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ABSTRACT In this work, two configurations (Config.-A and Config.-B) of planar four-port dual circularly-
polarized (CP) multiple-input-multiple-output (MIMO) antenna are proposed for sub-6 GHz (3.4-3.8 GHz)
applications. The MIMO antennas are designed on the FR-4 substrate with size of 60x60x 1.6 mm?>. Each
radiating element (unit cell) of the MIMO antenna is comprised of a microstrip feed line and an open slot
ground plane integrated with two rectangular arms for realizing circular polarization. An I-shaped metallic
strip is used in the proposed four-port MIMO Config.-A and Config.-B antennas for obtaining common
voltage level in the ground plane. Both MIMO antenna configurations exhibit good impedance matching
in the band of interest. In the MIMO Config.-A antenna, all ports provide the same CP band, while in the
Config.-B antenna the ports-1/-2 and -3/-4 radiate at different CP bands. The proposed MIMO Config.-A and
Config.-B antennas support both types of polarization (left-hand circular polarization (LHCP) and right-hand
circular polarization (RHCP)). With the Config.-B antenna, the maximum 3-dB axial-ratio (AR) beamwidths
of 118.9° and 92.7° are obtained at 3.536 GHz in the xz- and yz-planes, respectively. Furthermore, the I-
shaped strip helps in improving 3-dB AR beamwidth in the MIMO Config.-B antenna. Inter-element isolation
greater than 19 dB and envelope correlation coefficient (ECC) less than 0.12 (far-field) are achieved between

the ports of the fabricated MIMO antenna prototype.

INDEX TERMS Connected ground, dual circular polarization, four-port, MIMO antenna, planar.

I. INTRODUCTION

The multiple antenna elements at the transmitter and receiver
end upsurge the channel capacity, data transmission rate,
and quality of the wireless communication system. Adopting
more number of antenna elements within a receiving system
improves the link reliability of the radio receiver [1]-[2].
However, the limited space available at the communica-
tion terminals increases the problem of mutual coupling,
thus deteriorating the overall performance of the system [3].
The multiple-input-multiple-output (MIMO) antenna using
polarization diversity resolve this issue of mutual cou-
pling [4]. The correlation among antenna elements can be
reduced by locating the radiators in the horizontal and verti-
cal orientation without introducing any complex decoupling
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structure between antenna unit cells. Recently, a number
of MIMO/diversity antennas with a different arrangement
of radiators for achieving polarization diversity have been
reported [5]-[8]. A quad-port MIMO antenna with radiat-
ing elements wrapped around four sides of the cuboidal
polystyrene block was presented in [5]. A reconfigurable
shared aperture MIMO antenna with a horizontal and vertical
arrangement of radiating elements was proposed in [6]. In [7],
a 3-D array comprised of eight antenna elements with four-
elements vertically located, and remaining four horizontally
placed was presented. However, the reported MIMO antennas
in [5]-[7] were non-planar designs with complex architec-
ture and relatively bulky size. In [8], a planar quasi-self-
complementary MIMO antenna composed of two-/four-port
was presented for polarization diversity.

It is observed that the polarization diversity in MIMO
antennas presented in [5]-[8] was realized by using
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linearly-polarized (LP) antenna elements. However, com-
pared to LP radiators, circularly-polarized (CP) antenna ele-
ments exhibit several significant advantages in terms of radio
wave propagation. For example, CP antennas effectively alle-
viate the multipath fading effects and are also robust to polar-
ization mismatch [9], [10]. Furthermore, the strength of the
electromagnetic (EM) signals received at the wireless termi-
nals is relatively constant, irrespective of the CP antennas
orientation [11], [12]. These properties of CP antennas make
them potential candidates for the upcoming MIMO wireless
systems.

In the last decade, a few CP MIMO/diversity antenna
structures have been proposed for WLAN, C-band, and satel-
lite navigation applications [13]-[16]. A planar two-port
CP MIMO antenna comprised of upper and lower radiators
physically separated by a distance equal to the thickness of
the substrate material was presented in [13]. In [14], a pla-
nar three-element MIMO antenna for achieving both pattern
and polarization diversity was reported. In [15], a four-port
multi-layered antenna with two radiating patches and fre-
quency selective surface (FSS) superstrate for the generation
of CP waveform was reported, which would be difficult to
be integrated with other monolithic microwave integrated
circuits (MMICs) in portable devices. A planar four-port
CP MIMO antenna with corner truncated patches was pre-
sented in [16] for Wi-MAX/WLAN applications. The CP
MIMO antennas in [13]-[16] can generate either left-hand
circularly-polarized (LHCP) waves or right-hand circularly-
polarized (RHCP) waves.

