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Design of Ultra-Wideband MIMO Antenna with Dual Band
Elimination Characteristics and Low Mutual Coupling
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Abstract—The paper proposes the design of an ultra-wideband MIMO antenna with low mutual
coupling and dual-band elimination characteristics. The proposed structure consists of a microstrip-
fed monopole antenna with a stub to enhance the isolation for ultra-wideband applications. The dual
rejection bands corresponding to WiMAX and WLAN frequencies are designed using electromagnetic
band-gap structures of mushroom-type and placed close to the microstrip transmission line of the
designed antenna. The isolation enhancement of |Sa1| > 20 dB is achieved over the impedance bandwidth
by adding two counter-facing F-pattern stubs to the ground. The impedance bandwidth of 9 GHz (2.65—
11.65 GHz) for VSWR < 2.13 with the notch bands of 3.6-4.2 GHz and 5.15-5.87 GHz is obtained. The
diversity gain, correlation coefficient, radiation pattern, TARC, and peak gain are also studied in the
paper. The simulated and measured results are in close agreement with each other. Therefore, the
proposed structure is a potential candidate for wireless communication.

1. INTRODUCTION

An unlicensed spectrum of 3.1-10.6 GHz is released for ultra-wideband (UWB) short-range wireless
communication. The UWB multiple-input multiple-out (MIMO) systems are designed for wireless
communications spectrum such as 3.3-3.8 GHz (WiMAX), INSAT operating between 4.5 and
4.8 GHz, WLAN (5.2-5.8 GHz) system, and 7.1-7.9 GHz (X band) which causes electromagnetic (EM)
interference. So, MIMO antennas with band-notches are designed for UWB applications. The MIMO
antennas are designed to satisfy the huge data rate requirements without additional transmitted power
and frequency spectrum in the crowded scattering areas with different decoupling techniques to improve
the isolation and polarization matching while minimizing the channel noise and multipath fading [1, 2].
The compact antenna design is achieved using an Asymmetric Coplanar Strip (ACS)-fed technique, and
open stubs are integrated into the patches to obtain the band rejection at 4.9-6 GHz. An H-pattern slot
is added to the ground to lower the mutual coupling < —20dB over 2.9-11.8 GHz. The MIMO antenna
is designed using two square monopole antennas with a slotted ground to generate the isolation of more
than 30 dB. U- and L-structured slots are used to achieve a band elimination at 3.3-3.8 GHz frequency
over S1; bandwidth of 2.2-10.8 GHz [3,4]. In [5, 6], a MIMO antenna with a dual-notch band is designed
by arranging two circular patches in an orthogonal manner with two L-pattern slots embedded in it.
Dual U-shaped branches are loaded to the ground to enhance the isolation > 20dB over impedance
bandwidth (BW) of 2.68-12.50 GHz. A miniaturized MIMO antenna with a dual-notch band is designed
for UWB application using a radiating patch and high isolation using a T-shaped stub in the ground.
Dual bands are eliminated corresponding to WiMAX and WLAN by cutting dual elliptical slots on the
patch with a useable BW of 2.6-20 GHz. A compact single band-notched at WLAN (5.725-5.825 GHz)
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UWB MIMO antenna with two symmetrical radiators on a substrate is designed over a 10 dB bandwidth
of 3.1-11 GHz except for the notched band.

An H-pattern slot and a vertical stub are loaded to the ground to maximize the isolation > 18 dB
over the useful working bandwidth. A small-size single band rejection characteristics MIMO antenna
is designed for UWB application. A microstrip transmission line fed rectangular slot acts as the main
radiator while the WLAN band (5.15-5.85 GHz) is rejected using a z-shaped slot.

