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A Crescent-Shaped Monopole MIMO Antennas with Improved
Isolation for Dual-Band WLAN Applications
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Abstract—A multi-input multi-output (MIMO) antenna system is presented for wireless devices
operating at WLAN (2.45, 5.25, and 5.775 GHz) bands. Each of the two antennas in the MIMO
system consists of a crescent-shaped monopole whose first part covers the 2.45 GHz band while its
second part covers the 5.25 GHz and 5.775 GHz bands. The second part of the monopole is a slot etched
in the protruded ground plane between the two antennas. A decoupling mechanism in the form of
two interlaced ring-shaped slots is used. The proposed MIMO antenna system is designed on an FR4
substrate with overall dimensions of 40 x 47.5 x 1.5 mm and a small edge-to-edge spacing of 7.3 mm
between two antennas. According to the measured results, the proposed design covers two frequency
bands (2.2-2.83 GHz and 5.03-5.95 GHz) and has a mutual coupling of —20.78dB at 2.45 GHz and
—42.65dB at 5.55 GHz. The proposed antenna’s performance in both simulations and testing indicates
that it is a good choice for WLAN applications.

1. INTRODUCTION

With the increasing demand for MIMO systems for various wireless communication applications, there
is a need for placing more than one antenna in a limited space. When two or more antennas are located
in near proximity, mutual coupling arises between them. This can result in the degradation of their
radiation patterns and impedance matching. Various techniques to reduce the mutual coupling as well
as increase the compactness of antenna elements in MIMO systems have been presented [1]. The used
schemes to increase the isolation include electromagnetic bandgap EBG structure placed between two
antennas [2], meander line structure [3-5], and various types of slots impeded between MIMO elements
[6-12]. The self-curing decoupling technique has been used to reduce the mutual coupling by inlaying
lumped element capacitors on the ground plane [13]. Neutralization of the leaked signal was proposed
to reduce the mutual coupling where a suspended line interconnecting the two elements can supply the
canceling signal [14-16]. Defective ground structures (DGS) were also used to reduce the signal coupled
through the ground plane [1,17]. Isolation can be improved by using decoupling networks [18,19]. The
specific orientation of the antenna elements can also improve isolation. By changing the orientation of
one antenna, the relative polarizations of the antenna elements are changed accordingly, and this can
offer better isolation [20]. A strip resonator embedded in-between the two radiators functions as a wave
trap over the 2.4 and 5.2/5.8 GHz bands to enhance isolation between the two antennas by blocking
the near-field radiating from one antenna to the other [21]. A metal strip was also employed to reduce
mutual coupling [22,23]. A feeding circuit having two T-shaped stubs, a parasitic-based microstrip
line between the antennas, and a narrow slot on the ground plane were proposed in [24] to improve
impedance matching and isolation. The decoupling approach based on a non-radiating circuit model
was studied in [25]. An elliptical slot and a rectangular parasitic strip have been employed in [26].
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A multi-objective optimization method and fragment-type isolation structure were adopted in [27] to
reduce the mutual coupling among antenna elements.

This work proposes a MIMO antenna system for WLAN applications. The proposed antenna
covers the 2.45GHz band (2.4 GHz-2.48 GHz), 5.25 GHz band (5.15 GHz-5.35 GHz), and 5.775 GHz
band (5.725 GHz-5.825 GHz). The proposed structure consists of a MIMO antenna system with two
dual-band monopoles placed close to each other with an edge-to-edge spacing of 7.3 mm (0.0596\o
at 2.45GHz). The dual-band antenna element comprises a monopole of crescent shape to achieve a
resonance frequency at the lower-band and an arc slot cut on the ground plane to achieve a resonance
frequency at the upper band. Thus, the radiating element consists of two parts; a strip and a slot that
is inspired by the self-complementary principle. The decoupling structure is based on two interlaced
ring-shaped slots that are etched in the protruded ground plane in between the two monopoles. The ring-
shaped slots within the decoupling structure disturb the surface current distribution on the ground plane
such that the electromagnetic energy coupling between the ports is reduced, and hence good isolation is
attained. This paper is organized as follows. Section 2 explains the proposed antenna structure, while in
Section 3 the various design parameters are discussed, and their effects on the antenna performance are
explored. The section also presents the experimental verification of the proposed design. A comparison
of the achieved results of the proposed antenna with those of the published works is given in Section 4,
and the drawn conclusions are listed in Section 5.

