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ABSTRACT: A novel dual-port co-planar wave-guide (CPW)-fed rectangular patch (CRSP) antenna with L-shape and rectangular-shaped
slots is proposed for wider impedance bandwidth for wireless communications applications. The dimensions of the overall proposed
patch antenna are compact, with a size of 20 x 40 x 0.07 mm?®. It operates from 14.6 GHz to 17.4 GHz with an impedance bandwidth of
2.8 GHz. The isolation between elements is greater than 15 dB within the band. A peak gain of 6.74 dBi and a reflection coefficient of
—30 dB at operating frequency have been observed. The two-port (multiple-input and multiple-output) CPW-fed antenna parameters like
envelope correlation coefficient (ECC), diversity gain (DQG), total active reflection coefficient (TARC), channel capacity loss (CCL), and
mean effective gain (MEG) are investigated. The simulated and measured characteristics are found to be satisfactory for CRSP antenna

model utilized for wireless communication applications.

1. INTRODUCTION

owadays, wireless communication systems are an integral
Npart of everyday life. Wider band antennas with low power,
reliable systems, high data rates, and fast communication sys-
tems have been playing a very significant role. These wide-
band antennas are mainly used in military radio, smart meter-
ing, fixed satellite communication, mobile communication, and
space research applications. To increase wireless data trans-
fer rates and be compatible with the most recent and grow-
ing needs, engineers are developing advanced antenna tech-
nologies. Many strategies have been offered to support large
data rates. Mobile and satellite applications for wireless com-
munication systems now use multiple-input multiple-output
(MIMO) technology. The next-generation wireless communi-
cation technology, or 5G, has gained a lot of appeal since it can
support incredibly high data speeds and has enhanced reliabil-
ity without using more frequency or bandwidth. At both ends,
many antenna elements and ports are used. Moreover, without
the requirement for additional radio frequency spectrum, chan-
nel capacity increases with the use of MIMO antenna systems.
It can be difficult to combine many antennas with the desired
level of isolation when MIMO antennas are involved. From
the literature survey, to improve the isolation in the MIMO
systems, different techniques are used, like ground defective
structures, split ring resonators, slots on the ground plane, EBG
(electronic band gap) structures, and parasitic strips. From
the literature survey, various types of MIMO antenna mod-
els with different techniques were used to design antennas for
wireless and Ku-band applications. In [1], a compact tri-band
rectangular patch antenna is designed for wireless applications.
Due to the greater number of defected ground structure (DGS)
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slots used in the design, complexity increases. Similarly, for
Ku band and wireless communication applications [2], a low-
profile patch antenna is designed. A CPW-fed E-shaped patch
antenna is proposed [3] for X-band applications. However, it
is also used for wireless applications. The feeding technique
plays a very important role in communication. In [4,5], CPW-
fed antennas for wireless applications are discussed. However,
the design dimensions are increased due to its structure.

In past research, the researchers focused more on slots and
slits because of their benefits and applications. Triangular and
rectangular slots on rectangular patches, along with defective
ground structures [6—8], are designed for Ku band and wire-
less applications. In [9], cylindrical dielectric resonators are
used for wide-band wireless applications. The MIMO func-
tional characteristics of the design are not presented due to
its low isolation. In [10], a spidroin structure is used for Ku
band and wireless applications. A compact quad-port MIMO-
antenna has been designed with a rhombus shape for wireless
applications [11]. T, U, and tapered-shaped slots on the patch
are used for X band, Ku band, and wireless communication ap-
plications [12—14]. Wide-band rectangular patch antennas are
designed [15, 16] for multi-band applications like X, K, and Ku
bands and wireless communication. The CPW feeding tech-
nique [17] is used to enhance the isolation of antennas for mo-
bile terminal wireless applications. L-shaped slots on rectan-
gular patches are used for wireless applications [18]. Differ-
ent guided mode technical characteristics, like Common Mode
(CM) and Differential Mode (DM) analysis, are described in the
previous literature [19]. In [20,21], different isolation struc-
tures are used to design MIMO antennas for wide-band wire-
less applications. Because antenna elements are placed or-
thogonally, the isolation between the antennas is improved.
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FIGURE 1. Physical structure of CRSP antenna model.
TABLE 1. The parameters of CRSP antenna.
Parameters  Value (mm) Parameters Value (mm) Parameters Value (mm)

L 20 Le 4 Wi
L, 12 H, 0.07 W, 6
L, 1 H> 0.01 Ws
L; 8 w 40 W 8.5
Ly 4 Wi 16 W 17
Ls 6 W, 8 Ws 8.5