An inverted T-shaped slot and a vertical slot in a rectangular pattern are embedded in the ground
to increase the isolation > 24.5dB over the band of 3.1-10.6 GHz [7,8]. A novel dual-band notch
Vivaldi MIMO antenna was designed for UWB application. WLAN and X band are notched at 5.3—
5.8 GHz and 7.85-8.55 GHz using two different split-ring resonators (SRRs). A T-pattern slot is added
to the ground so that isolation > 16dB is achieved over the impedance bandwidth of 2.9-11.6 GHz
except for the notch bands. A tapered microstrip-fed UWB MIMO antenna with dual-band elimination
characteristics is designed for wireless applications. Inverted L-pattern slits are loaded to the radiating
elements to generate notch bands at IEEE INSAT and WLAN. The isolation enhancement of > 22 dB is
obtained over the working band of 2.93-20 GHz [9,10]. A miniaturized triple-notch band UWB MIMO
antenna is designed using two C-shaped slots embedded into each radiating element. The three notched
bands at 3.4-3.9 GHz, 5.05-5.85 GHz, and 7.9-8.4 GHz are developed. A T-pattern stub is loaded to
the ground to increase the isolation > 18 dB over the 3.1-10.6 GHz frequency. A complementary split-
ring resonator (CSRR) of hexagonal shape is added to the radiator to develop a two-notch band at
3.5 GHz and 5.5 GHz. The mutual coupling < —18 dB is obtained over the useful operating band of 3—
16 GHz [11,12]. A small size MIMO antenna with dual-band elimination characteristics was designed for
UWRB application by adding an elliptical CSRR. to the monopole radiator to notch two bands at 3.5 GHz
and 5.5 GHz, corresponding to WiMAX and WLAN, respectively. Slotted edge substrate technique was
used to reduce inter-element coupling < —22dB over 3 to 13.5 GHz frequency band. A novel dual-
notch band MIMO antenna was designed based on the Quasi Self Complementary technique for UWB
application. A C-pattern slot is embedded in the radiator to eliminate the 5.8 GHz WLAN band, and
a square ring is etched on the ground to reject WiMAX at 3.6 GHz with isolation > 20dB over the
useful wideband from 2.4 to 12GHz [13,14]. A C-pattern slot and an unsymmetrical H-pattern slot
are integrated with the patch to develop dual-band rejection at 5.5 GHz and 7.5 GHz. A stub is added
to each defected ground structure so that mutual coupling < —22dB over the entire working band
2-16.8 GHz is achieved. A metamaterial-based MIMO antenna was designed for UWB application with
circular polarization and high isolation. CSRRs are added to defected ground structure (DGS) so that
the isolation > 15dB over the 2.5-10.6 GHz [15,16]. In [17,18], a miniaturized MIMO antenna was
designed with useful bandwidth from 2.1-12 GHz. A split ring resonator (SRR) and elliptical slots are
loaded to the ground to enhance the isolation > 20dB. A MIMO antenna is integrated with L-type
parasitic branches and a fence-type structure to lower the mutual coupling < —25dB in the working
bandwidth of 3.1-11 GHz. A thin stub is loaded in the ground to notch the WLAN band from 4.9—
6.4 GHz in a four-element UWB MIMO antenna operating in 2-12 GHz with isolation > 17dB [19]. A
Minkowski fractal is grounded, and the parasitic stub is arranged at 45° between the radiating elements
so that isolation is > 17dB throughout the entire wideband of 3.1-12 GHz. A small size E-pattern slot
is cut on both the patches to achieve a band-notch at 5.15-5.85 GHz [20]. A dual-polarized microstrip-
fed MIMO antenna designed for UWB wireless application with an impedance BW of 3.1-10.6 GHz.
Dual bands are notched at 5 GHz and 8 GHz corresponding to WLAN and X bands by integrating an
open-ended slot and a SRR with the ground. A Y-pattern defected structure is added to the ground
so that the isolation is > 15dB [21]. In [22], A MIMO antenna with CPW-feed was designed for UWB
applications with dual-band elimination characteristics. The X band communication downlink band is
notched by optimizing a SRR, and the WLAN band is rejected using the integration of a protruded
stub and arc-shaped strips. The mutual coupling is less than —15dB using the protruded stub over an
impedance BW of 3.4-12 GHz. A coplanar waveguide fed MIMO antenna is optimized for the UWB
application with dual-band elimination characteristics and high isolation. Annular slots and rectangular
slots are embedded in the radiator to reject two bands at WLAN and WiMAX. Y-shaped branches are
etched between antenna elements so that the isolation is > 21dB over an impedance BW of 2.36—
12GHz [23]. A MIMO antenna with CPW-feed was designed with dual-band rejection characteristics
and high isolation over working bandwidth of 3-16 GHz. A cup-pattern branch is loaded to the ground
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to generate a WLAN notch from 4.94-5.85 GHz, and a step impedance resonator is embedded with a
microstrip line to notch the X band from 7.24-7.85 GHz. Periodic strip branches are printed on the
ground so that isolation |Sa1| > 20dB [24]. In [25], a miniaturized four-element triple-notch band UWB
MIMO antenna was designed by adding slits and slots on the radiating elements, decoupling structure,
and defected ground structure, respectively. The triple notch bands are achieved at 3.5 GHz, 5.5 GHz,
and 7.5 GHz center frequencies corresponding to WiMAX, WLAN, and X bands, respectively.