The MIMO antennas capable of generating dual-CP waves
(both LHCP and RHCP) at the same frequency are in
huge demand these days since these antennas can signif-
icantly reduce the mutual coupling and multipath fading
effects [17], [18]. In the literature, some planar two-port
dual-CP MIMO antennas radiating both LHCP and RHCP
waves simultaneously have been reported [19]-[21]. In [19],
a two-port coplanar waveguide (CPW)-fed planar antenna
composed of two asymmetric T-shaped feed lines was pre-
sented for dual circular polarization. A broadband dual-CP
two-port antenna with L- and inverted L-shaped strips on the
radiating edges of the monopole was presented in [20], where
the antenna was excited by dual orthogonal microstrip lines.
In [21], two CPW feeds were utilized for realizing dual circu-
lar polarization. The link reliability in wireless systems can be
further improved by designing dual-CP MIMO antennas with
more than two radiating elements.

Furthermore, a detailed discussion related to the impor-
tance of the connected (single) ground plane in MIMO anten-
nas was presented in [22]. The MIMO antennas must have
a common ground plane to possess equal reference voltage
level. The planar antennas proposed in [16], [20] does not
have a common ground plane, and hence might not be used
in practical applications. The same can be said for the non-
planar designs proposed in [5]—[7] since those antennas also
have separated ground planes. Since there is no current cou-
pling, high inter-element isolation levels were reported in

90780

such MIMO structures (like isolation >37 dB in [16]). The
two-/three-port CP/dual-CP planar MIMO antennas proposed
in [14], [19], and [21] can be used in practical systems since
they have a single reference voltage level (common ground
plane).

It is quite challenging to retain circular polarization char-
acteristics of the antenna elements (unit cells) in the ground
radiating CP MIMO structures when the ground planes are
connected. The 3-dB axial-ratio (AR) beamwidth of the
MIMO antenna is also an important factor, and a wide
3-dB beamwidth is required for efficient functioning of the
antenna. In this article, an attempt has been made to address
all the above-stated issues. The main contributions are:

o Two planar four-port dual-CP MIMO antenna configu-
rations (Config.-A and Config.-B) are designed for sub-
6 GHz (3.4-3.8 GHz) applications. Both of the antennas
radiate RHCP waves when ports-1 and -4 are excited,
and LHCP waves when ports-2 and -3 are excited.

e In the MIMO Config.-A antenna, all the radiating
elements provide the same 3-dB axial-ratio band-
widths (ARBWSs) of ~240 MHz. However, the 3-dB
band can be easily varied by varying the arm length (1)
of the CP radiator if required.

e In the MIMO Config.-B antenna, the arm length of
the CP radiator is changed in such a way that port-1/-
2 and port-3/-4 radiate at different CP bands. As a result,
the antenna covers the entire 3.4—3.8 GHz bandwidth.

« An equal reference voltage level is obtained in the
ground plane of the proposed MIMO antenna by making
use of an I-shaped strip.

« Itisalso shown that the I-shaped strip plays an important
role in improving the 3-dB AR beamwidth (in both
xz- and yz-planes) of the MIMO Config.-B antenna.

Il. ANTENNA CONFIGURATION

A. DESIGN OF A CIRCULARLY-POLARIZED ANTENNA
ELEMENT

A CP single antenna element (unit cell) is designed on the FR-
4 substrate (with relative permittivity of 4.4 and loss tangent
of 0.02) of size 25x25 x 1.6 mm?3. A 3-D EM simulator,
ANSYS HFSS, is used for antenna design. The schematic of
the unit cell is shown in Fig. 1, and its design parameters are
stated in Table 1.

The evolution steps of the unit cell are presented
in Fig. 2. Firstly, a wide hexagonal slot is introduced in the
ground plane of the square-shaped antenna element, shown
in Fig. 2(a). The hexagonal wide-slotted ground plane geom-
etry (step-1) is inspired by the design proposed by the author’s
group in [4]. In design step-1, the width of the metal bound-
aries is sufficient enough for the formation of the current
closed loop. The center frequency (f.) of the unit cell is
evaluated as [23]
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FIGURE 1. Schematic of the proposed unit cell: (a) top view, (b) side view.

TABLE 1. Design parameters of the proposed antenna.

