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Compact modified circular patch quad-band
MIMO antenna with high isolation and low
correlation

chithradevi rajagopal, nafiza noorullakhan, sreeja balakrishnapillai suseela

and radha sankararajan

A compact quad band slot antenna with high isolation suitable for multiple-input–multiple-output (MIMO) applications is
developed. The quad bands are achieved by introducing slots in a modified, size reduced circular patch antenna. The single-
antenna element consists of a substrate sandwiched between a modified circular patch with F shape slot, a feeder line and a
via running between the radiating patch and the feeder line. The proposed design resonates at the frequencies of 1.8 GHz (1.7–
1.88 GHz), 3.6 GHz (3.50–3.76 GHz), 5.4 GHz (5.25–5.38 GHz), and 7.2 GHz (7.15–7.35 GHz) covering the GSM II,
WIMAX, wireless local area network (WLAN), and C-band applications, respectively. The independent tuning of frequency
bands is achieved by varying the length of the slots. Orthogonally placed two- and four-element MIMO antenna system are
fabricated, tested, and the measurement results are presented. The separation between each element is reduced to 0.085l while
introducing slotted and pulsed stubs to improve isolation between elements. A detailed analysis, including mutual coupling,
low correlation, diversity gain, and total array reflection coefficient had been reported. The two- and four-element MIMO
antennas achieved correlation as low as 0.005, mutual coupling ≤215 dB, and diversity gain nearly 10 dB.
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I . I N T R O D U C T I O N

The development of wireless technology in recent years has cat-
apulted the demand for handheld devices to cover more than one
frequency bands to support many wireless applications in com-
mercial areas. Recently many antennas have been designed to
satisfy the requirement of various wireless communication
applications such as GSM, GPS, DCS, PCS, wireless local area
network (WLAN), and WIMAX. An ideal possibility is to inte-
grate the multiple bands in a single-antenna device offering
various application frequency bands [1]. Antenna designed for
handheld devices should have miniaturized size for space scar-
city, a broad band coverage and a simple structure to fabricate
which is cost effective. Micro strip printable antennas have low
profile, simple to manufacture, and are more attractive to use.

Recently, many researchers are working on the transmis-
sion rate and to achieve spectral efficiency. One way to
achieve a high data rate without extra radio frequency is the
multiple-input–multiple-output (MIMO) technology [2]. In a
rich scattering environment, MIMO system uses multiple
antennas at the transmitter and the receiver sides, which

overcome fading problem and also increase the data rate of
transmission. Mutual coupling, isolation, correlation, diversity
gain, and total array reflection coefficient (TARC) are the
criteria for achieving a MIMO antenna performance. There
is some trade-off in MIMO antenna systems, which increase
the number of integrated antennas; diversity, and performance
of MIMO get improved space constraints exist. Further, closely
spaced devices undergo a series of mutual coupling effects,
which affect channel capacity of MIMO system [3]. So, reduc-
tion of correlation and mutual coupling between elements are
required for designing a MIMO antenna. There are several
printed antennas for MIMO applications proposed as well
[4, 5]. MIMO antenna details for Bluetooth, WI-FI,
WIMAX, and UWB applications are given in [4]. They use
two 908 angularly separated semi-circular monopole antenna
with correlation coefficient of ,0.02. In [5], the proposed
quad-band four-element MIMO antenna for the applications
of WLAN and WIMAX, which uses slots for achieving four
frequency band and correlation is ,0.05. Also to improve iso-
lation between the elements several techniques were provided
[6–8]. Isolation between elements was also improved using
electromagnetic band gap structures (EBG) [6]. Defected
ground structures such as slots in ground plane [7, 8] were
used to avoid mutual coupling effect significantly.

In this paper, we propose an independently tuning modi-
fied circular patch quad-band antenna for MIMO application.
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Here the design consists of two elements with slotted stubs,
pulse shape stub for providing high isolation, and a four-
element MIMO antenna system. The proposed design of
two-element and four-element MIMO antennas has the fol-
lowing advantages compared with papers [3–8].

† Offer of operating frequency bands of GSM II (1.7–
1.88 GHz), WIMAX (3.50–3.76 GHz), WLAN (5.25–
5.38 GHz), and C band (7.15–7.35 GHz).