In[22,23], an antenna with a CSRR loaded on the patch is made
for wireless applications. The MIMO antenna achieves broad
impedance bandwidth and strong isolation of more than 20 dB
in combination with a decoupling capacitive feeding mecha-
nism [24,25]. In [26,27], a compact MIMO antenna system is
attained by eight ports with —10 dB isolation within the band.
Sub-6 GHz is allotted for the 5th generation table for differ-
ent countries located there. To know the correlation between
MIMO elements, genetic algorithm-based MIMO antennas are
designed [28]. In [29], conformal antenna arrays are optimized
using a search group algorithm. A circular slot on a meander
line antenna is designed [30]. The mean effective gain of the
proposed antenna can be obtained from [31,32] S-parameters.

In this paper, a dual-port single-band CPW-fed rectangle-
shaped patch (CRSP) antenna with two L slots and one
rectangle-shaped slot along with a partial ground plane is
designed for wireless applications. Operating at 16.0 GHz,
the proposed antenna produces a bandwidth of 14.6 GHz
to 17.4GHz. The horizontal rectangular slot added to the
vertical rectangular slot to form an L-shape slot over the patch
is considered for bandwidth enhancement, and the center
rectangular slot is considered for enhancing the reflection
coefficient, respectively.

2. ANTENNA STRUCTURE

A dual-port CPW-fed rectangular-shaped patch (CRSP) an-
tenna with L and rectangular slots is etched on dual patches
for wireless communication applications. Also, the physical
structure of the proposed MIMO antenna, i.e., dual-port an-
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tenna model is depicted in Fig. 1. Kapton polyimide is con-
sidered a substrate material with a height of 0.07 mm and is
represented as H;. The dimensions of the substrate are length
(L) and width (W), respectively. The two rectangular patches
are placed side by side and considered as port-1 (P;) and port-
2 (P,) as shown in Fig. 1, with the dimensions of L; and W,
coated on substrate material with a 0.01-mm thickness, which
is represented as H,. The CRSP antenna has a microstrip feed
line with an impedance of 50 2 which is the input to the radi-
ating patch through a rectangular stub with a length and width
of Ls and W, respectively, as shown in Fig. 1. There are dif-
ferent parameters used to perform the analysis, and the list of
parameters is represented in Table 1.

The length and width of the patch obtained from [33] deter-
mine the resonant frequency of the antenna, and the width of
the microstrip patch W is given by Equation (1).

_c [
2f Ve +1

where ¢, is the relative dielectric constant, and f,. is the reso-
nant frequency.
The effective dielectric constant, ¢,.., is calculated as:
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The length of microstrip patch L is given by:
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FIGURE 3. Evaluation process of the CRSP antenna, (a) reflection coefficient, (b) gain.

Coplanar Waveguide (CPW) feeding is employed by the pro-
posed antenna. The CPW-feed is considered with length and
width Lg and Wy and a thickness of 0.0l mm. The two L-
shaped slots of opposite directions are embedded on each rect-
angular radiating patch of the proposed antenna with the di-
mensions of L, x W, and L3 x W3, along with which another
rectangular slot is integrated over the rectangular patch with the
dimensions of L4 and W} depicted in Fig. 1.

3. DESIGN PROCEDURE AND ANALYSIS

3.1. Design Process of CRSP Antenna

The detailed evaluation process of the CRSP antenna is shown
in Fig. 2. The evaluation process consists of a total of five steps.
In all five steps, the coplanar waveguide feeding techniques are
used. In the first step of design, dual port plain rectangular
patches with a CPW-feed of length 2 mm act as Ant-1 shown
in Fig. 2(a). In the second step, the antenna is designed by con-
sidering the CPW-fed length 4 mm, and two vertical rectangular
slots are embedded with dimensions of L3 x Wj as depicted in
Fig. 2(b). Ant-2 resonates at 16.3 GHz with a minimum reflec-
tion coefficient —13 dB, bandwidth 1.5 GHz, and gain 4.5 dBi.

