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This paper presents a miniaturized planar dual-band short-ended metamaterial antenna with the backed ground plane to improve
antenna bandwidths and radiation characteristics. The proposed dual-band metamaterial (MTM) antenna has been made up of
the composite right- or left-handed transmission line (CRLH-TL) concept. Here, the backed ground plane has been employed to
generate an extra coupling capacitance (Cc), which shifts the ZOR frequency in the lower band while also improving ZOR
matching and increasing the impedance bandwidth of the higher-order mode. In this proposed MTM antenna, interdigital
capacitance (IDC) has been used in place of a simple series gap, which shifts the higher-order impedance bandwidth into a lower
frequency band for second-band Wi-MAX applications (3.3-3.7 GHz). The proposed antenna offers a short-ended MTM, and
hence the ZOR frequency is controlled by a series of LC lumped parameters. The proposed antenna offers dual-band behavior with
measured —10 dB impedance bandwidths of 5.55% and 41.57% at centered frequencies of 2.70 GHz and 4.33 GHz, respectively.
The overall electrical size of the designed antenna is 0.2251( x 0.144A, x 0.01441, at ZOR (f, = 2.70 GHz), where A, is the free space
wavelength; therefore, it is applicable for different Wi-MAX application bands (2.5-2.7 GHz/3.3-3.8 GHz). Furthermore, the
proposed dual-band MTM antenna provides compactness, low loss, stable gain, and radiation efficiency, and also offers om-
nidirectional radiation patterns in the E-plane and dipolar type radiation patterns in the H-plane, respectively.

1. Introduction

In a metamaterial antenna, the zeroth-order resonance is a
special property derived by plotting the dispersion char-
acteristics of composite right- or left-handed transmission
lines (CRLH-TL). In the zeroth-order resonant (ZOR)
mode, the physical size of the antenna is independent of the
resonant frequency [1-8]. Since metamaterial (MTM) is an
artificial structure, it has some unnatural properties, such as
group and phase velocities being in opposite directions and a
nonlinear progressive phase [9, 10]. Several works have been

performed based on the ZOR property to miniaturize the
size of the antenna, despite the fact that it has a narrow
bandwidth, negative gain, and poor radiation efficiency
[11, 12]. In recent years, numerous methods have been
introduced to improve the impedance bandwidth, gain, and
radiation efficiency of metamaterial antenna [13]. Short-
ended MTM antenna offers designed flexibility for the an-
tenna community to control ZOR frequency by varying
series parameters [14]. Due to the recent requirement of
different wireless communication bands in one system, dual
or multiband antennas are more demanding to fulfill these
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requirements. The advantages of dual or multiband antennas
are that they reduce the number of antennas and space usage
and also overcome interference between other frequency
bands [15-17]. Many dual-band compact ZOR antennas
have been reported in recent years, but these dual-band
MTM antennas have suffered from impedance bandwidth
peak gain and radiation efficiency [18-22]. So, there are very
big challenges for the antenna community to design such a
type of dual-band MTM antenna to remove all these
drawbacks.

In this context, a compact short-ended CPW-fed ZOR
antenna for dual-band applications has been presented. The
proposed dual-band MTM antenna improved the ZOR and
other higher-order mode impedance bandwidths and ra-
diation efficiencies without affecting its compactness. The
designed antenna is basically based on short-ended termi-
nation; thus, ZOR frequency depends on LC series pa-
rameters and can be controlled by varying series elements of
the antenna. Here, an interdigital capacitor is provided,

antenna are its compactness, low loss, CPW feeding, via-less
design, easy fabrication process, low cost, realization of
series parameters, and good radiation capacity.

2. Antenna Design Techniques

2.1. Composite Left- and Right-Handed Transmission Line
(CRLH-TL) Theory. Figure 1 shows an equivalent circuit
diagram of the proposed dual-band MTM antenna. It
consists of left-handed shunt inductance L;, right-handed
series inductance Lg, left-handed series capacitance Cr, and
right-handed shunt capacitance Cg. As per the CRLH-TL
theorem, the resonance frequencies have been found using
these four CRLH-TL parameters (L;, Lg, C;, and Cp), and
they are independent of the size of the antenna.

From the Bloch and Floquet theory, the dispersion re-
lation is determined for the unit cells of periodic structures,
and it is reported in [9, 10].

shifting the second resonating frequency towards the lower B (0) = 1 cos 1+ Zcpar (@) XY cpp g (@) (1)
band. In addition, the backed ground plane improves CRLHTL p 2 ’
matching, shifting the frequency on the lower side, and
creating wideband nature. The advantages of the proposed where
Z (w) = j| wL !
crig (W) = J{ @lg wC, )’
1
Y cpig () = j(wC R — wT)Without backed ground plane, (2)
L

1
Y =] -
crin (@) ](WCR + wC, oL

Here, the phase constant (f3) is related to the Bloch wave,
and p shows the unit cell length of the proposed dual-band
MTM antenna.

The resonance frequency of the designed CRLH-TL
based on a dual-band MTM has been found using the given
equation

ﬁnp=@=%(n=o,1,2,3,4, ............ , (N - 1),

(3)

)With backed ground plane.

where | (=Np), n, and N are the length of the resonator, the
resonance modes, and the unit cell number.

The designed dual-band MTM antenna is based on
short-ended boundary conditions; therefore, the input im-
pedance (Z;,) is found from one side of the resonator to-
wards the other side, whereas the load impedance is zero
(Z,=0). So, the input impedance (Z;,) is obtained by [9]

\Zern Y e
Zisr}llort =—jZy x tan (Bl) ~ jZ, x Bl = j\/ZéRLH/Y(,?RLH <M>l = Zipn X1 = Zx Np, (4)

where Z, is the characteristic of CRLH-TL, Z{p;y; and
Y(pn are the series impedance and shunt admittance per
unit periodic length.

J

When n=0 (from (3)), the propagation constant =0
shows the ZOR mode, and the resonance frequency is ob-
tained by
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FiGure 1: Equivalent circuit diagram (a) without backed ground plane, and (b) with backed ground plane of the proposed dual-band MTM

antenna.

Wge = WzoR = m (5)

From (5), the ZOR frequency has been contained by
variation of series capacitance (C;) and inductance (L) of
the proposed dual-band MTM.

2.2. Antenna Configuration. The configuration of the pro-
posed dual-band MTM antenna is shown in Figure 2. The
proposed MTM antenna has been fabricated on an FR4
glass-epoxy substrate (e, =4.4, tand=0.02) with a com-
pactness of 1.6 mm.