† Reduce edge to edge spacing between antenna elements,
5 mm (0.085l).

† Low correlation achieved, ,0.005 for two-element MIMO
antenna, ,0.005 for four-element MIMO antenna.

† Reduced mutual coupling, ≤215 dB.
† Antenna structure achieved multiband, easy structure to

fabricate.

This paper is organized as follows: Section II describes the
antenna design, geometry, and the details of MIMO
antenna. In Section III, the simulation results for the perform-
ance of the proposed quad-band antenna and MIMO antenna
are discussed.

I I . A N T E N N A D E S I G N
C O N F I G U R A T I O N A N D D I S C U S S I O N

A) Single-antenna element design
The configuration of the proposed single-element quad-band
F slot antenna is shown in Fig. 1. In the proposed quad-band
design antenna patch on one side of substrate and the feeder
line on another side of the substrate and there is a via con-
nected between the patch and the feeder. This via point acts
as a ground for the proposed antenna. The circular patch of
radius 16.4 mm using (1) from [9], with dielectric constant
of FR4 ¼ 4.4 and height of the substrate (h) as 1.5748 mm.

a = F

1 + 2h
pa1r

ln
pa
2h

( )[ ]
+ 1.7726

{ }1/2 ,

F = 8.791 × 109

fr
���
1r

√ .

(1)

The step process to achieve a compact independent tunable
quad band in F slot on modified circular patch antenna is
shown in Fig. 2. There is a higher current density toward
the edges in the circular patch, affecting the impedance band-
width. So the semi-circular part with radius (10 mm) was
removed from the upper and lower parts of the circular radi-
ating patch to change it a modified circular patch. From simu-
lations it is observed that removal of semi-circular part does
not affect the resonant frequency of the element. The pro-
posed design provides an independent frequency tuning of
the interested band, by introducing an open-ended quarter-
wavelength slot (lg/4 ¼ 20 mm), where (lg(¼c/( f

p
(1eff))) is

guided wavelength at the operating frequency providing the
frequency of interest at 4 GHz. The resonant frequency ( fr1)
and slot parameters can be related as shown in equations
(2) and (3).

fr1 =
c

4le
����
1eff

√ , (2)

le =
L1

W
− 0.6 + 4l����

1eff
√ , (3)

where l is the correction coefficient and is predicted as 1.4535.
Introduction of another short-ended quarter-wavelength
(lg/4¼ 19.4 mm) slot its frequency response is lie at 1.8 GHz.
The resonant frequency (fr2) and slot parameters can be related
as shown in equations (4) and (5).

fr2 =
c

4le
����
1eff

√ , (4)

le = 2
L2 + W

W
+ 4l����

1eff
√
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. (5)

Including one more short-ended one-eighth wavelength
(lg/8 ¼ 14 mm) slot offers frequency response at 5.4 GHz.
The resonant frequency ( fr3) and slot parameters can be
related as shown in equations (6) and (7).

fr3 =
c

8le
����
1eff

√ , (6)

le =
L4

2W
− 2l − 2.5 + 8l����

1eff
√ . (7)

For 7.2 GHz, half-wavelength (lg/2 ¼ 18.4 mm) slot is
introduced with existing ones. The resonant frequency ( fr4)
and slot parameters can be related as shown in equations
(8) and (9).

fr4 =
c

2le
����
1eff

√ , (8)

le = L4 − L3 + W + 1.3l + 2l����
1eff

√ . (9)

Thus, the combined modified circular patch quad-band
antenna offers four bands at the frequencies of 1.8, 3.6, 5.4,

Fig. 1. Proposed single-element quad-band F-slot antenna. Wf ¼ 5.4 mm,
Lf ¼ 10 mm, L1 ¼ 20 mm, L2 ¼ 19.4 mm, L3 ¼ 14 mm, L4 ¼ 18.4 m, W ¼
3 mm, W1 ¼ 0.854 mm, and W2 ¼ 1.25 mm.
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and 7.2 GHz. The photography of the fabricated antenna is
shown in Fig. 5.