2. ANTENNA STRUCTURE

The geometry of the proposed dual-band MIMO antenna is shown in Fig. 1. The MIMO antenna
consists of two crescent-shaped radiating elements of similar radii printed on a common grounded
substrate. Fach of the radiators is fed separately by a 50 microstrip line, and the two arc slots are
etched on the ground plane strip, which extends between the two radiating elements. An arc-shaped
monopole and arc slot on the ground plane compose a dual-band antenna component, and the two
antenna components are designed symmetrically. The antenna is designed on a 40 x 47.5mm FR4
substrate with a dielectric constant of 4.3, a loss tangent of 0.025, and a thickness of 1.5 mm. The
edge-to-edge distance (d) between the two arc slots is equal to 7.3 mm (0.596)\g at 2.45 GHz) where \,
is the free-space wavelength. The dimensions of the proposed MIMO antenna are listed in Table 1.
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Figure 1. The structure of the proposed dual-band MIMO antenna, (a) front side, (b) back side, (c)
enlarged view of the decoupling structure.

3. ANTENNA DESIGN

3.1. The Dual-Band Antenna Element

The composition of the element of the dual-band antenna is shown in Fig. 2(a). The antenna is made
of a monopole of crescent-shaped strip and an arc-shaped slot etched on the ground plane that separate
the two antennas. The average length of the monopole is set equal to about A.1/4 at the 2.45 GHz first
band frequency, where \.; is the effective wavelength [28], while the average length of arc slot is equal to
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Table 1. Parameters of the proposed MIMO antenna. All dimensions are in millimeters.

Ly | Ly | L3 | Ly | W1 | Wa | Wg | Wy
13.5 | 40 | 17 3.5 20.9 | 47.5 3.2 1.5

Ry | Ry | R3 | W3 | Wy | W5 | Wdy | Wdo
11.5 | 83 | 6.4 1.2 1.25 1 1.36 0.63
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Figure 2. (a) Geometry and (b) Si; of the dual-band antenna element.

Figure 3. Simulated surface current distributions at; (a) 2.45 GHz, and (b) 5.5 GHz.

Ae2/4 at the 5.5 GHz at the resonance frequency of the second band. The simulated reflection coefficients
S11 of the antenna element without and with the arc-shaped slot are shown in Fig. 2(b). As observed,
the crescent-shaped monopole without the arc slot has an operating frequency at around 2.45 GHz with
—10dB impedance matching from 2.24-2.63 GHz. The arc-shaped slot on the ground plane provides an
additional resonance frequency of 5.5 GHz with impedance matching from 5.16-5.855 GHz. Moreover,
the current distributions at the three operating frequencies (2.45 GHz, 5.25 GHz, and 5.775 GHz) can
be seen in Fig. 3. As shown, the main currents are on the crescent-shaped monopole at 2.45 GHz, while
the stronger currents are distributed near the arc-shaped slot at a frequency of 5.5 GHz. Thus, we can
conclude that the crescent-shaped monopole regulates the resonance of the lower-frequency band at
2.45 GHz, while the arc-shaped slot offers the impedance matching at the upper frequency bands (5.25
and 5.775 GHz). The obtained polar far-field radiation patterns for the proposed antenna are shown in
Fig. 4 at the frequencies 2.45 GHz and 5.5 GHz. The shown patterns correspond to a typical monopole-
like quasi-omnidirectional radiation pattern for the two principal planes. Moreover, the patterns at the
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Figure 4. Simulated radiation patterns of the dual-band antenna element at the frequency of 2.45 GHz
and 5.5 GHz for the; (a) z-z plane, (b) y-z plane, and (c) x-y plane.
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Figure 5. (a) Geometry, (b) S-parameters of the MIMO antenna without the decoupling structure.

two bands are almost similar indicating stable patterns with frequency.

The simulated two-port S-parameters for the MIMO antenna without employing the decoupling
element (reference antenna) are shown in Fig. 5(b). The results are obtained in the frequency range
2-6 GHz then analyzed for matching, bandwidth, and isolation performance. The simulated —10dB
impedance relative bandwidth is 25.3% at the first band with a center frequency of 2.45 GHz and
12.11% at the second band center frequency of 5.5 GHz. The mutual couplings are —10.47dB and
—15.37dB at 2.45 GHz and 5.5 GHz across the two bands, respectively.