Parameter Value (mm) Parameter Value (mm)
X1, X2, M, my, . i
my, x10, K variable defg variable
X3 2.1 Xo 14
X4 8.5 Xit 1
Xs 12 Y2 25
X6 20.5 X13 3.8
X7 10 ' 25
= 3 B 60
e +1
= @
&r,p +0.3) (¥ +0.264
AL = 04124 +03) G ) )

(er,p — 0.258) (3 + 0.8)

where c is the speed of light in vacuum, x5 is the aperture
radius of the wide hexagonal slot, &, is the dielectric constant
of the substrate, AL is the amount of length correction, w is
the width of the radiator, and / is the height of the substrate.

The aperture radius (equal to xs) of the wide slot affects the
current path, which changes the resonating frequency band of
the antenna. It can be seen from Fig. 3(a) that the unit cell in
step-1 resonates (S1; < —10 dB) for 12.55-14.18 GHz band,
and its polarization is LP.

In Fig. 2(b), the feed location of the antenna element
is shifted towards the right side to increase its electrical
length to obtain lower frequency bands. It can be seen from
Figs. 3(b) and (c) that the unit cell in design step-2 resonates
at 3.4-6.4 GHz frequency band, and its polarization is also
LP.

Further, in Fig. 2(c), some portion of the metallic ground
plane is etched out to form an open slot, and two arms
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FIGURE 2. Evolution steps of the unit cell: (a) step-1, (b) step-2, (c) step-3
(proposed unit cell), (d) step-4 (mirror image of the proposed unit cell).

facing towards each other are integrated for obtaining the
CP band (the proposed unit cell). The two modes of E-field
vectors with almost equal amplitude and 90° phase differ-
ence are excited by these two arms. It can be seen from
Figs. 3(c) and (d) that the proposed unit cell resonates at
3.2-7.86 GHz frequency band with 3-dB ARBW of around
250 MHz (3.56-3.8 GHz with m = 14.7 mm, 3.45-3.7 GHz
with m = 16.2 mm, 3.26-3.51 GHz with m = 19.7 mm).
In all these cases, xp is assumed as 18 mm. Furthermore,
it can be noticed from Table 2 that the unit cell retains its CP
characteristics even after varying xp, m, x1, x19, and K. The
ARBW of the proposed unit cell can be easily changed by
changing the arm length (i) of the CP radiator as illustrated
in Fig. 3(d). In step-4, a mirror image of the proposed unit cell
is presented (Fig. 2(d)), and its S1; and ARBW are shown
in Figs. 3(b) and (c), respectively. It is to be noted that the
responses of the proposed unit cell and its mirror image are
nearly similar due to their identical shapes with opposite
polarization senses.

The 3-dB AR beamwidth analysis of the proposed unit cell
(step-3) is presented in Table 2. It is noticed that the maximum
3-dB AR beamwidths of 92.9° and 82.7° are obtained at
3.8 GHz (case-2) in the xz (¢ = 0°) and yz (¢ = 90°) planes,
respectively. Correspondingly, in case-3, the maximum 3-
dB AR beamwidths of 101.6° and 118.8° are obtained at
3.6 GHz in the xz- and yz-planes. Fig. 4 presents the 3-dB
AR beamwidth of the proposed unit cell at 3.8 GHz.

It can be seen from the radiation patterns of
Figs. 5(a) and (b) that the proposed unit cell radiates RHCP
waves in +z-direction while its mirror image radiates LHCP
waves in -+z-direction. It can be further verified from
the surface current distributions shown in Figs. 6 and 7
that the proposed unit cell and its mirror image radiate
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FIGURE 3. Simulated S,; and AR of the design steps: (a) step-1, (b) Sq; of
steps-2, —3, and —4, (c) AR of steps-2, —3, and —4, (d) AR variation with
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TABLE 2. Various cases of the proposed unit cell considered for ARBW
and AR beamwidth analysis.

3-dB 3-dB AR 3-dB AR
Case | x, m X1=X10 K ARBW Beamwidth Beamwidth
(GHz) (9=0) (@=90)
95.9 111.7
3.48- (0:-45.4" to (6:-78.5" to
1 18 | 157 1 35 st 5059 3309
(/3.6 GHz) | (£=3.6 GHz)
92.9" 81.7°
3.53— (0:-444t0 | (9:-332"to
2 18 | 157 3 15 38 1285 485
(/3.8 GHz) | (£=3.8 GHz)
101.6° 118.8
3.45- (0: -47 to (0:-82" to
3 17 | 157 1 3.5 s 54.69 36.89
(/=3.6 GHz) | (£=3.6 GHz)
98" 80.3"
3.54— (0: 47 to (0:-343" to
4 17 | 157 3 1.5 P st 169
(/3.8 GHz) | (£=3.8 GHz)
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FIGURE 4. 3-dB AR beamwidth of the proposed unit cell at 3.8 GHz
(case-2).