It consists of a circular patch having an interdigital
capacitor, a CPW ground plane, and a partially backed
ground plane. The designed MTM antenna is fed by a 50
microstrip line. The interdigital capacitance forms a series
capacitor (Cr), while the small stripline acts as a shunt
inductor (L;), which verifies the composite right- or left-
handed transmission line-based MTM. C¢ is the coupling
capacitance between the CPW feed and the partially backed
ground plane, whereas Cy, is the shunt capacitance obtained
between the upper ground plane and the CPW feed. The
series inductance (Lg) is realized by a signal patch. The
overall electrical size of a designed dual-band MTM antenna
is 0.225)0x 0.14419x 0.01441y at ZOR (f,=2.70 GHz),
where A, is the free space wavelength.

2.3. Validation of ZOR Mode. To verify the short-ended
condition of ZOR frequency, parametric analysis has been
done based on the series element, i.e., L. Figure 3 shows the
input reflection coefficient with different values of patch
width called series inductor (Lg) with respect to frequency. It
is found that ZOR frequency decreases towards the lower
frequency band when patch width (Wp) increases, which
confirms the behavior of ZOR mode. There is another way to
verify the ZOR conditions of the proposed antenna by
plotting the electric field at ZOR frequency. It is clearly
observed from Figure 4 that the distributions of the electric
field are showing in phase at 2.72 GHz. Therefore, it verified
the ZOR condition occurred at a 2.72GHz resonance
frequency.

2.4. Effect of Backed Ground Plane. In this subsection, the
effect of with and without backed ground plane on the input
reflection coefficient has been demonstrated. It is observed
from Figure 5 that, due to the backed ground plane, one

more coupling capacitance (Cc) is introduced to shift the
ZOR frequency from 3.3 to 2.72 GHz and also improve the
higher-order impedance bandwidth of the designed an-
tenna. This coupling capacitance helps to miniaturize the
size of the antenna as well as the backed ground plane
coupled with the radiator to improve the matching and
enhanced impedance bandwidth.

2.5. Effect of Series Gap and Interdigital Capacitance.
Here, the effect of the series gap and interdigital capacitance
on the reflection coeflicient has been studied, as shown in
Figure 6. The spiral-shaped is nothing but interdigital ca-
pacitance, which provides more capacitive values compared
with the inductive values in order to get good performance at
the lower band of the proposed antenna structure. It is
clearly observed from Figure 6 that the interdigital capac-
itance provides a better response compared to series gap
capacitance and shifts the impedance bandwidth frequency
to the lower side.

3. Simulated and Measured Results

A prototype antenna has been fabricated to verify the
measured and simulated near- and far-field results, as shown
in Figure 7. The Keysight programmable network analyzer
(N5221A) has been used to measure near-field results, i.e.,
the input reflection coeflicient. The simulated dual-band
MTM antenna offers —10 dB input impedance bandwidth of
5.14% (2.65-2.79 GHz) and 30.37% (3.63-4.93 GHz) for the
first and second bands, respectively, whereas the measured
—10dB input impedance bandwidth (S;; <-10dB) offers
5.55% (2.63-2.78 GHz) and 41.57% (3.43-5.23 GHz) for the
first and second band, respectively, as shown in Figure 8. The
simulated and measured resonant frequency of ZOR is
found to be 2.72 GHz and 2.70 GHz, respectively, and also
higher-order impedance bandwidth increases. This happens
due to imperfections in antenna fabrication and tolerance in
soldering.

Figure 9 illustrates the normalized radiation patterns of
the proposed antenna in the xz- and yz-plane at 2.72 GHz
and 4.58 GHz, respectively. It is observed that at ZOR fre-
quency (2.72GHz) and 4.58 GHz, the proposed antenna
shows an omnidirectional radiation pattern in the xz-plane.
At frequencies 2.72 GHz and 4.58 GHz, it shows a dipolar
type radiation pattern in yz-plane. The difference between
copolarization and cross-polarization levels in the xz-plane
is —46.53 dB at 2.72 GHz and —40.03 dB at 4.58 GHz.
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(a) (b)

FIGURE 2: Geometry of proposed dual-band metamaterial antenna (L =25, W=16, Pc=10, Ws=7.1, Wp=1, Gg=0.4, Lp=13.5, R=4.5,
Gr=0.7, Gp=0.6, W; =2, D;=0.8, D,=0.5, Lp=2.2, Wz=11, h=1.6: all dimensions are in mm).
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with and without backed ground plane.
FiGure 3: Simulated reflection coeflicient of the proposed dual-

band MTM antenna by varying Wgs.
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FiGURE 4: Electric field distribution to confirm the ZOR mode at
2.72 GHz.

Input Reflection Coefficient (dB)

The maximum gain of the proposed dual-band MTM oY) 55 30 35 20 s =0
antenna is 0.72dBi for the first band and 2.0dBi for the Frequency (GHz)
second band, respectively, whereas it shows a measured
maximum peak gain of 0.59dBi for the first band and ==~ Without IDC
2.10 dBi for the second band, respectively [23], as shown in — WithIDC

Figure 10(a). The designed dual-band MTM antenna shows FiGuRre 6: Input reflection coefficient of proposed dual-band MTM
an average radiation efficiency of 71.52% for the first band  with and without IDC.
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proposed dual-band MTM antenna.
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F1GURE 10: Far-field results of proposed dual-band MTM antenna in the broadside direction. (a) Simulated and measured gain; (b) radiation
efficiency.

TaBLE 1: Comparison of dual-band MTM antennas with recently published work.

Resonance frequency -10dB impedance bandwidth Radiation efficiency

Ref. Antenna size (GHz) Via process (%) Gain (dBi) (%)

[13]  0.271%0.231, 2.6/3.6 Not 2.29/28.57 0.53/1.98 NA*/NA*
needed

[16] 0.3310x0.098}, 2.45/3.37 Not 8.16/23.74 0.3/1.1 68/77.3
needed

[24]  1.051,x1.05), 6.6/10.9 Needed 3.03/5.04 7.29/2.97 NA*/NA*

[25]  1.27M¢gx1.27A, 1.73/5.36 Not 17.34/11.75 8.23/8.30 NA*/NA*
needed

[26] 0.02114 % 0.0181, 0.91/2.45 Needed 17.8/35.8 __197;1/ NA*/NA*

[27]  0.35),%0.451, 2.58/5.41 Not 20.6/15.7 3.5/3.53 NA*/NA*
needed

PW*  0.22)x0.141, 2.72/4.58 Not 5.50/41.57 0.72/2.0 71.52/84.02
needed

NA* = not available, PW* = proposed work.
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and 84.02% for the second band, as shown in Figure 10(b).
Table 1 shows the comparison among dual-band MTM
antennas with recently published work. It is observed that
the advantages of the proposed dual-band MTM antenna are
an overall improvement in impedance bandwidth, a high
level of miniaturization, and via-less design.

