasonable gain and wider
bandwidth of the order of (10.43, 10.40) dB and (215,
229.49) MHz was achieved, respectively, for the case
of (2x2) array elements. In addition, the simulation re-
sults indicated that the values of S11 are (-34.91,-17.15,
-27.42 and -12.26) dB with bandwidth (85.00, 200.00,
215 and 106.4) MHz and gain of (8.68, 10.35, 10.43 and
7.86) dB by the execution of HFSS for designed single
element, (1x2), (2x2) and (1x4) array configurations,
respectively. Whereas the corresponding values of S11
are (-44.97, -17.58, -17.55 and -14.01) dB, bandwidth
(92.28, 204, 229.49 and 129.12) MHz and gain of (7.36,
9.8, 10.40 and 9.87) dB with the implementation of CST
for suggested element arrays, respectively. The issue
of low bandwidth and gain which usually achieved by
single element RMSA array has been resolved by the
novel (RMSA) array models provided in this paper. The
newly developed antennas are suitable to employ in
radar, WLAN, S-band communications, and 5G wireless
communication technologies.
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