(a) (b)

FIGURE 5. Simulated radiation patterns at 3.6 GHz: (a) proposed unit cell,
(b) mirror image of the proposed unit cell.

RHCP and LHCP waves, respectively. The dominant cur-
rent vectors in Fig. 6 rotates counter-clockwise, which ver-
ifies the RHCP operation of the unit cell. On the other
hand, in Fig. 7, the dominant current vectors in unit
cell mirror image rotates clockwise, hence validating the
LHCP operation.
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FIGURE 7. Surface current distribution in the mirror image of the
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B. DESIGN OF FOUR-PORT DUAL
CIRCULARLY-POLARIZED MIMO ANTENNA

The dual-CP MIMO antenna configurations (Config.-A and
Config.-B) designed with the help of the proposed unit cell
and its mirror image are shown in Fig. 8. In both antennas,
the four-unit cells are positioned at the corners of the square-
shaped substrate. The unit cells are placed so that the diag-
onally facing elements radiate the same type of waves. The
inter-element spacing is 0.12A¢ (for f, = 3.6 GHz) between
the MIMO radiating elements for retaining 3-dB ARBW of
the unit cells. In MIMO Config.-A, the arm length (m) of
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FIGURE 8. Layout of the proposed MIMO antenna: (a) Config.-A,
(b) Config.-B.

the CP radiator is kept same for all the unit cells. On the
other hand, in MIMO Config.-B, the CP radiator arm length is
chosen as m for antenna elements-1/-2 and as m, for antenna
elements-3/-4. The design parameters of the MIMO antenna
configurations are shown in Table 1.

It is important to note that the MIMO antenna cannot be
used in practical applications if the ground planes of the unit
cells are not connected, leading to undetermined reference
voltages [20]. Keeping this in mind, in both configurations,
the ground planes of the unit cells are connected using a
metallic strip to provide a common reference plane for prac-
tical applications. An I-shaped metallic strip is used for con-
necting the ground planes of unit cells without disturbing the
radiation characteristics of the unit cells. This step ensures
an equal reference voltage level in both four-port MIMO
configurations, thus making it integrable with other MMICs.
In Section IV, it is also shown that the I-shaped strip helps in
improving the 3-dB AR beamwidth of the MIMO Config.-B
antenna.
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FIGURE 9. Simulated and measured results of the proposed MIMO
antenna (Config.-A): (a) Sy;. (b) simulated reflection coefficients, (c) S,;,
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Ill. RESULTS AND DISCUSSION

The results of the MIMO antenna configurations (Config.-
A and Config.-B) are discussed in this section. The MIMO
Config.-A (g=d=0.5 mm, m=15.7 mm, f=8.5 mm, and
e=12.8 mm) prototype antenna is fabricated on the FR-4
substrate with dimension of 60x60x1.6 mm?> as shown
in Fig. 9(a). The proposed MIMO Config.-A antenna is
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FIGURE 10. Proposed MIMO antenna (Config.-A) performance
parameters (when port-1 is excited): (a) AR, (b) gain.

measured using the Anritsu MS2038C vector network ana-
lyzer and the Rohde & Schwarz FSP spectrum analyzer. The
gain and AR of the fabricated antenna are measured inside an
anechoic chamber using the method given in [24].

A. FABRICATED MIMO ANTENNA (CONFIG.-A)

It can be seen from Fig. 9(a) that the MIMO Config.-A
antenna shows good impedance matching in the operating
band of 3.4-3.8 GHz. The simulated reflection coefficients
of the resonating element-2, -3, and -4 are shown in Fig. 9(b).
It is also seen from Fig. 9(c) that the measured isolation is
>20 dB between ports-1 and -2, >19 dB between ports-1 and
-3, and >24 dB between ports-1 and -4.