4. Conclusion

A miniaturized CPW-fed dual-band short-ended ZOR-
based antenna with the backed ground plane is investigated.
The proposed antenna is short-ended, so the ZOR mode is
dependent upon the series LC parameters of the proposed
MTM antenna. The designed antenna consists of the backed
ground plane to introduce extra capacitance, which is used
to shift ZOR frequency towards a lower frequency band and
miniaturize the size of the antenna. Here, instead of a series
gap, an interdigital capacitance is used in the proposed
antenna to lower the higher-order impedance bandwidth.
The designed antenna offers dual-band behavior with
measured —10 dB impedance bandwidths of 5.55% (centered
at 2.70 GHz) and 41.57% (centered at 4.33 GHz) for the first
and second bands, respectively. The proposed antenna
shows a measured maximum peak gain of 0.59 dBi for the
first band and 2.10dBi for the second band, respectively,
whereas it shows an averaged simulated radiation efficiency
of 71.52% and 84.02% for the first and second bands, re-
spectively. Furthermore, the proposed MTM offers a high
level of compactness and an omnidirectional and dipolar
type radiation pattern, which is suitable for Wi-MAX band
applications.
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Here, a compact, dual band, 4-elements multi-input and multi-output (MIMO) antenna diplexer is designed to use in wireless
local area network (WLAN) applications. The antenna is accomplished in a planar profile by employing Substrate Integrated
Waveguide (SIW) technology. To reduce the size of a single element by 75%, a quarter-mode substrate integrated waveguide
(QMSIW) technology is introduced. The QMSIW is realized by bisecting the full-mode SIW along the two magnetic walls and
considering the quarter-mode for the operation. Initially, two-QMSIW cavities of distinct dimensions are designed to operate in
two frequency bands, 5.2 GHz and 5.8 GHz, respectively. Later, two more radiating elements operating at the same frequencies are
integrated with a 2-elements antenna. For better polarization decoupling, the identical elements are placed perpendicular to each
other, and a parasitic metallic strip loaded with shorting vias is placed between two identical frequency antenna elements; hence,
the port isolation is improved up to —25 dB. The antenna covers a bandwidth of 1.8% in the lower frequency band while 2.2% in the
upper frequency band. The antenna prototype is fabricated, and its results are verified with experimental data. It is observed that

the measured results are closely following the simulated results.

1. Introduction

Wireless communication channel environment is a densely
populated area as the links are more susceptible to fading
and co-channel interference, hence, due to this reason,
power falls substantially with space. Thus, it becomes
challenging for the antenna designer to design a system with
higher spectral efficiency, higher quality of service, and wide
bandwidth [1-4]. Therefore, the wireless communication
parameters in a complex setting can be enhanced by
employing spatial multiplexing and diversity techniques.
Multiplexing techniques mainly improve the channel ca-
pacity, which leads to enhanced data rate, while diversity
techniques improve the reliability of communication. Thus,
the MIMO antenna is an optimum alternative to mitigate the
fading by employing receiver and transmit diversity. In the
modern world, electronic devices are dropping in size every
day; thus, there is a need for a compact system. In this

concern, the antenna plays a vital role. The next stringent
requirement is good isolation levels between the radiating
elements because they are very close to a compact structure.
There are various techniques suggested by the researchers to
enhance the isolation level [5-9]. In [5], photonic band gap
structures are placed between transmitting and receiving
antennas, a metamaterial mushroom structure is used be-
tween 4 closed-spaced antennas in [6], two cross-neutrali-
zation lines are used in [7], and a meandering slot along with
an inverted T slot is etched in the ground plane in [8].

In the past two decades, Substrate Integrated Wave-
guide (SIW) based cavity-backed antennas have played a
vital role in developing self-diplexing antennas [9-11]. The
overall size of the SIW antenna can be substantially con-
densed by retaining similar bandwidth and radiation
characteristics by employing half-mode (HM) SIW [12-14],
quarter-mode (QM) SIW [15], and eight mode (EM) SIW
[16] topologies. Many multiple antenna systems were
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investigated [17-25]. However, only a few of them dis-
cussed the MIMO properties. In [17], the dual-band per-
formance is realized by coupling a parasitic rectangular
patch with the HMSIW cavity; however, the antenna suffers
from narrow bandwidth. To improve bandwidth with
compact size, the HMSIW cavities are loaded with rect-
angular slots to split the dominant mode into odd- and
even-half modes [18]. To improve the bandwidth and gain
in each operating band, a half-split cylindrical dielectric
resonator is realized in [19]. To realize a small dual-band
MIMO antenna, a split ring resonator (SRR) slot is
employed, but the isolation level in the inter-elements
becomes poor [20].

In this article, a dual-band 4-elements-self-diplexing
MIMO antenna is developed to operate in the lower fre-
quency band around 5.2GHz (5.15-5.26 GHz, 110 MHz)
and the higher frequency band around 5.8GHz
(5.75-5.88 GHz, 130 MHz) for wireless local area network
(WLAN) bands. The size of the proposed design is mini-
mized to a quarter by employing the QMSIW cavity. The
proposed MIMO antenna has potential use in enhancing
data transmission speed by twice compared to a 2-elements
antenna. In a complex communication environment, this
antenna also can be considered to improve the reliability of
data links. The MIMO properties of a 2 x 2 elements antenna
diplexer have been evaluated in terms of the Envelop
Correlation Coefficient (ECC) and diversity gain (DG). The
exclusive and modest proposed antenna shape maintains
isolation between any two ports below —-25dB just by
employing rectangular metallic strips loaded with shorting
vias. Both the lower and upper resonant frequencies can be
scaled individually by altering the QMSIW cavity length.
This article is divided into three sections. Section 2 presents
the design methodology of a 4-elements self-diplexing
MIMO antenna system, Section 3 presents simulated and
measured results, and Section 4 has concluded the proposed
idea.