After that, in the third step, the center rectangular slot is
etched from the patch with the CPW-feed to act as Ant-3, as
shown in Fig. 2(c). Ant-3 resonates at 16.2 GHz with a reflec-
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tion coefficient, bandwidth, and gain of —23 dB, 1.9 GHz, and
4.86 dBi. All the antenna parameters are enhanced compared to
Ant-2. However, for further enhancement of antenna character-
istics, Ant-4 is considered a combination of Ant-2 and Ant-3, as
shown in Fig. 2(d). Ant-4 resonates at 15.7 GHz, whose reflec-
tion coefficient, bandwidth, and gain are —24 dB, 2.7 GHz, and
5.39 dBi, respectively. Further enhancement of the gain and re-
flection coefficients happens when we consider Ant-5. There-
fore, in the final step, Ant-5 is considered with two L-shaped
slots and one rectangular slot on both side patches [considered
as port-1 (P;) and port-2 (P;)] with the CPW-feed shown in
Fig. 2(e). Ant-5 resonates at 16 GHz, whose reflection coeffi-
cient, bandwidth, and gain are —30 dB, 2.8 GHz, and 6.74 dBi,
respectively. Gain and reflection coefficients are significantly
improved. Hence, Ant-5 is considered the CRSP antenna for
wireless communication applications.

The CRSP antenna is excited at port-1 (P;) and port-2 (P,),
with 50-ohm line impedance matching. The separation from
center to center of the patches is 20 mm to enhance the isola-
tion between the patches. The proposed model produces better
isolation (< —15dB) between the two patches. The working
conditions of the CRSP antenna are considered, when port 1 is
excited and port 2 terminated with a matching stub. Similarly,
when port 2 is excited, port 1 is terminated with a matching
stub. In Figs. 3(a) and (b), the evaluation process steps with re-
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TABLE 2. Evaluation process of CRSP antenna model values.

lterati Operating Operating Gain Reflection
eration
frequency (GHz) Band (GHz) (dBi) Coefficient (dB)
Ant. 1 - - - -
Ant. 2 16.3 15.7-17.2 4.50 —13
Ant. 3 16.2 15.3-17.2 4.86 —-23
Ant. 4 15.7 14.5-17.2 5.39 —24
Ant. 5 16.0 14.6-17.4 6.74 -30
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FIGURE 4. Analysis of CRSP antenna parameters, (a) parameter L3, (b) parameter W3, (c) parameter L4, (d) parameter Wy, (e) parameter Lg, (f)

parameter Ws.

spect to reflection coefficient and gain are presented. In Table 2,
the quantitative analysis of the evaluation method is explained
by considering operating frequency (GHz), bandwidth (GHz),
gain (dBi), and reflection coefficient (dB).

3.2. Parametric Analysis

Parametric analysis helps to understand the impact of design
parameters on antenna performance. A total of 18 parameters
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are used in the antenna design process, and all these parameters
are analyzed. However, out of 18 major parameters, six are
displayed in Fig. 4 for brevity. For parametric analysis, antenna
performance metrics such as bandwidth, reflection coefficient,
and gain are mainly concerned. The parameters L3 x W, and
L, x Wj are the dimensions of the L-shaped slots used on the
patch. Another important parameter, L4 x Wy, is also analyzed.
These parameters are related to the center rectangular slot on the
patch shown in Fig. 1. Lg and W5 are significant parameters
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FIGURE 5. Simulated and measured (a) Si1, (b) S22, (¢) Si2, (d) gain and efficiency.

used for ground and microstrip feed line design, respectively.
Fig. 4 shows the parametric analysis of different parameters.

Effect of the L-shaped slot: The effect of the L-shaped slot on
the patch is calculated by varying the length parameters of slots
L3 and W, from 7 mm to 9 mm with a step size of ] mm. When
L; = W, = 7Tmm, the reflection coefficient, bandwidth, and
gain are lower than those of 8 mm. When L3 = W, = 9mm,
bandwidth is slightly improved, but the reflection coefficient
and gain are lower than those of 8 mm. Hence, the optimum
values of L3 and W, are 8 mm, as explained in Fig. 4(a). Simi-
larly, the width parameters of the L-shaped slots L, and W3 are
changed from 0.5 mm to 1.5 mm with a linear step of 0.5 mm.
When L, = W3 = 0.bmm and L, = W3 1.5 mm, the
two bandwidths remain the same. However, the reflection co-
efficients and gains of the antenna in these two cases are poor
compared to L, = W3 = 1 mm. Hence, the optimum values of
L, and W3 are 1 mm, as explained in Fig. 4(b).

Effect of the center rectangular slot: The length (L4) and
width (W}) parameters of the rectangular slot on the patch are
varied to know the impact of parameters on antenna character-
istics. Parameter L, is varied from 3 mm to 5 mm with a lin-
ear step of l mm. When Ly = 3 mm, 4 mm, and 5 mm, band-
widths of all three cases are the same. However, the gain and
reflection coefficients are improved in the case of L4 which
is 4mm. Hence, the optimum values of L4 are considered to
be 4 mm, as shown in Fig. 4(c). Similarly, parameter W} is
changed from 5mm to 7mm with a step size of 1 mm. The
bandwidth, reflection coefficient, and gain are enhanced in the
case of Wy 6 mm compared to Wy, = 5mm and 7 mm.
Hence, the optimum value of W, is considered to be 6 mm, as
explained in Fig. 4(d).