The ARBW of the MIMO Config.-A antenna is shown
in Fig. 10(a), and Table 3 presents different 3-dB ARBW
cases (case-A to -G, when x; = 18 mm) of the antenna.
It is noticed that the MIMO antenna exhibit 3-dB ARBW of
~240 MHz (3.46-3.7 GHz). Furthermore, it can be seen from
Table 3 that the MIMO Config.-A antenna exhibits circular
polarization even when the parameters (g, d, e, and f) of the
I-shaped element are varied. Therefore, flexibility is noticed
in the design parameters of the I-shaped strip. The effect of
varying arm length () on 3-dB ARBW of the MIMO antenna
is shown in Fig. 11. The antenna exhibits 3-dB ARBW
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TABLE 3. AR beamwidth of the MIMO Config.-A antenna with the
I-shaped strip (when port-1 is excited).

C e 3-dB | 3-dB AR i:fm‘:vli‘
as m ; f e ARB | beamwid
e d W | thp=07) | 4th,
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A [ 157 105 | 925 | 128 | T t044.87) | t022.8)
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GHz) GHz)
69.64° 59.6
34 | @ -42.7° ©: -32.Z°
B | 165 | 05| 925 | 128 | ' t022.87) | t026.9)
: (f=3.472 | (=3.472
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94.8 50.7°
NN -42.;“ ©: -35.;"
C | 165 ]| 1 9 128 | 35 t052.67) | to15.4)
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34 | 474 o
D | 165 | 2 85 | 128 : to 14.4°) .
3.58 18.08%)
(f=3.472 -
GHiz) (f=3.472
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108.6° 57.8
343 ©: -47.}° ©: -35.;"
G | 157 | 05| 925 | 148 | t0 61.57) | t022.5)
: (=3.536 | (=3.536
GHz GHz)

of 3.4-3.62 GHz with m = 16.2 mm, 3.46-3.7 GHz with
m = 15.7 mm, and 3.59-3.8 GHz with m = 13.7 mm.
Hence, by varying the arm length (m), the ARBW can be
easily shifted in the proposed MIMO antenna. The 3-dB
AR beamwidth analysis of the MIMO Config.-A antenna is
discussed in the next section.

The simulated and measured gain plots of the MIMO
Config.-A are shown in Fig. 10(b). It is found that the max-
imum gain of the antenna is around 4.5 dBi in the operating
band.

The diversity performance of the MIMO antenna is evalu-
ated by measuring the envelope correlation coefficient (ECC)
between ports-1 and -2, ports-1 and -3, and ports-1 and -4.
In the proposed work, the ECC is calculated by using far-field
relation [25]

I I [Fr6.0)Fr 0.0))ag

= - . - .
ff(Fl (M))‘ dﬂff‘Fz(O,(p)‘ dQ

“

e
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FIGURE 11. Operating band variation with arm length (m) for the
proposed MIMO antenna (Config.-A) (when port-1 is excited).

----- LHCP (sim) == RHCP (sim)
= = LHCP (mea) =—--RHCP (mea)

FIGURE 12. Radiation patterns at 3.6 GHz (Config.-A) when (a) port-1 is
excited, (b) port-2 is excited, (c) port-3 is excited, (d) port-4 is excited.

where F is the radiated field, €2, 6, and ¢ are the solid,
elevation, and azimuthal angles, respectively. It is found that
ECC is less than 0.12 between various antenna ports, which
verifies the diversity performance of the proposed MIMO
antenna.

The diversity gain (DG) between different ports of the
MIMO antenna is found to be around 10 dB in the band
of interest. The radiation patterns of the proposed MIMO
antenna at 3.6 GHz are shown in Fig. 12. The antenna displays
dual circular polarization characteristics by radiating RHCP
waves when port-1/-4 is excited, and LHCP waves when
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FIGURE 13. 3-D radiation patterns of the MIMO Config.-A antenna at
3.6 GHz when (a) port-1 is excited, (b) port-2 is excited, (c) port-3 is
excited, (d) port-4 is excited, (e) all ports are excited.

port-2/-3 is excited. Fig. 13 shows 3-D radiation patterns of
the antenna at 3.6 GHz.

B. PROPOSED MIMO ANTENNA (CONFIG.-B)

As discussed in the previous section, the proposed MIMO
Config.-A antenna has 3-dB ARBW of around 240 MHz in
the band of interest (3.4-3.8 GHz). It is also shown that its CP
band can be easily shifted by varying m. The MIMO Config.-
B antenna covers the entire 3.4-3.8 GHz band by making
some alterations in the CP radiator arm length. As shown
in Fig. 8(b), the arm length of the antenna elements-1 and
-2 is m1, while the arm length of the antenna elements-3 and
-4 is my. The optimized values of m; and my are chosen
as 16.5 mm and 12.7 mm, respectively (with f=9.25 mm,
x»=18 mm, e=12.8 mm, g=d=0.5 mm). Similarly, other
values of m; (like 15.7 mm) can also be considered as
illustrated in Table 3.