3.2. The Decoupling Structure

In order to reduce the mutual coupling at the two bands, two interlaced ring-shaped slots were etched
in the ground plane strip between the two antennas. The proposed isolation technique is developed
from the design of a wideband antenna element for the 5G communications [29]. The radius of the
outer circle is fixed as 8.3 mm, while the radius of the inner circle is set as 6.4 mm as shown in Fig. 1
and Table 1. Slots with a length of A\./2 at the isolation frequencies are presented. The slot can be
deliberated as a transmission line with short circuits at both ends. Thus it resonates when its length is

equal to half the effective wavelength. For an isolation frequency (f,), the length of such a slot is given
by [30]:

1
NP

(1)

Ae = e (2)
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where [ is the length of the slot, €. the effective dielectric constant, €, the relative permittivity of the
substrate, and ¢ the speed of the light. For the 2.45 GHz center frequency of the lower-band to be
isolated, the total length of the slot line is evaluated to be 35 mm. Moreover, 15.56 mm is found for
the 5.5 GHz operating frequency of the second band. The mean length of the bent structure (I;) in
Fig. 6(a) is equal to 19.58 mm and I; = la due to the symmetry of the structure so that the total length
of the two bent structures is equal to 39.16 mm. In Fig. 6(b) the average length of I3 = 7.94 mm and
the average length of Iy = 9.73 mm, so that the total length of two arcs is equal to 17.67 mm. Fig. 6
shows the current distribution on the decoupling structure at the center frequency of the two bands. It
is obvious that the signal passing through one of the coupling paths opposes the other signal from the
other coupling path, so the mutual coupling can be reduced considerably.
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Figure 6. Current distributions when port-1 (left antenna element) is excited and the geometry of the
decoupling structure, (a) at 2.45 GHz and (b) at 5.5 GHz.

3.3. The Parametric Study

Comprehensive parametric studies were conducted using the Time-Domain solver of CST in order
to achieve the appropriate values of the two interlaced ring-shaped slots. A parametric study is
implemented to explore the effect of the four parameters wdi, wds, the position of a decoupling structure
(y), and wy. The obtained results are as shown in Figs. 7, 8, 9, and 10, respectively. In each case, one
of the parameters is tuned, while the other parameters remain fixed as those in Table 1.
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Figure 7. Simulation results of the (a) reflection

coefficient Sy, and (b) coupling Sj against
frequency for various values of wd;.
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Figure 9. Simulation results of the (a) reflection
coefficient Si;, and (b) coupling Si2 against
frequency for various values of y.
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Figure 8. Simulation results of the (a) reflection
coefficient S1;, and (b) coupling Si2 against
frequency for various values of wds.
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3.8.1. The Effect of wdy

Figure 7 details the studies where wd; slot gap is presented with three different lengths (wd; = 0.35,
1.35, 235 mm). For increasing wd; the length of the bent slot on the decoupling structure reduces the
frequencies of the lowest coupling (smaller Si2). It is noted that changing the slot length (wd;) has a
smaller effect on Sq1 performance.

3.8.2. The Effect of wds

Figure 8 details the studies when slot gap lengths wds of (wdy = 0.13, 0.63, 1.13, 1.63 mm) are used.
It can be observed that the slot length affects the bandwidth and mutual coupling of the proposed
antenna. At the upper-band the bandwidth increased as wds was increased. For Si1 parameters, the
frequency of maximum isolation was shifted to higher values for the two bands, and the mutual coupling
S12 changed for the upper-band as wds was increased.

3.3.83. The Effect of Position of the Decoupling Structure

Figure 9 shows the effect of the position of the decoupling structure on the ground plane for three
different positions (y = —0.5, 1 and y = 2mm) corresponding to the original position, which is
located at y = 0.5mm at Fig. 1 while keeping other parameters constant. The figure shows that
the decoupling structure position influences the impedance bandwidth matching for the parameter of
S11. The matching is improved as the decoupling structure is moved up, and also the bandwidth of
the second band increases as the decoupling structure is moved up. The decoupling position has also
affected the coupling parameter Sis, and the isolation increases at the lower-frequency band as the
position of the decoupling structure moves down in contrast with the higher frequency band where the
isolation decreases when the decoupling structure moves down. At the upper-frequency band, the deep
null of isolated frequency is shifted toward the higher frequency as the decoupling structure moves down.

3.3.4. The Effect of the Partial Ground Width (w1)

Figure 10 shows the effect of the width of the partial ground plane for four different lengths (wq = 20,
20.5, 21, and 21.5 mm) while other parameters are kept constant. The change of the width of partial
ground has influenced impedance matching and the value of mutual coupling especially on the upper
band. As the width w; is increased, the average lengths of arc slots on the ground plane are increased
which causes a decrease in the resonance frequency of the upper band. The matching and isolation are
improved at the lower-band while, at the upper band, the frequency of maximum isolation changes as
the wq is increased.