B) Two-element multiband MIMO antenna
The independently tunable modified circular patch quad-
band antennas can be used as compact array designs. A
two-element array arrangement of antennas (shown in
Fig. 1) is shown in Fig. 3(a). The array elements are arranged
as orthogonal to each other to achieve polarization diversity.
The independently tunable quad-band antennas are separated
by 0.085l (6 mm) as shown in Fig. 3(b). A number of simula-
tions are performed to study the characteristics of the MIMO
antenna and its dependency on spacing between the antenna
elements. A distance of 10 and 6 mm is used in the prototypes
and this is the minimum spacing distance between the array
elements compared with works reported in [6]. The
minimum spacing reduces the total dimensions of antenna
elements. The dimension of two-element MIMO antenna is
1.11l × 0.65l × 0.026l. Due to close spacing between the

elements, they undergo series mutual coupling effects.
Slotted and pulse-shaped stubs are introduced in the proposed
MIMO antenna configuration [10, 11]. It provides good isola-
tion between two elements and is shown in Figs 3(c) and 3(d).

The configuration of a four-element MIMO antenna is
shown in Fig. 4. The ports are placed on the four sides of
the overall substrate. The separations between the elements
are 0.085l and the total dimensions of the four-element
MIMO antenna is 1.199l × 1.199l × 0.026. (70 × 70 ×
1.6 mm3). The prototype of the fabricated four-element
MIMO antenna is shown in Fig. 5.

I I I . R E S U L T S A N D D I S C U S S I O N

A) Single-element antenna

The simulated S-parameter characteristics of the proposed
F-slot on a modified circular patch antenna from a single

Fig. 3. Proposed orthogonally placed two-element MIMO. (a) Edge-to-edge 10 mm spacing. (b) Four-element multiband MIMO antenna. (c) Edge-to-edge 6 mm
spacing with the slotted stub. (d) Edge-to-edge 6 mm spacing with the pulse-shaped stub.

Fig. 2. Design step process of the proposed quad-band antenna from the single band to quad band. (a) Circular patch with single slot (antenna 1 with resonant
frequency fr1). (b) Circular patch with dual slot (antenna 2 with resonant frequency fr2). (c) Circular patch with triple slots (antenna 3 with resonant frequency fr3).
(d) Circular patch with the quad slot (antenna 2 with resonant frequency fr4).
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band to a quad band are shown in Fig. 6. The performance
indicates that the introduction of each slots provide each
band of operating frequency and thus independent frequency

tuning can be achieved. As shown in Fig. 6, antenna 1 which
has an open-ended quarter-wavelength slot in the modified
circular patch resonates at 4 GHz. Then the introduction of
two quarter-wavelength slot with the previous one provides
response at 1.8 GHz along with 3.6 and 5.2 GHz as center fre-
quencies covering applications bands of GSM II, LTE, and
WLAN as shown in Fig. 6 of antenna 2. Another half-
wavelength slot is introduced with the quarter-wavelength
slot and gives response at 7.2 GHz which covers the C-band
applications.

The surface current distribution of the proposed design at
each frequency band of operation is shown in Fig. 7. The
maximum current flow in the slot shows the responsibility
of the slot. The surface current distribution of the proposed
antenna investigates the mechanism of four operating fre-
quency bands. The surface current distribution of1.8, 3.6,
5.2, and 7.2 GHz are shown in Figs 7(a)–7(d). The current
path is maxima at the quarter-wavelength two slots which
are responsible for the respective frequency bands.

The parametric study of the proposed design is performed
by varying the length of each slots and analysis of frequency
tuning is studied. The independent frequency tuning of each
band together with the effect of the introduction of each slot
is studied by varying the length of each slots. The variation
in the width of the slots plays a major role in impedance

Fig. 4. Configuration of the four-element MIMO antenna.

Fig. 6. Simulation S-parameter characteristics of the proposed F-slot antenna from the single band to quad band.

Fig. 5. Photography of the fabricated proposed antennas (left, single-element antenna; right, four-element MIMO antenna).
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matching. The length of quarter-wavelength slot L2 is changed
by keeping all other slot lengths constant, and the simulated
S-parameter plot is shown in Fig. 8. Similarly Figs 9 and 10
show the frequency tuning while varying the lengths L3 and L4.