2. 4-Ports Self-Diplexing Antenna Design Process

Figure 1 shows the geometrical view of the proposed
QMSIW cavity-backed slot antenna. The various stages used
in the design progression from the full-mode SIW to the QM
SIW cavity resonators are explained in Figure 2. The design
of the proposed antenna is modeled with the help of a
Computer Simulation Technology (CST) Microwave studio
simulator [11]. The first step is calculating the dominant
mode resonant frequency of the rectangular cavity at around
5.2 GHz using (1) [12]. The dimensions of the rectangular
cavity are evaluated as 27.4 x 27.4 mm”. The QMSIW cavity
is achieved by firstly bisecting the FMSIW cavity along two
magnetic walls, then preserving the quarter-part of the full-
dominant mode. By using the abovementioned steps, two
QM planar cavities are designed where the first cavity (i.e.,
Cavl) operates at 5.2 GHz and the second cavity (i.e., Cav2)
operates at 5.8 GHz, as shown in Figure 2(a). The operating
frequency equation for the FMSIW cavity can be calculated
using (1) [9, 15] shown below.
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Cav,

FIGURE 1: Schematic diagram of 4-ports self-diplexing antenna
(dimensions, w, =w, =25, [;=15.7, 1,=17.4, g=2.5, wy= 5,
ki=k,=16, py=1.6, my;=3.2, d=0.8, s=1.6, L=W=44.2) (unit:
mm).
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FIGURE 2: Design evolution to accomplish a dual element 4-ports
antenna-diplexer.
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where I,;por W, = WorL-1.08d%/p, w,;; and I, are
the effective width and length of the full-mode cavity, d is the
diameter, and s is the pitch distance between two shorting
vias. The electric walls on each side of the SIW cavity are
accomplished by inserting the number of shorting vias,
which attach the top and bottom planes of the metallic
cladding. In the proposed design, firstly a full-mode SIW is
divided into two equal parts along the magnetic walls to



International Journal of Antennas and Propagation

achieve a half-mode (HM) SIW. In the next step, the
HMSIW cavity resonator operating in the dominant mode is
split into two unequal parts by carving one open-end tilted
rectangular slot. Necessarily, this slot translates the HMSIW
cavity resonator into two patchy quarter-mode like cavity
structures. The QMSIW conserves the lowest operating
mode of FMSIW due to its uniform and symmetrical field
distribution. 50 Q microstrip line is adopted for excitation.
Each QM cavity operates at a different resonant frequency
due to unequal size. To realize better impedance matching
characteristics, feed location can be optimized. Three me-
tallic vias, covering a distance of “m,” are implanted near the
short end of the slot to reduce the inter-element mutual
coupling. The dimensions of the QMSIW cavities are op-
timized to achieve a lower frequency band of around
5.2 GHz and an upper-frequency band of around 5.8 GHz.
The final dimensions of this design are tabulated in Table 1
and are symbolized in Figure 1. To achieve a complete planar
configuration, microstrip feed line techniques are used to
feed the QM cavities. The feed characteristic impedance and
the antenna input impedance are matched by optimizing the
location of the feed. To avoid leakage loss through vias, the
diameter and spacing between the shorting vias are obtained
using the design guidelines mentioned in [12]. The 2-ele-
ment antenna illustrates adequate isolation of around
—25 dB between two cavities, as shown in Figure 3. A MIMO
diplexing antenna system is achieved by replicating two
more similar elements [19]. However, after adding the el-
ements, there is no variation in the reflection coefficient
parameters, but the isolation level (S;)) is degraded by around
5dB.

The design executes the operating bandwidth of around
1.8% in a lower frequency band and 2.2% in an upper-
frequency band. The operating principle of the 2-port
diplexing antenna is demonstrated in Figure 2. When Cavl
is fed with microstrip feed while Cav2 is terminated with a
50 ) matched termination, the CavI resonates at 5.2 GHz
due to its quarter fundamental mode TE110, as presented in
[15]. Similarly, when Cav2 is fed with microstrip feed and
Cavl is ended with matched termination, Cav2 operates at
5.8 GHz. To reduce the port decoupling, the cavities oper-
ating at the same resonant frequency are placed orthogonal
to each other. Thus, inherent isolation is achieved at around
—20dB, as shown in Figure 4. However, the isolation level is
insufficient for high-powered wireless communication.
Furthermore, to improve the isolation.

Rectangular parasitic metallic strips loaded with shorting
vias are placed among the QM cavities. The parasitic strips
reduce mutual coupling between the cavities of distinct
resonant frequencies, which are oriented parallel to each
other. The shorting vias make the electric wall by making the
electric field zero. Thus, the inter-element isolation levels are
getting improved and obtained -25 dB. Figure 5 illustrates
clearly how the metallic strip plays an essential role in re-
ducing the field coupling. The scalar electric field plots have
been shown in Figure 6(a) without metallic strips and
Figure 6(b) including metallic strips. The E-field plots are
presented at each operating frequency when the corre-
sponding port is excited. It can be observed in Figure 6(b)

TaBLE 1: The dimensions of the antenna structure. All dimensions
are in millimeters (Mm).
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FIGURE 3: S-parameters of dual-band dual element diplexing
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FIGURE 5: S-parameters of dual-band quad elements diplexing antenna with a metallic strip.
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FIGURE 6: Scalar E-field when corresponding port is powered (a) without parasitic metallic strips (b) with metallic strips.

that mutual coupling with other elements can be reduced
significantly.

The operating frequencies of a 4-element diplexing
antenna configuration can be rescaled for different bands by
simply altering the length of the cavities. It can be observed
in Figure 7 that by varying the length al of Cavl1 in the range
of 11.8-12.4mm, the resonant frequencies can be tuned
from 5.3-5.1 GHz. Similarly, it can be observed in Figure 8
that by varying the length a2 of Cav2 in the range of
10.8-11.4 mm, the corresponding resonant frequency can be
tuned in the frequency range of 5.9-5.7 GHz.

The resonant frequency can be adjusted individually in
both operating bands in a straightforward manner. The
scaling of one resonance has no impact on another reso-
nance, which proves the flexibility of the MIMO-antenna
system. This antenna design maintains the ground plane
integrity, which makes it easy to integrate with other ele-
ments. All radiating elements are placed on the top plane. All
four cavities share the same ground, making the design
simpler and more compact.

2.1. MIMO Properties of Self-Diplexing Antenna. The MIMO
features of the proposed design are verified in terms of
envelope correlation coeflicient (ECC) and diversity gain
(DG). ECC governs the correlation in radiation patterns
between two independent antennas [8]. Typically, its value
should be <0.5. The ECC can be derived from S-parameters
and far-field gain. The ECC from S-parameters can be
extracted from (2). The ECC performance of the proposed
design is shown in Figure 9. When Port-1 and Port-3 are fed
with a microstrip feed line while Port-2 and Port-4 are ended
with the matched terminations, the peak value of ECC is
observed as 0.02. On the other hand, when Port-2 and Port-4
are fed and the rest are terminated with matched loads, the
peak value of ECC is obtained as 0.03. The ECC can be
evaluated from S-parameters using (2) [19] when Port-1 and
Port-3 are excited.