The impedance bandwidth, isolation, ECC, and gain of
the MIMO Config.-B antenna are almost similar to the
MIMO Config.-A antenna. Therefore, only the 3-dB ARBW
and LHCP/RHCP radiation patterns of the MIMO Config.-
B antenna are shown here. It can be easily seen from
Figs. 14 and 15 that the port-1 radiates RHCP waves
and the port-2 radiates LHCP waves with 3-dB ARBW
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—=— Port-1 (Excited)
12 —— Port-2 (Excited)
—— Port-3 (Excited)
—— Port-4 (Excited)

Axial Ratio (dB)

Frequency (GHz)

FIGURE 14. Proposed MIMO Config.-B AR performance (when different
ports are excited).

(c) (d)

«eesLHCP = = RHCP]

FIGURE 15. Radiation patterns of the proposed MIMO Config.-B antenna
when (a) port-1 is excited (3.48 GHz), (b) port-2 is excited (3.48 GHz),
(c) port-3 is excited (3.68 GHz), (d) port-4 is excited (3.68 GHz).

of 3.4-3.65 GHz. On the other hand, the port-3 radiates
LHCP waves and the port-4 radiates RHCP waves with
3-dB ARBW of 3.57-3.8 GHz. Therefore, the Config.-B
antenna covers the entire 3.4-3.8 GHz bandwidth, and also
offers choice in polarizations (LHCP/RHCP). The 3-dB
AR beamwidth performance of the MIMO Config.-A and
Config.-B (with/without I-shaped strip) antennas is discussed
in detail in the next section.

IV. BEAMWIDTH ANALYSIS OF THE PROPOSED MIMO
ANTENNA

In this section, the 3-dB AR beamwidth performance of the
MIMO Config.-A/-B (with/without I-shaped strip) antennas
is analyzed.
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FIGURE 16. 3-dB AR beamwidth of the MIMO Config.-A: (a) case-A at
3.52 GHz, (b) case-B at 3.472 GHz, (c) case-F at 3.536 GHz.

A. 3-dB AR BEAMWIDTH PERFORMANCE OF THE MIMO
CONFIG.-A ANTENNA

Various cases (case-A to -G) of the 3-dB AR beamwidth are
considered to study the effect of the I-shaped strip parameters
(g, d, and e). During the study, only I-shaped strip parameters

VOLUME 8, 2020

TABLE 4. AR beamwidth of the MIMO Config.-B with I-shaped strip
(m, = 12.7 mm) (port-1 is excited).

3-dB
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e th (p=0") dth
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are varied, and the CP radiator arm length x; is kept fixed
at 18 mm. The CP radiator arm length (m) is changed from
15.7 mm to 16.5 mm to illustrate that the antenna can achieve
desirable AR performance even with a change in m. It is
seen from Fig. 16 and Table 3 that the proposed MIMO
antenna offers satisfactory 3-dB AR beamwidth performance
in the xz-plane for all cases (except case-B and case-E). On
the other hand, the 3-dB AR beamwidth is not satisfactory
in the yz-plane (for all cases considered). Table 3 displays
all the cases of the MIMO Config.-A antenna, and it is
seen that the maximum 3-dB AR beamwidth of 117.8° (6:
—46.3° to 71.5°) is obtained in the xz-plane at 3.536 GHz
(for case-F). On the other hand, for case-F, the 3-dB AR
beamwidth of 38.24° is obtained in the yz-plane (6: —28.04°
to 10.2°) at 3.536 GHz. Therefore, it can be said that,
after observing Table 3 and Fig. 16, the beamwidth perfor-
mance of the Config.-A antenna is not satisfactory in the
yz-plane.
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FIGURE 17. 3-dB AR beamwidth of the MIMO Config.-B antenna
(m, = 12.7 mm): (a) case-A at 3.504 GHz, (b) case-B at 3.472 GHz,
(c) case-F at 3.536 GHz.