The proposed antenna is fabricated using a low-cost FR4
substrate. The comparison between simulated and measured
reflection coefficient (S11 in dB) performed in ANSOFT
HFSS, and AGILENT network analyzer is shown in Fig. 11.

B) MIMO antennas

1) mutual coupling and isolation

The mutual coupling between the elements in an array
arrangement should be very low [12]. The isolation between

Fig. 7. Surface current distribution of the proposed design at the operating frequencies. (a) 1.8 GHz, (b) 3.6 GHz, (c) 5.4 GHz, and (d) 7.2 GHz.

Fig. 8. S11 (dB) versus frequency in different value of L2 provide tuning
3.6 GHz band with other bands are constant.

Fig. 9. S11 (dB) versus frequency in different value of L3 provide tuning
5.4 GHz with other bands are constant.

Fig. 10. S11 (dB) versus frequency in different value of L4 provide tuning
7.2 GHz band with other bands are constant.
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them should be high. Both are obtained from Sij of the scatter-
ing matrix. Figure 12 shows the simulated S-parameter of the
proposed two-element MIMO antenna which offers quad-
band frequencies. In a two-element array, mutual coupling
of the 10 mm spacing is , 220 and 6 mm spacing is ,

212 dB. Thus, the spacing between the elements should be
more to avoid the effect of mutual coupling. But due to space
scarcity, small devices require a minimum spacing for antenna.
For balancing mutual coupling and the area, 6 mm spacing
between the two elements can be used with isolating elements
between the two-antenna elements to reduce the coupling effects.

The mutual coupling of two elements with 6 mm spacing
having a slotted stub is , 220 dB for all bands except
3.6 GHz frequency band and the pulse-shaped stub shows
, 220 dB, which are shown in Fig. 13. The measured and
simulated S-parameter and mutual coupling of four-element
MIMO antenna are shown in Figs 14 and 15. In a four-element
configuration, attempts are made to increase the number
of elements in compact space without the neutralizing
line, to analyze how it response. The four-element MIMO

Fig. 11. Simulated and measured S-parameter (|S11|) of the proposed
independent tunable quad-band slot antenna.

Fig. 12. Simulated S-parameter(S11) of the two-element quad-band MIMO antenna.

Fig. 13. Simulated mutual coupling (S12) of the two-element MIMO antenna.

Fig. 14. Measured and simulated S-parameters of the four-element MIMO
antenna.
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configuration without neutralizing line itself shows good
response over mutual coupling , 215 to 280 dB. So analysis
thereof with the neutralizing line could not be made. Also in
highly compacted structures, neutralizing lines increase struc-
ture complexness and affect the radiation pattern of the radiat-
ing elements. Stoppage of four-element configurations with a
neutralizing line is done for its reduction and easy fabrication.

2) envelop correlation coefficient (ecc)

The ECC is the important parameter of MIMO antenna
characteristics which defines diversity. In uniform environ-
ment, correlation given with S-parameter [13] as

reij =
|sii × sij + sji × sjj|2

(1 − (|sii|2 + |sji|2))(1 − (|sjj|2 + |sij|2))
. (10)

The simulated and measured gain and efficiency of the pro-
posed quad-band antenna are shown in Table 1. The proposed

antenna has an efficiency of 85.469%(simulation)& 88.4%
(measurement) for GSM II band, 87.346%(simulation)&
94.5%(measurement) for WIMAX band, 90.553%(simula-
tion)& 80.2%(measurement) for WLAN band. For measuring
the reflection coefficient, the network analyzer support up to
8 GHz, so we use scattering parameters for measuring ECC
of MIMO antenna are used. With this volume of radiation
efficiency, calculation of the ECC using S-parameter for the
MIMO antenna configuration is adequate. For the typical
MIMO antenna performance ECC should be , 0.5.
Figure 16 shows the ECC for two-element MIMO antenna
for frequency ranges from 1 to 8 GHz using (10). It shows
the correlation attains in the two-element MIMO antenna is
≤0.05. For four-element MIMO antenna also shows low
ECC for all the bands. The correlation attained in the four-
element MIMO antenna which is measured between ports 1
and 2 (r 12), between ports 1 and 3 (r 13), and between
ports 1 and 4 (r 14) is shown in Fig. 17. The minimum correl-
ation attained is , 0.005. There is no substantial reduction in
the four-element array due to the closely spaced elements
arrangement, but it shows |Sij| ≤ 215 dB due to elements
are placed 908 to each other.