Effect of ground and feed line parameters.: From the ground
plane and microstrip feed line, parameters L and W5 are con-
sidered for analysis. Parameter Lg is varied from 3 mm to 4 mm
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to Smm. When L¢ is 3 mm, there is no response within the
band. When L¢ = 5 mm, again, bandwidth, reflection coeffi-
cient, and gain are less than those of 4 mm. Hence, the optimum
value of Lg is considered to be 4 mm, as explained in Fig. 4(e).
Similarly, W5 is another parameter from the feed line that is
varied from 1 mm to 3mm. When W 1mm, 2 mm, and
3 mm, in all these cases, the bandwidths are almost the same.
However, the remaining two antenna parameters are enhanced
in the case of W5 = 2 mm. Hence, the optimum value of W5 is
considered to be 2 mm, as explained in Fig. 4(f).

The transmission coefficient Sj; and reflection coefficients
S11 and Sy, and their simulated and measured values, along
with the bandwidths and isolation, are shown in Figs. 5(a)—(c).
According to Fig. 5(c), the CRSP antenna isolation between
ports is below —15 dB. S5, is not depicted in Fig. 5(c) because
of its identical configuration for brevity. The gain and effi-
ciency of the CRSP antenna 2D plot are shown in Fig. 5(d).

3.3. MIMO Performance Metrics

The CRSP antenna parameters from [31,33] are discussed and
presented in Equations (4) to (15) in this section.

Envelope Correlation Coefficient (ECC): The value of the
ECC can be obtained in two ways, one from .S-parameters and
the other from radiation patterns. The ECC value obtained from
the far field is more accurate than S-parameters. Therefore,
the ECC value obtained from the far-field radiation pattern is
calculated using Equation (4).

pe = [ [Epori (8,0) * Fpory (6, )] 9
‘ ff4ﬂ— |Fporti (9790)|2d9 ff4ﬂ— |Fport/' (Q’Qg)‘QdQ

4)

The ideal value of ECC is zero. However, practically ECC <
0.5 is accepted. The CRSP antenna with ECC < 0.01 in the
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FIGURE 6. Simulated and measured (a) ECC and DG, (b) TARC, (c) CCL, (d) MEG.

entire band is presented in Fig. 6(a). At the resonant frequency
of 16 GHz, the ECC value is almost zero.

Diversity Gain (DG): The DG of the proposed antenna can
be obtained from ECC values using Equation (5).

DG = 104/1 — [ECC]? (5)

Fig. 6(a) explains the DG characteristics of the CRSP antenna.
Ideally, the DG value is 10, and practically, a DG value of 9.99
is achieved for the CRSP antenna (close to the ideal value).
Therefore, the CRSP antenna exhibits better diversity perfor-
mance.

Total Active Reflection Coefficient (TARC): The total active
reflection coefficient is defined as the ratio of reflected power to
incident power. TARC for an N-port antenna can be calculated
using Equation (6). The TARC values of the CRSP antenna at
different angles are explained in Fig. 6(b).

N
oV Dim1 |bi|2.

=Y ©)
Doim lad]

where a; is the incident power, and b; is the reflected power.
The scattering matrix for a 2 x 2 MIMO antenna can be de-

scribed as
b1 S Sz a
= 7
( bz ) ( So1 S22 a2 M
In a MIMO system, each excitation signal is randomly phased.

Before arriving at the receiver, the propagation environment
randomizes the signal phases once again.

b1 = Si1a1 + S1202 = a1 (511 + 5126'70) (3)

by = Szra; + Sacaz = ay (521 + 522€j9) )
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Therefore, the TARC of 2 x 2 MIMO antenna is

Yl (11 + 8126°)F + a1 (521 + Ser?)?

V2 la)?

The derivation of total active reflection coefficient (TARC) is
presented in equation (10)

Ft

(10)

\/|(S11 + S12639) > 4+ | (Sa1 + Sazed®)[*
V2

Channel Capacity Loss (CCL): The channel capacity loss

(CCL) of the CRSP antenna model is 0.04 bits/s/Hz within the

band, as depicted in Fig. 6(c). The following equations are
utilized to derive the measured channel capacity loss (CCL).

It = (11)

CCL = —log, det (/") ; (12)
where 9 is the Correlation matrix.
R é11 b2
= 13
v { P21 P22 } (13)
where,
bii = 1— (|Su'|2 + |Sij\2)
and (bij = — (S:;S” + SJ*le]) (14)
where ¢ or j = 1 or 2 are the corresponding indices of S-
parameters.