B. 3-dB AR BEAMWIDTH PERFORMANCE OF THE MIMO
CONFIG.-B ANTENNA

Various cases (case-A to case-G) of the 3-dB AR beamwidth
are considered for analysis of the MIMO Config.-B antenna.
Table 4 shows different cases with m; = 16.5 mm/
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FIGURE 18. 3-dB AR beamwidth of the MIMO Config.-B antenna (without

the I-shaped strip) at 3.44 GHz: (a) m; = 15.7 mm, m, = 12.7 mm,
(b) my =16.5 mm, my = 12.7 mm.

my = 12.7 mm and m; = 15.7 mm/mp; = 12.7 mm. It is
seen from Fig. 17 and Table 4 that the MIMO antenna has
satisfactory 3-dB AR beamwidth performance in both xz-and
yz-planes (for all the cases). It is seen from Fig. 17(c) that
the maximum 3-dB AR beamwidths of 118.9° (§: —52.1°
to 66.8°) and 92.7° (8: —45.8° to 46.9°) are obtained in the
xz- and yz-planes, respectively, at 3.536 GHz in the case-F.
Therefore, after observing the results, it can be concluded
that the MIMO Config.-B antenna outperforms the MIMO
Config.-A antenna in terms of the 3-dB AR beamwidth in
both xz- and yz-planes.

The use of two different arm lengths (1 and mjy) for unit
cells at port-1/2 and port-3/4, respectively, with the I-shaped
strip helps in adjusting the E-field magnitude of two modes
radiated by the arms of the CP radiators. This modifica-
tion keeps the AR beamwidth below 3-dB in both xz- and
yz-planes with the Config.-B antenna.

Also, the power concentrated in the lower arm of the unit
cell (when port-1 or port-2 is excited) gets redistributed in
the I-shaped strip (which does not act as a radiator). It is also
important to note that, if m; >m;, the AR beamwidth will be
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TABLE 5. AR beamwidth of the MIMO Config.-B antenna without the
I-shaped strip (port-1 is excited).

3-dB 3-dB AR 3-dB AR
. ARBW beamwidth beamwidth
e (¢=0) (@=90)
476 (; el
m=15.7 (0: 23.8 to s o
mm, 3.4- ° 71.9)
12.7 3.61 238) (f=3.44
my=1z. . o =3.
- (f=3.44 GHz) GHz)
. 128.6°
51.2 .
m=16.5 (6:-22.5" to (0: -54.°3 to
mm, 34— o 74.3)
12.7 3.61 28.7) (f=3.44
moy= . . o =J.
. (/=3.44 GHz) GHz)

achieved in the xz- and yz-planes if the port-1/-2 is excited.
On the other hand, if my > m, the same can be said for the
port-3/-4. By varying m; and mj, the 3-dB AR beamwidth
can be easily obtained in both xz- and yz-planes for other
frequency bands, too.

C. 3-dB AR BEAMWIDTH PERFORMANCE OF THE MIMO
CONFIG.-B ANTENNA WITHOUT THE I-SHAPED STRIP

In this section, the effect of the I-shaped strip on the 3-dB AR
beamwidth is explained. To understand its effect, the I-shaped
strip is removed from the MIMO Config.-B antenna as shown
in Figs. 18(a) and (b) and Table 5 (with m; = 16.5 mm/my =
12.7 mm and m; = 15.7 mm/my = 12.7 mm). In MIMO
Config.-B without the I-shaped strip (m; = 15.7 mm/my =
12.7 mm), the maximum 3-dB AR beamwidths of 47.6° (6:
—23.8° t0 23.8°) and 114.9° (§: —43° to 71.9°) are obtained
in the xz- and yz-planes at 3.44 GHz, respectively. On the
other hand, with m; = 16.5 mm and mp = 12.7 mm, the max-
imum 3-dB AR beamwidths of 51.2° (0: —22.5° to 28.7°)
and 128.6° (0: —54.3° to 74.3°) are obtained in the xz- and
yz-planes at 3.44 GHz, respectively. Therefore, it is noticed
that the MIMO antenna without the I-shaped strip shows
unsatisfactory 3-dB AR beamwidth performance in the xz-
plane at 3.44 GHz. Contrary to this, the 3-dB AR beamwidth
performance of the MIMO antenna without the I-shaped strip
is satisfactory in the yz-plane at 3.44 GHz. The same holds at
other frequencies, too, but here only the maximum achievable
3-dB beamwidth of the Config.-B (without I-shaped strip)
antenna is shown. Therefore, it can be concluded from the
above discussion:

o The proposed MIMO Config.-B antenna outperforms
the MIMO Config.-A and Config.-B (without I-shaped
strip) antennas in terms of the 3-dB AR beamwidth in
both xz- both xz- and yz-planes.

e Only two ports can be utilized for the 3-dB AR
beamwidth purpose (either port-1/-2 or port-3/-4) in
Config.-B. If m; > mj, the AR achieved in the xz- and
vz-planes when the port-1/-2 is excited. On the other
hand, if my, > my, the same can be said for the the
port-3/-4.
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TABLE 6. Comparison of the proposed MIMO antenna and other reported
planar CP/dual-CP MIMO antennas.