The above investigation has led to the following parameters that offer the best results (wd; =
1.36 mm, wdy = 0.63mm, y = 0.5 mm, and w; = 20.9mm).

3.4. Results and Discussions

The proposed antenna has been simulated, fabricated, and measured. In Fig. 11(b), the simulated S-
parameters of the proposed antenna with the decoupling structure are presented. The mutual coupling
between the antennas has been significantly reduced down to —19.32 dB and —55dB at 2.45 and 5.5 GHz,
respectively. A minimum mutual coupling of —55dB is achieved at approximately 5.5 GHz, which
represents a 39.68 dB improvement over the reference antenna (without the coupling structure). The
measured and simulated S-parameters are in good agreement. The —10dB bandwidth for the first
band is 2.2-2.83 GHz, and that for the second band is 5.03-5.95 GHz. For the first band, the lowest
measured isolation between the two ports is better than 20.6 dB, and for the second band, it is better
than 17.85dB. In terms of impedance bandwidth and isolation, the performance met the design criteria.

For further insight into the phenomenon of mutual coupling across the operating frequency bands
of the proposed MIMO antenna, the simulated surface current distributions with and without the
decoupling structure, when port-1 is excited and port 2 terminated with a 502 load, are displayed
in Fig. 12. Less current density is coupled from port-1 to port-2 in the antenna with the decoupling
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Figure 11. (a) The photograph of the prototype, (b) the measured and simulated S-parameters of the
proposed MIMO antenna with the decoupling structure.
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Figure 12. Current distributions at 2.45 GHz and 5.5 GHz when port-1 is excited and port-2 is
terminated by a 50 €2, (a) with and (b) without the decoupling structure.

structure than the antenna without the decoupling structure. The current is more intense around the
two circular slots on the ground plane in the two frequency bands.

In Fig. 13, the simulated normalized radiation patterns at the two frequencies 2.45 and 5.5 GHz for
the proposed (MIMO) antenna are plotted. The radiation patterns are drawn for the case where one of
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Figure 13. Simulated radiation patterns of MIMO antenna with decoupling structure at (a) z-z plane,
(b) y-z plane, and (c¢) z-y plane.

the antennas is excited while the other is terminated with a matched load of 50 2. In comparison with
the radiation patterns of the single element (shown in Fig. 4), the MIMO antenna preserves the same
radiation pattern shape at the first band of 2.45 GHz. At the second band, some lobbing is seen, which
can be attributed to the inclusion of the decoupling structure.

To asses the level of coupling between the two antennas and the influence of the decoupling structure
in enhancing the isolation, the envelope correlation coefficient (ECC) of the proposed MIMO antenna is
evaluated. This coeflicient can be calculated from the 3-D far-field radiation pattern using the following

formula [26]:
‘/Ai [F(0.2) - Fo(0.9)] a0

C= ‘/Ai [?1(97@)] er ‘/Az [?‘2(9, @)} dQ

where the mark () represents the Hermitian product; d€2 represents the differential solid unit angle;
F( ) denotes the antenna’s field radiation pattern obtained by exciting one port while the other port is
terminated by a load of 50 ohms. For the MIMO antenna analyzed in this study, the obtained envelope
correlation coefficients against frequency are shown in Fig. 14, where a maximum value of 0.017 for the
first band and 0.004 for the second band are evident. The introduction of the two interlaced ring-shaped
slots has considerably reduced the values of the ECC at the lower-band, and improvement is seen at the
upper-band. In addition, it can be seen that the desired ECC demands good performances in impedance
matching and isolation.

The simulated gain and total radiation efficiency at the WLAN bands are shown in Fig. 15. The
gain is equal to 1.99dB with the corresponding efficiency of 88.5% at 2.45 GHz, while the gain is equal
to 4.71dB with the corresponding efficiency of 75.82% at 5.5 GHz. Higher gain is usually achieved at
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Figure 14. Envelope correlation coefficients of the proposed MIMO antenna with and without the
decoupling structure.
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Figure 15. Gain and total radiation efficiency when port 1 is excited and port 2 is matched-loaded.
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Figure 16. The Z-parameters of the proposed antenna; (a) the input impedance Z11, (b) the mutual
impedance Zo.

higher frequency, while the efficiency is slightly smaller at the upper band due to the higher loss of the
substrate.