A UWB MIMO antenna with low inter-element coupling and dual-band elimination characteristics
is designed using monopole radiators over a 10dB bandwidth of 2.65-11.65 GHz for VSWR < 2.13.
The dual bands are notched at 3.6-4.2 GHz and 5.15-5.87 GHz representing WiMAX and WLAN
using Electromagnetic Band-Gap (EBG) structures of mushroom type printed near the microstrip
transmission feed line of the antenna. EBG structures act as a band-stop filter in the desired frequency
band with high impedance and contain a shorting pin (Via) and metallic patch, which connects the
patch to the ground [26,27]. The two counter-faced F-pattern stubs are loaded to the ground so that
isolation is > 15dB over the frequency range 2.65-11.65 GHz. This contribution by the authors is
helpful in the design of the proposed structure.

The sequence of paper is planned as the proposed antenna design is explained in Section 2.
S parameter studies such as Si1, S21, and surface current distribution are discussed in Section 3.
Fabrication, testing, result analysis, and diversity performance are covered in Section 4, and Section 5
highlights the conclusion of the proposed antenna.

2. DESIGN OF THE PROPOSED ANTENNA

A microstrip-fed dual-notch band UWB MIMO antenna is designed on a substrate of size 23 mm x
60mm x 1.53 mm with an FR4 material having dielectric permittivity 4.4 and loss tangent 0.027. The
proposed structure is designed with a monopole radiator having an impedance bandwidth of 2.65—
11.65 GHz (138%) except for the notched band of WIMAX and WLAN. Mushroom-type EBG design
structures are mounted close to the transmission feed line to achieve the rejection of bands at 3.60—
4.20 GHz and 5.15-5.87 GHz frequencies.

The two counter-faced F-pattern stubs are etched in the ground to maximize the isolation
|S21| > 15dB. The designed antenna with dimensions is depicted in Figure 1(a). Figures 1(b) and 1(c)
represent the EBG structure and its equivalent circuit.
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Figure 1. Proposed structure. (a) Design and dimensions. (b) EBG structure. (c) Equivalent of EBG.

3. ANALYSIS OF PROPOSED STRUCTURE

The design and development of the proposed structure are explained in the following subsections. The
dimensions of both monopole antenna and ground are optimized in achieving the wideband operation
of the antenna. The band notches are incorporated in the design using an EBG structure and placed
close to the microstrip transmission feed line. The isolation is enhanced by > 15dB by loading two
counter-faced F-shaped stubs to the ground. The proposed structure is simulated by ANSYS HFSS to
analyze the performance in terms of S parameters.

3.1. Analysis of UWB Antenna with Notches and EBG Unit Cells

Figure 2(a) represents a microstrip-fed UWB monopole antenna. An electromagnetic bandgap type
structure is loaded in the proposed structure to reject the WLAN band as mentioned in Figure 2(b).
The WiMAX frequency band is rejected (S1; > —10dB) by loading another EBG structure as depicted
in Figure 2(c). Simulated results such as S;; and VSWR are plotted in Figure 3(a) and Figure 3(b).
The working bandwidth (S;; < —10dB) from 2.6-12 GHz is achieved except for the notched band of
WIMAX from 3.6-4.2 GHz and WLAN of 5.2-5.87 GHz.
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Figure 2. UWB antenna with notches. (a) UWB antenna. (b) Single notch-band. (c) Dual notch-band.