_ |S11* Spz+ S5 % S33|2

(1 =(ISul #1851 =(ISsl +[Sis1))

(2)
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Similarly, the ECC in the upper-frequency band can be
evaluated using (2) just by replacing Port I with Port 2 and
Port 3 with Port 4. The ECC values from far-field gain are
evaluated and displayed in Figure 9. It shows the peak value
in the lower frequency band is around 0.08, while in the
upper-frequency band it is around 0.18.

The diversity gain (DG) signifies a rise in the antenna
gain with the addition of multiple elements [9]. The DG
values are evaluated and presented in Figure 10. After
inserting the other cavities, the DG value of the MIMO
antenna approaches around 9.94 dB, which approaches its
typical value of 10, and it can be obtained by (3) [19].

0.5 0.10

ECC (S-parameters)
ECC (Far-field)
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Frequency (GHz)
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Figure 9: ECC-graphs against frequency from S-parameters and
far field.
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FIGUurRe 10: DG against frequency when same cavities are fed
simultaneously.

DG = 1011 —10.99 Ecc|*. (3)

2.2. Design Steps. The design guidelines for the proposed
MIMO systems are as follows:

(a) Design a square cavity resonator (SIW).

(b) Split the FMSIW cavity into two equal parts along
the central magnetic wall.

(c) Insert an open-ended slanted rectangular slot in the
HMSIW cavity to convert into two unequal QMSIW
cavity resonators (Cav; and Cav,).

(d) Excite each cavity with a microstrip feed line and
optimize the dimensions of Cav; and Cav, to achieve
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the fundamental mode around 5.2 GHz and 5.8 GHz,
respectively.

(e) Replicate the 2-elements in the diplexing antenna to
achieve a 2 x 2 MIMO antenna.

(f) Optimise the isolation of the relevant dimensions.
Evaluate the MIMO performance.

3. Results-Validation and Discussions

A prototype of the proposed dual-band self-diplexing 2 x 2
MIMO antenna system is fabricated using a Rogers-5880
copper laminated dielectric substrate, as shown in Figure 11.
The dielectric substrate has a thickness of 1.578 mm and a
relative permittivity of 2.2. The simulated scattering pa-
rameter responses have been revealed in Figure 12. The
operating frequency bands show the port isolation as better
than —25dB. The measurements are performed using the
E5080A VNA. The antenna generates resonant frequencies
from simulations at 5.2 GHz when Port-1 or Port-3 is fed,
and Port-2/Port-4 is terminated with matched loads, while it
yields resonant frequencies at 5.2 GHz when Port-2 or Port-4
is fed, and Port-1/Port-3 is matched terminated. On the other
hand, the antenna shows the measured results at 5.25 and
5.84 GHz when the corresponding port is excited, respec-
tively. The antenna generates the peak simulated values of
gain of 4.75 and 4.9 dBi and measured values of gain of 4.7
and 4.67 dBi in the lower and upper-frequency bands, re-
spectively. Also, the antenna demonstrates a flat response of
the gain curve in both operating frequency bands as the
quarter fundamental mode is used for the operation. The
radiation efficiency varies in the range of 78%~82% in the
frequency band of 5.1~5.35 GHz, while it varies 81%~87% in
the upper-frequency band of 5.7~5.89 GHz, as shown in
Figure 13. The simulated results closely follow the measured
results.

However, a slight difference is witnessed due to the
shared coupling of fields generated by the adjoining ele-
ments. However, the impact of field coupling on antenna
performance is minor. The 2D-radiation patterns of the
antenna are plotted at two planes (¢ =0°) and (¢ =90°) in
Figure 14. The simulated and measured 2D radiation pat-
terns are plotted at 5.2 GHz in the lower frequency band and
at 5.8 GHz in the upper-frequency band. The co/cross-po-
larization ratio is better than 18 dB in the lower frequency
band, while 16dB is in the higher frequency bands. The
proposed design contributes primarily to radiation unidi-
rectional with a front-to-back ratio of better than 18 dB for
both operating frequency bands. Additionally, the antenna
radiates highest in the broadside direction and has a uni-
directional radiation pattern at each resonance due to the
involvement of the SIW-backed cavity with the complete
ground plane. The proposed MIMO antenna is remarkably
compliant in adjusting the resonant frequency in the desired
frequency bands. The operating bands can be shifted on
either side of the resonant dip individually without affecting
performance merely by modifying the dimensions of the
QMSIW cavities. The design of the proposed antenna is
straightforward, low-profile, small, and easily tunable. The
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FIGURE 14: Simulated and measured radiation patterns at 5.2 GHz. (a) E-plane (¢ =0°), (b) H-plane (¢ = 90°), and 2D radiation patterns at
5.8 GHz, (c) E-plane ad (d) H-plane.

TaBLE 2: Comparison of proposed mimo antenna with other existing works.

Ref MIMO elements fr (GHz) Gain (dBi) Fractional bandwidth Isolation (dB) Size in (electrical length)

[4] 2x2 2.5 2.6 2 28 25 A x2.5 ),
3.27 4.8 6.6

[16] 2%2 o4 53 e 20 142 A, x 1.42 ),
3.5 2.7 1.7

[17] 2%2 s 58 L 18.4 0.65 1; % 0.65 A,
4.43 6 2.5

[18] 2x2 5.39 6.4 18 35 1.7 1, x0.8 A,
2.93 4 35

[20] 2%2 568 . 656 14 0.8 ;%08 A,

[21] 2%2 3.51 4.9 ~27 14 0.35 1, % 0.86 A,

. 5.2 4.85 1.8
This work 2X2 g 46 29 25 0.7 A;x0.7 A;




proposed design is an efficient alternative to enhance the
data speed by offering spatial diversity/spatial multiplexing
for WLAN communication.

The novel features of the proposed 4-element MIMO
antenna are associated with other similar research works,
summarized in Table 2. The dual-band self-diplexing an-
tenna shows compact size, better isolation, and comparable
gain.

Profile with other similar works. The antennas presented
in [16, 20, and 21] show better fractional bandwidth;
however, the isolation level is poor. The antennas present
similar gain and bandwidth features to [17, 18], and [21] in a
more compact design. The port decoupling is better than
many other works without using the defected ground
structure (DGS) element in the ground plane, which makes
this design configuration simple and unique.