Mean Effective Gain (MEG): The mean effective gain of the
MIMO antenna with “n” ports is obtained from S-parameters
as shown in Equation (15).

MEG; = 0.5 [1 — Z;Zl \Sijﬁ] ; (15)
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FIGURE 7. Fabricated prototype of CRSP antenna model.

(b)

FIGURE 8. Measurement setup in anechoic chamber, (a) measurement
calculations in VNA, (b) antenna under test setup.

FIGURE 9. Gain plot of CRSP antenna at 16.0 GHz.
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FIGURE 10. Radiation pattern of CSRP antenna at operating frequency (a) E-plane, (b) H-plane.

where i is the port number.

Ideally, MEG; should be in the range of —3dB to —12dB
(ie., —12dB < MEG; < —3dB). The CRSP antenna has
MEG; in between —8dB < MEG; < —6dB, which is an ac-
cepted value to produce better diversity performance. Fig. 6(d)
presents MEG, of the proposed two-port MIMO antenna for
port 1. For port 2, MEG; is the same as MEG, with minute
variations because of identical MIMO elements. Hence, MEG,
is not displayed in Fig. 6(d) for brevity.
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4. RESULTS AND DISCUSSIONS

The CST simulation software is used for designing and analyz-
ing the single-band MIMO antenna. In a simulation, the an-
tenna resonates with a —30 dB reflection coefficient at its op-
erating frequency of 16.0 GHz. Also, a 2.8 GHz (14.6 GHz to
17.4 GHz) impedance bandwidth is observed. The prototype
CRSP antenna model is fabricated to know the practical values
of antenna parameters, and the measurement setup is depicted
in Figs. 7 and 8(a), (b), respectively.
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FIGURE 11. Surface current distribution of CRSP antenna, (a) port 1 (P;) exited, (b) port 2 (P) exited.

TABLE 3. Comparison of CRSP antenna model with the existing models.

Ref. No Antenna Substrate Resonating Gain Bandwidth
Size (mm?*) Material Frequency (GHz) (dBi) (MHz)
[7] 30 x 30 x 1.6 FR-4 14.0 NA 1040
[8] 50 x 50 x 1.52 | Epoxy glass FR4 15.9 1.55 1120
[9] 50 x 50 x 1.52 RF-35 13.9 3.73 920
[10] 40 x 40 x 0.8 FR-4 16.0 4.7 1000
[11] 36 x 36 x 1.56 Glass FR-4 16.0 1.59 1100
[Proposed CRSP antenna] | 20 x 40 x 0.07 | Kapton Polyimide 16.0 6.74 2800

NA — Not Available

The 3D gain plot of single-band MIMO antenna model is de-
picted in Fig. 9. From the plot, the CRSP antenna has a gain of
6.74 dBi over its operating frequency of 16.0 GHz. Figs. 10(a)
and (b) show the antenna’s simulated and measured radiation
patterns of the co-polarization (Co-pol) and cross-polarization
(X-pol) of the CRSP antenna with F and H planes. Figs. 11(a)
and (b) show the surface current distribution at operational fre-
quency. Also, this figure shows that the maximum currents of
excitation at ports 1 and 2 are 91.9 A/m and 94.9 A/m, respec-
tively. The highest current is seen where the rectangular patch
feed line connects to the microstrip feed line. Table 3 compares
the CRSP antenna with the most recent antenna models.

5. CONCLUSION

This paper provides an overview of a single-band, compact,
two-port rectangle-shaped patch antenna with L-shaped and
rectangle-shaped slots for wireless communication applica-
tions. The CRSP antenna is fabricated on a Kapton polyimide
substrate of dimensions 20 x 40 x 0.07mm?®. The CRSP an-
tenna has an operating band of 14.6 GHz—17.4 GHz with an
impedance bandwidth of 2.8 GHz. The isolation between the
elements is greater than 15 dB. S-parameter characteristics, sur-
face current distribution, radiation patterns, and MIMO param-
eters of the CRSP antenna are analyzed and presented in this pa-
per. The proposed antenna operates at 16 GHz with a reflection
coefficient of —30dB. The CRSP antenna has ECC < 0.01,
DG close to 10, and CCL < 0.04 bits/sec/Hz. A peak gain
of 6.74dBi is achieved at 16 GHz. The CRSP antenna has
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minimum isolation, low ECC, and good diversity performance.
Therefore, it is proposed to be suitable for wireless communi-
cation applications.
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