3) tarc

For a single-port antenna, |S11| is enough to characterize the
performance of the antenna. For multiport antenna TARC
is used for accurate characterization of the radiation efficiency
and bandwidth of MIMO antenna. TARC is given as ratio of

Fig. 15. Measured and simulated mutual coupling of the four-element MIMO
antenna.

Table 1. Proposed quad-band antenna performance.

Frequency
band

Simulated Measured

Peak
gain
(dB)

Radiation
efficiency (%)

Peak
gain
(dB)

Radiation
efficiency (%)

GSM II band 0.6493 85.469 0.92 88.4
WIMAX 2.0758 87.346 4.14 94.5
WLAN 2.9032 90.553 3.75 80.2
C-band 1.982 74.95 – –

Fig. 17. Calculated ECC between antenna element 1 and antenna element
2 (r 12), between antenna element 1 and antenna element 3 (r 13), and
between antenna element 1 and antenna element 4 (r 14) for fabricated
four-element MIMO antennas

Fig. 16. Simulated ECC for the two-element MIMO antenna.
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reflected power and incident power [14]. For N × N port
network the TARC is given as,

Gt
a =

�����������������������������������
|sii + sij × eju|2 + |sjj + sji × eju|2

2

√
. (11)

TARC for two-element MIMO antenna without stub and
with pulse-shaped stub is shown in Fig. 18. The two-element
MIMO design shows , 210 dB TARC while providing the
reduced mutual coupling effect. The four-elements arranged
MIMO antenna also showed , 210 dB TARC even in its
compact spaced design. Figure 19 shows the TARC for four-
element antenna array with different phases of incident power.

C) Radiation pattern analysis
The two-dimensional (2D) measured and simulated radiation
pattern of the proposed single-element design in XY, YZ, and
XZ planes is shown in Fig. 20. This pattern shows the slightly
omnidirectional pattern in the YZ plane for three bands with a
maximum peak gain 2 dbi. In XY and XZ planes, it is direc-
tional one 3.6 and 5.4 GHz and omnidirectional for
1.8 GHz. The simulated and measured gain and efficiency of
the proposed quad-band antenna is shown in Table 1. The
proposed antenna has an efficiency of 85.469%(simulation)&
88.4%(measurement) for GSM II band, 87.346%(simula-
tion)& 94.5%(measurement) for WIMAX band, and
90.553%(simulation)& 80.2%(measurement) for WLAN
band (Fig. 21).

Fig. 18. TARC for the two-antenna system with different phases of incident
power.

Fig. 19. TARC for the two-antenna system with different phases of incident
power.

Fig. 20. Measured and simulated radiation pattern in the XY, YZ, and XZ planes for the proposed antenna with operating frequency of 1.8, 3.6, and 5.4 GHz.

Fig. 21. Measured gain and radiation efficiency performance of the fabricated antenna.
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I V . C O N C L U S I O N

The compact modified circular patch quad-band slot antenna
for MIMO applications is proposed and fabricated. Measured
single element offered four bands in the frequency of 1.8 GHz
(1.7–1.88 GHz), 3.6 GHz (3.50–3.76 GHz), 5.4 GHz (5.25–
5.38 GHz), and 7.2 GHz (7.15–7.35 GHz) covering wireless
applications. Two-element and four-element MIMO antennas
with reduced spacing between the elements have been pre-
sented. Studies on the spacing between the antenna elements
and its effects on the performance of MIMO system has been
discussed. With reduced spacing between the elements
(0.089l), low correlation is achieved. The simulated and mea-
sured results of the two-element and four-element MIMO
systems achieved ≤0.005 correlation, ≤215 dB mutual coup-
ling and 9.999 dB diversity gain in interested operating bands.
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