4. Conclusion

This paper represents a simple and compact quarter-mode
SIW cavity-backed MIMO antenna for two-channel fre-
quency applications. By employing the quarter-mode cavity,
the overall size of the proposed structure is miniaturized by
around 75% compared to the full-mode cavity. The dual-
band operations are achieved by employing two-QMSIW
cavities of different dimensions. Later, the cavities are
replicated with two more cavities to achieve a MIMO an-
tenna system. To improve the intrinsic isolation levels be-
tween any two radiating portions, parasitic metallic strips
loaded with shorting vias are placed between two similar
cavities. The diversity features are evaluated in terms of ECC
and DG; both parameters satisfy the requirements of MIMO
communication. The proposed MIMO antenna design is
fabricated and practically validated. The measured and
simulation show good mutual agreement with each other.
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The design of a wideband circular-slot antenna for RF signal harvesting is reported in this work. The proposed design frequency
range accommodates the leading contributors to the available RF signals accessible by the RFEH node. These widely utilized
frequency bands comprise GSM1800, UMTS2100, Wi-Fi2.450, and LTE2600. The antenna geometry comprises circular-ring
radiating component filled with two orbital circular and rectangular slots. At the bottom plane, a pair of rectangular and
semirectangular-circle slits are integrated. The antenna presented is designed on a double layer of 1.6 mm high FR-4 substrate. The
source antenna achieved a simulated and measured impedance bandwidth (BW) of 1.510 and 1.590 GHz, amounting to 68% and
73% fractional BW (FBW), covering -10 dB reflection coefficient (|S;|) between 1.640 to 3.150 GHz and 1.550 to 3.140 GHz, in
that order. The wideband circular-slot source antenna realized a maximum measured gain of 1.88, 2.13, 2.81, 3.22, and 4.32 dBi for
1.800, 2.100, 2.450, 2.650, and 3.20 GHz, respectively. The proposed design dimension on the printed board is 0.61 A, x0.70 A,
The improved antenna gain is obtained from a circular parasitic patch coupled to the defected ground structure (DGS) for better
RF energy harvesting in an ambient environment.

1. Introduction

The ability to handle high electromagnetic (EM) energy is
one of the important features of antennae used for the RFEH
module [1, 2]. RFEH technology has recently piqued the
interest of researchers as an additional source of energy that
provides an alternative solution to short-life batteries [3, 4].
Mobiles phones and other related wireless devices have been
penetrating the market since 1980 [1, 5]. Hence, the rising
demand for the long operational life of a battery remains an
open challenge [6, 7]. In RFEH systems, a rectifying antenna

(rectenna) harvests the energy via a combination of a source
antenna and RF-rectifier [8, 9]. The source antenna picks up
the incoming signals, which are then transformed by an RF-
rectifier into a useable low power dc supply [10]. RFEH
technology is considered among the sources of green energy
by utilizing and shielding humanity from potentially
harmful radiation [11]. Thus, wireless medical implanted
devices (WMID) largely facilitated the emergence of ap-
plications in healthcare systems such as wirelessly capsule
endoscopes, neural implants, retinal prostheses, various
neural recording microsystems, spinal cord stimulators, and
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intracranial pressure (ICP) monitors [12, 13]. Life-saving
healthcare systems involve telemetry and supervision of the
vital human body parts by the basic essential indicators for
the evaluation, diagnosis, stimulation, and treatment process
[14, 15]. RFEH antennae with wide operational BW and
improved gain are desirable for an efficient RF harvester
[16]. RF-spectral data from various research studies that
have recently been reported shows a practical amount of
energy for harvesting at GSM1800, UMTS2100, ISM2.4-Wi-
Fi2.45, and LTE2600 spectrum [5]. It is a challenging task to
design an antenna that can operate over a specific broad and
compact spectrum for a particular application [17, 18].

Researchers have recently focused on developing ultra-
wideband antennae with band rejection capabilities to
minimize interference from narrow-band for wireless ap-
plications [19, 20]. To attain the desired goal, several designs
approach, such as inserting slits and slots of varying di-
ameters, are being applied to the radiating components, feed
line, and ground planes [5, 19]. The use of half (A/2) [5] and a
quarter (A/4) [21] wavelength, open ended slits, and DGS
[22, 23] are also reported for various wireless communi-
cations applications. The authors in [24] introduce a circular
patch monopole antenna with an annular-ring structure at
5.80 GHz. The antenna demonstrates a 12.8% BW incre-
ment, and a gain of 5.70 dBi at a relatively high frequency
compares to a typical monopole antenna. A monopolar
broadband antenna is reported by the authors in [25]. With
the introduction of metallic Vias, the antenna attains a BW
of 18%, resulting in a peak realized gain of 6 dBi between 2.15
and 2.35 GHz.

Incorporating a feeding-loop results in about 65% BW as
demonstrated by the authors in [26]. The antenna realized a
peak gain in the span of 3 to 7.7 dBi between 1.320 and
2.60 GHz operating frequencies (f,). Besides, the deployment
of a complex feeding technique in the 3D structural model, a
CPW broadband antenna with a square-slotted pattern is
demonstrated by the authors in [27]. The design realized a
FBW of 17.2% at 2.440 GHz. The concept of introducing
slots and slits on the feed line and the bottom ground of the
CPW antenna is reported to improve the FBW by about 45%
by the authors in [28, 29]. The authors in [30] explore the
analysis of corner truncated antennae comprising U and L
slots. A single feed probe is used in the design study where
the various dimensions of the substrate height (h) were
examined. The design attained a peak FBW of 14.0% at 4.05
and 4.15 GHz. The authors [31, 32] demonstrated the con-
cept of integrating the feed line with slots and slits. The
designs, respectively, realized a FBW of 4.70% and 17.70%
for worldwide interoperability for microwave access
(WiMax) and radio frequency identification (RFID) appli-
cations. The technique of fractal architectures deployed by
the authors in [33-35] obtained a FBW of 22.50%, 0.78%,
and 2.00%, respectively. Hence, the broadband antennae
reported by the authors in [28, 29, 31] and [36] are generally
designed with a complicated geometry that is difficult to
actualize.