Figure 16 displays the Z-parameters of the proposed antenna. Fig. 16(a) depicts the antenna self
impedance Z11 before and after introducing the decoupling structure. According to the figure, two anti-
resonance modes are matched to about 50 €2 in the investigation band (2 GHz—6 GHz). At 2.45 GHz. The
first resonance corresponds to the 51 2 impedance, while at 5.5 GHz, the second resonance corresponds
to the 54 . The proposed antenna’s coupling impedance Zj2 is shown in Fig. 16(b). At 2.45 GHz the
mutual impedance decreases from 20.558 €2 to 0.02 2 with the introduction of the decoupling structure.
The improvement at 5.5 GHz is from 0.468 €2 to 0.328 2. Thus, the addition of the decoupling structure
has reduced the mutual impedance towards zero leading to much lower mutual coupling.

4. COMPARISON WITH PUBLISHED WORKS

The performances of prevailing MIMO antennas with different techniques in terms of important
performance metrics such as frequency range, antenna size separation distance, and isolation
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improvement at the operating frequency are compared with the proposed antenna as shown in Table 2.
The proposed antenna is smaller than those reported in [5,6,10,18,19,27,31]. In [2,5,10,24,27], the
authors have studied the isolation for a single band only. In [5,6, 18,22, 26,27, 31], the claimed tiny
distance for the edge-to-edge distance between the antennas is relatively larger than that in the proposed
work. The results in Table 2 show a reasonably superior isolation performance at the second frequency
band as compared with all other reported designs.

Table 2. Performance comparison of the proposed antenna with previously published work found in
the literature.

Resonance Overall .
Edge to Isolation . .
Ref. freq. or antenna . Gain | Efficiency
. ] edge improvement ECC
No. freq. range dimensions . ) (dB) (%)
. distance in (dB)
in (GHz) & volume (mm)
5.7-6.3 46 %20 % 1.6 = 1472 | 0.15)\¢ = 7.86 mm 21.8 0.01 N.A N.A
5 78 % 60 x 1.6 = 7488 0.2X0 = 12mm 31 N.A 4.04 51.51
2.1-3.03 =10 0.025 1.3
6 3.45-4.97 90 * 50 x 0.8 = 3600 | 0.256\¢ = 30 mm ~3 0.02 3.5 N.A
7.15-7.94 - 0.0025 1
10 1.43-3.7 | 70%x 120 % 1.5 = 12768| 0.06)\o = 8 mm > 15 0.03 2.14 N.A
1 .
18 24,52 40 * 80 * 1 = 3200 12.5 mm 0 < 0.05 35 N.A
~8 4.57
2.46-2.7 25 2.59 93.3
19 47.3% 74 % 1.6 = 5600| 0.044X0 = 5.3 mm < 0.01 ' '
5.04-5.5 3 3 85.9
2.35-2.65 1.56 70.1
22 26 * 50 x 0.8 = 1040 17.6 mm 5.4 < 0.06 ’ '
4.9-6.2 4.43 82.3
24 5.33-5.62 40 %32+ 1 = 1280 0.018\p = 1 mm 37.7 < 0.15 4.79 73
.2-3. . .
26 3.2°3.8 30%26+1.6 =1248 | 0.1167X\p = 10 mm 20 <003 L5 N.A
5.7-6.2 20 < 0.03 2.8
27 3.42-3.5 86 %43 % 1.6 =5916 | 0.144)\¢ = 12mm 8 N.A N.A N.A
2.2-2.5
31 3.3-3.8 40 % 75 % 1.6 = 4800 0.08\0 = 10 mm =~ 22 N.A N.A N.A
5.4-7.17
Thi 2.1-2.9 8.85 0.017 1.99 88.5
N 40 % 47.5 % 1.5 = 2850 | 0.0596X0 = 7.3 mm <
work 5.13-5.845 39.63 < 0.004 4.71 75.82

5. CONCLUSION

In this paper, a double-band MIMO antenna system with high isolation is suggested. The high isolation
is attained by cutting two interlaced ring-shaped slots on the ground plane that protrudes between the
two antennas. The two antenna elements are spaced by a small distance of only 0.0596)\¢ at 2.45 GHz.
The simulated results indicate that the operating frequency can cover 2.45, 5.2, and 5.775 GHz WLAN
bands with maximum isolation of 19.3dB at 2.45 GHz and 55dB at 5.5 GHz. The gain is equal to
1.99dB with the corresponding efficiency of 88.5% at the first band, while the gain is equal to 4.71 dB
with the corresponding efficiency of 75.82% at the second band. The measured isolation is more than
17.85dB in all covered bands. Furthermore, the proposed MIMO antenna system has extremely small
envelop correlation coefficients. The design is suitable for MIMO technology.
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