Ref. [14] [16] 171 [18] [19] Prop.
No. of
Ports 3 4 2 2 2 4
-10 dB 1.71-1.88,
Band | o5 | 3337, Z'gg; 3582 427’ o | 3438
(GHz) - 5.12-5.37 : :
IBW 0.17,0.4,
(GHz) 0.75 055 0.534 47 2.76 0.4
Config.-A
(3.46-3.7)
(m=15.7
3-dB mm),
AR 5.61- | 3.56-3.67, | 5.772- Config.-B
Band 5.7 5.16-5.29 5.864 46776 | 237 (3.4-3.65
(GHz) at port-1/-2
and 3.57—
3.8 GHz at
port-3/-4)
A‘({%W 12 | 27552 17 638 | 615 62.5
0
Peak
Gain 4.7 534 9.9 4 45
(dBi)
<0.15 <0.0006
<0.01 - - <0.12
ECC (Far- --- —
ficld) paramete paramet (Far-field)
r) er)
GSM, Wi- . WLAN,
App. WI{;A max, | BRWE L wio | uwB | sub6GHz
WLAN MAX
Ant.
Size 29;4 165%165 | 6060 32x32 48;4 60x60
(mm?)
Feed MS MS CPW MS CPW MS
(lgg') >18 >37 >33 >15 >15 >19
CG Yes No Yes No Yes Yes
Dé‘;l_ No No Yes Yes Yes Yes

IBW: Impedance bandwidth, AR: Axial ratio, BH: Beamwidth, App.:
Application, Ant.: Antenna, Iso.: Isolation, CG: Connected ground, BT:
Bluetooth, UWB: Ultra-wideband, MS: Microstrip

o The 3-dB AR beamwidth for other frequency bands can
be easily obtained in Config.-B by taking suitable values
of my and my.

o The I-shaped strip plays a significant role in the MIMO
antenna design since the 3-dB AR beamwidth perfor-
mance of Config.-B deteriorates (in the xz-plane) if
the strip is removed. Therefore, in addition to setting
an equal voltage reference level in the ground plane,
the I-shaped strip is also responsible for achieving the
desirable 3-dB beamwidth in both xz- and yz-planes in
Config.-B.

The comparison of the proposed MIMO antenna
(Config.-A and Config.-B) with other reported planar
CP/dual-CP MIMO antennas is presented in Table 6. The
proposed MIMO antenna outperforms the other dual-CP
four-port MIMO antennas reported in [17]-[19] in terms
of isolation and the number of available ports. In addition,
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the proposed MIMO antenna offers advantages of providing
a connected ground plane, relatively small size, and dual
circular polarization as compared with other four-port CP
MIMO antennas reported in [14], [16].

V. CONCLUSION

Two configurations (Config.-A and Config.-B) of a four-port
dual-CP MIMO antenna are presented. Both configurations
show dual circular polarization by radiating RHCP waves
when ports-1 and -4 are excited, and LHCP waves when
ports-2 and -3 are excited. The MIMO Config.-A antenna can
be used when there is a requirement of the same CP band from
all the unit cells with polarization choice (LHCP/RHCP).
On the other hand, the MIMO Config.-B antenna can be
used to cover entire 3.4-3.8 GHz band (port-1/2 and port-3/4
radiating different CP bands) with LHCP/RHCP choice. The
Config.-B antenna could also be suitable in applications
where wide 3-dB AR beamwidth is required in both xz- and
yz-planes. It is also shown that the I-shaped strip plays a cru-
cial role in improving 3-dB AR beamwidth in addition to con-
necting the ground planes to obtain an equal reference voltage
level. Wide 3-dB AR beamwidths of 118.9° and 92.7° are
obtained at 3.536 GHz in the xz- and yz-planes, respectively,
in case-F of the Config.-B antenna. The fabricated MIMO
antenna prototype (Config.-A) achieves satisfactory diversity
performance in terms of ECC, isolation, and diversity gain.
The proposed MIMO antenna configurations are compact in
size and can be easily integrated with portable MMICs due to
planar geometry and a common ground surface. The MIMO
antenna configurations presented in this work can be utilized
for sub-6 GHz 5G applications.
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