This work targets a wideband circular-slot antenna with
an improved gain, having a simple and inexpensive ge-
ometry structure. The authors in [34, 37] demonstrated the
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Ficure 1: Evaluation of the received RF ambient power levels.

concept of an electromagnetic coupling using a single feed
line to maintain simple antenna geometry. A tilted rect-
angular and triangular wideband monopole printed an-
tennae are exploited by the authors in [38, 39]. The designs
reported a FBW of 51.40% and 62.00%, respectively. The
designs also recorded a relatively low gain across the f,,
which renders them unsuitable for low-power RFEH sys-
tems. A low-profile source antenna with broad BW and
enhanced gain is required for better RFEH in ambient
terrain [1, 10]. A broadband antenna for RFEH is presented
by the authors in [40]. The antenna achieved a FBW of 23%
at 2.45GHz. The authors in [41] reported a narrow-band
antenna for the RFEH application. The source antenna
achieved a 10 dB BW of 30 MHz with a peak gain of 3.360
dBi at 2.45GHz. Printed patch antennae are regaining
recognition in the design of RF harvesters due to their
conformability to planar and nonplanar surfaces, com-
pactness, low-profile, light, and cheap manufacturing cost
[1, 8, 11]. Patch antennae are also preferred due to their
adaptability in terms of f,, gain, radiation pattern, polari-
zation, and matching BW. Therefore, the proposed design in
this work maintains a trade-off between simple geometry
structures, compact size, affordability, and improve
performance.

In this study, a circular-slot wideband antenna is re-
ported. The antenna is suitable for harvesting RF signals
across GSM1800, UMTS2100, ISM2.4-Wi-Fi2.45, and
LTE2600 spectrum. The proposed design achieved a total
dimension of 50mm x 56 mm matched through a 500
transmission line (TL). The proposed design offers a wide f,
of 1.640 GHz to 3.150 GHz with an improved gain applicable
for RFEH systems. The remaining sections of this work are
divided into the following. Section 2 outlines the proposed
design antenna configuration. The findings are addressed in
Section 3. The concluding remark is presented in Section 4.

2. Antenna Design

RF spectrum measurements were performed before coming
out with the antenna design to determine the availability of
RF ambient power in the environment. Figure 1 presents a
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FIGURE 2: Proposed wideband antenna design architecture: (a) top view and (b) bottom view.

cross section of the received ambient RF power levels. The
survey highlights the significance of five major spectrums
with reasonable power levels for RFEH. As a result, the
operational frequency for the proposed antenna is specified
within 1.640 to 3.150GHz, which covers GSM1800,
UMTS2100, ISM2.4Wi-Fi2.45, and LTE2600 frequency
bands.

The antenna presented in this paper is designed on a
double layer of 1.6 mm height (4) FR-4 substrates, having 4.7
dielectric constant (e,), with 0.02 tangent loss (tand). The
material is adopted because it is inexpensive, available, and
simple to fabricate. The proposed antenna comprises a
circular-ring radiating element integrated with two addi-
tional circular and rectangular slots. Figure 2 presents design
architecture and the parameters of the proposed wideband
circular-slot antenna. Firstly, antenna architecture was a
model using a circular microstrip planar antenna based on a
closed-form equation as expressed in the following equation
[42]:

-1

fio = 7.2{@ x k} GHz, (1)

where f;,, represents the lower cutoft f,. p is the gap of the
feed line in (cm). a provides the radius of the circular patch
in (cm) over a constant value k=1.15. Thus, “a” can be

expressed as
_[3.20(GHz)] (4
a _{]’,7} {52 2

Solving for “a” at f,,=1.6 GHz, and p=0.5cm, a is
computed to be 1.6 cm (16 mm). The width of TL is initially
evaluated at 2.7mm from the Wheeler’s closed-form

equation [10] and then optimized at 2.8 mm. The calculated
values from the model equation are transferred into a
high-frequency structure simulator (HFSS) from ANSYS for
further parametric tuning and optimization.

This section investigates the impact of various critical
dimensional elements on the antenna’s performance, no-
tably its radiation pattern, impedance BW, and gain. All
simulations are conducted through HEFSS. The first circular
antenna structure (Design-#1) resonates at 2.2 GHz with an
unsatisfactory |Sy;|. Circular structures tend to provide a
steady flow of currents [15, 33]. A DGS is introduced into the
antenna structure to achieve a broader impedance BW
between 1.600 and 3.100 GHz as depicted in Design-#2. A
circular-ring structure is realized by introducing a 23 mm
circular slot into the radiator, as shown in Design-#3. Two
circular slots are added to the orbital section of the radiator
to achieve a broader resonance across 2.320 to 2.910 GHz f,.
A good impedance matching is realized by extending
rectangular slots from the bottom of the radiator. The DGS is
also incorporated with a resonating circular parasitic patch
to enhance the proposed antenna’s gain. The embedded
circular patch on the partial ground resonates with the
corresponding pair of circular slots counterpart on the left-
hand side (LHS) of the radiator. Additionally, a pair of
rectangular slots and a semirectangular-circle slit are carved
on the bottom ground for a broader impedance BW as
described in Design-#4. The addition of the slots and slits
into the orbital sides of the structure is realized through
considerable parametric analysis to maintain the antenna
wideband characteristics with a reasonable gain. Hence,
Figure 3 illustrates the procedures used to achieve the de-
sired wideband circular-slot antenna.
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FIGURE 4: Parametric analysis of the two orbital circular slots. (a) r1 and (b) r2.

The wideband circular-slot radiator is first excited with
an upper circular slot along the LHS corner with a radius of
rl. The diameter of the slot was tuned at 1/4 of the medium
resonance mode of 2.1 GHz. r1 was then varied to investigate
the effects of the slots on the antenna performance.
Adjusting r1 introduces a noticeable impedance mismatched
along the 2.00 to 2.400 GHz f,. The diameter of the slots was
then optimized at 16 mm, as shown in Figure 4(a). The lower
circular slot with a radius of r2 is integrated between the
radiator and the feed line to further improve the upper
resonance mode f, between 2.320 and 2.910 GHz and also
reduce the impedance mismatch. The diameter of the lower

orbital slot were then gradually tuned at A/8 of f, at
2.45 GHz. Hence, 12 of the slot demonstrates an improved
antenna performance at 10mm diameter, as shown in
Figure 4(b).

The incorporation of the upper and lower circular slots
to the radiator introduces an impedance mismatch to f;,,. As
such, a vertical rectangular slot is raised from the center of
the radiator to enhance the impedance matching across the
wide f,. Rectangular stubs have been frequently employed in
various literature to increase the resonance performance
depending on their orientation [43-46]. Varying the length
of the slot t has an impact on the impedance BW, which
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Figure 6: Simulated and measured (a) reflection coefficient (|(S);|) and (b) peak realized gain of the proposed wideband circular-slot

antenna against frequency.

distorts the antenna peak achievable gain. The impedance
matching tends to improve as ¢ slowly increases from 6.5 to
9mm and deteriorates beyond 10 mm. A good impedance
matching is realized by extending the length ¢ of the rect-
angular slot from the bottom of the radiator at 9.30 mm, as
demonstrated in Figure 5(a). Additionally, a circular para-
sitic patch is embedded into the partial ground to resonate
with their corresponding pair of the radiator orbital circular
slot to enhance the proposed antenna’s gain. A comparison
of the circular parasitic patch with radius 3 and the cor-
responding length ¢ is illustrated in Figures 5(a) and 5(b).

3. Results and Discussion

Figure 6(a) presents the results of the simulated and mea-
sured |Sy;| versus the frequency of the proposed wideband
circular-slot antenna. The antenna’s measured |Sj;| is in

close agreement with the simulated data. The slight variation
from the measured data is attributed to fabrication tolerance
between the top and bottom view, the SMA source or
connection loss, and soldering lead loss. The proposed de-
sign achieved -10dB simulated and measured BW of
1.51 GHz over a frequency span of 1.640 to 3.150 GHz and
1.590 GHz between 1.550 and 3.140 GHz. The results find-
ings cover a target f,, amounting to 68% and 73% of the
simulated and measured FBW, respectively.

Figure 6(b) depicts the peak gain variation as a function
of frequency. A maximum peak measured and simulated
realized gain of 3.1 dBi and 3.2 dBi is attained by the antenna
at 2.600 GHz over a range of the targeted f,. A peak realized
simulated and measured gain of (1.93 dBi, 2.6 dBi, and 3.3
dBi) and (1.8 dBi, 2.1 dBi, and 2.7 dBi) is also achieved at
1.800, 2.100, and 2.400 GHz, respectively.
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FiGure 7: Simulated and measured radiation pattern of the proposed wideband circular-slot antenna for Phi=0" and Phi=90": (a, b) at

1.8 GHz, (¢, d) at 2.1 GHz, (e, ) at 2.45 GHz, and (g, h) at 2.65 GHz,

Figure 7 presents a 2D radiation plot across the four f,,.
The results are simulated at 1.800, 2.100, 2.450, and
2.65 GHz, alongside xz-plane for (9 =0° | 0° < #<180°) and
yz-plane for (¢ =90° | 0° < < 180°), respectively. An almost
omnidirectional radiation pattern is seen along xz-plane,

respectively.

whereas yz-plane portrays a dipole-antenna pattern at 1.800
and 2.100GHz, and a directional antenna at 2.450 and
2.650 GHz.

Table 1 summarizes the antenna’s outcomes, which are
compared with the related work in terms of their
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TaBLE 1: Comparison of the proposed wideband circular-slot antenna with the related work.
Ref Electrical Descrintion Operating FBW  Maximum realized Substrate
[...] Length (A,) P frequency (GHz) (%) gain (dBi)
[18] 1.52x1.52 Coupled slotted-gap with a semicircular slot. 5.150-12.470 78 4.5 FR-4 (4.3)
[24] 270 x 170 Coupled annular ring .WIth a centralized feed 5.700-6.300 10 57 RO6002
point. (2.94)

. . . . . RO4003
[28] 0.70 x 0.71 Quasi C-shaped with a centralized signal strip 5.150-7.100 31 3.6 (3.55)
[37] 110x1.10 EleCtrOmagnetmalg’atctszled fed a circular 2.410-2.500 3.6 NA FR-4 (4.5)
[38] 0.95 x 0.95 Slanted rectangular slots pattern 1.820-3.080 51 1.5 FR-4 (4.7)
[33] 0.80x1.10 Triangular ground with an asymmetrical 1.42-2.7 62 2.2 FR-4 (4.3)

excitation
33] 0.63%0.63 Single fed fractal pattern integrated diagonally 1.370-1.770 25 41 FR-4 (4.4)
with a ring slot

This Circular slot with a pair of orbital circular and
work 0.610.700 extended rectangular slots pattern 1.55-3.14 73 4.32 FR-4 (47)

“Ag: guided wavelength at the lowest operating frequency (f,). NA: not available.

Cell tower

Rectenna

RF spectrum analyzer

FIGURE 8: Ambiance measurement setups of the proposed
rectenna.

description, electrical dimensions, FBW, and gain. The
authors in [18, 24] realized a peak gain when compared to
this work at the expense of a larger electrical dimension,
lower FBW, and relatively higher f,. Besides, the proposed
wideband circular-slot antenna demonstrates a good im-
provement with a broader f, that covers four major RFEH
spectrums. Furthermore, the antenna achieved a high gain

across f,, which is important in energy harvesting applica-
tions. As a result, the antenna provides a good trade-off
between FBW, compact size, gain, and cost.

The performance of the proposed wideband circular-slot
antenna in an ambiance terrain is investigated in the
Multimedia University, Cyberjaya campus. Figure 1 high-
lights the capability of the terrain for harvesting RF signals.
The amplitudes of receiving RF signals vary based on the
ambient circumstances. After evaluating the antenna pa-
rameters, a broadband RF-rectifier with a wide scale of input
power is introduced to make a rectenna system. The RF-
rectifier also operates between 1.780 and 2.620 GHz. The two
components are connected by a straight-through SMA-male
to a SMA-male RF adapter. The broadband rectenna is then
put to the test in an ambiance setting. The proposed
wideband circular-slot antenna is subjected to a variety of
tests at different locations in the campus through the rec-
tenna system. Generally, the locations are marked between
30 and 200 meters from a nearby position or BS. The
measurements location is around 1 to 2 m above the surface
level. As demonstrated in Figure 8, the proposed circular-
slot antenna produces an output dc voltage V,;. 0f 0.313 V via
the wideband RF-rectifier output terminal.

4. Conclusion

Source antenna architecture presented in this paper is
composed of a circular-ring radiating element loaded with
two orbital circular and rectangular slots. A defected ground
integrated with a pair of rectangular and semirectangular-
circle slits is modeled at the bottom plane for enhancing the
impedance matching BW. A circular parasitic patch reso-
nating with its respective pair of radiator orbital slots is
further added into DGS to improve the gain of the proposed
antenna. The proposed wideband circular-slot antenna
achieved a measured and simulated operational BW of 1.59
and 1.510 GHz, resulting to a 73% and 68% FBW, respec-
tively. A peak measured and simulated realized gain of (1.8
dBi, 2.1 dBi, 2.7 dBi, and 3.1 dBi) and (1.93 dBi, 2.6 dBi, 3.4
dBi, and 3.2 dBi) is attained by the antenna at 1.800, 2.100,



2.450, and 2.650 GHz, in that order. The source antenna is
implemented on the FR-4 board covering a size of 0.61
Ay x0.70 A, [47].
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