Figures 4(a) and 4(b) depict transmission line model for analysis of different EBG unit cells to
validate the band gap characteristics. The model is simulated in an eigen-mode solution and dispersion
diagram based on rectangular (irreducible) Brillouin zone. The band gap that exists in EBG1 and
EBG2 structure are illustrated in Figures 4(c) and 4(d), respectively. The first band gap (light blue
part) for EBGI is between mode 1 and mode 2, centered at f.; = 3.7 GHz with lower cut-off frequency
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Figure 3. Simulation of UWB antenna with and without notches. (a) S1;1. (b) VSWR.

fin = 3.2GHz and higher cut-off frequency fr; = 4.2 GHz. The second band gap (green part) for EBG2
is between mode 1 and mode 2 centered at f.o = 5.25 GHz with a lower and higher cut-off frequencies

of fio = 4.6 GHz and fo = 5.9 GHz, respectively.

3.2. Analysis of Ultra-Wideband MIMO Antenna with Notches

Microstrip-fed UWB monopole MIMO antenna with improved isolation using two counter-faced F-
pattern stubs are shown in Figure 5(a). The EBG structure is positioned close to the microstrip feed line
to eliminate the WLAN band (S1; > —10dB) as represented in Figure 5(b). In Figure 5(c), another EBG
structure is added to the proposed structure to notch the WiMAX band. The S parameter results such as
S11 and So; are depicted in Figure 6(a) and Figure 6(b). A working bandwidth (S1; < —10dB) of 2.65—
11.65 GHz except the notch bands for VSWR < 2.13 is achieved. The rejected bands (S1; > —10dB)
are 3.6-4.2 GHz and 5.15-5.87 GHz, corresponding to WiMAX and WLAN, respectively. The isolation
between antenna elements (S21) > 15dB over 6-8 GHz and greater than 20dB in (2-6 GHz) as well as

(8-12 GHz) frequency band, respectively.

(b)
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Figure 4. Analysis using transmission line technique. (a) EBGI1 unit cell. (b) EBG2 unit cell. (c)
Dispersion diagram of EBG1. (d) Dispersion diagram of EBG2.
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Figure 5. Proposed structure with stubs and notches. (a) UWB MIMO antenna with stubs. (b) Single
notch-band with stub. (¢) Dual notch-band with stubs.
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Figure 6. Simulation of the UWB MIMO antenna with stubs and notches. (a) Si1. (b) So;.

3.3. Mutual Coupling of the Proposed Antenna

Figures 7(a) and 7(b) show the loading and unloading of F-pattern stubs over the 2.0-12 GHz frequency
band. The simulated S1; and Ss; are depicted in Figures 8(a) and 8(b). Mutual coupling (S21) is
< —10dB for the absence of decoupling structure. The loading of stubs in the ground will improve the
isolation by > 15 dB for the frequency 6-8 GHz and > 20dB over 2-6 GHz and 8-12 GHz. The antenna’s
10dB bandwidth (S11 < —10dB) is 2.65-11.65 GHz for VSWR < 2.13 except for the dual-notch band
achieved.

WJ |
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Figure 7. Proposed antenna, (a) with stubs, (b) without stubs.

(b)

3.4. Surface Current Distribution

The surface current distribution of the proposed antenna in the presence and absence of stubs is studied
as mutual coupling between antenna elements as represented in Figure 9. Port terminal 1 (PT1) of the
proposed antenna is excited while port terminal 2 (PT2) is terminated with a matching load. Initially,
an antenna without a stub is simulated, and the results are plotted in 9(a). It is found that a surface
current of large value is induced in the ground and at the notches of antenna 2. The current collected
area is represented by the red portion as depicted in the figure, and therefore isolation is less than 15 dB.



244 Bakale et al.

0 i i i 5 H
| = 511_no stubs 10
| = $11_with stubs i : :
@ i 7 ; 15 LA i
S m~N\ A8 \ :
E : i si'zn P\ : H
Q g : : H
E 8.2 h v // V\
3 5-30 :
a a
0 ”n.35 : i
i | == 521_nostubs
-40 | —— §21_with stubs [
-30 : : -45 ; : : i
2 4 6 8 10 12 2 4 6 8 10 12
Frequency(GHz) Frequency(GHz)
(a) (b)
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Figure 9. Surface current distribution. (a) Absence of stubs. (b) Presence of stubs.

F-shaped stubs are loaded between antenna elements to improve the isolation. The mutual induction
currents of antenna 2 are developed by antenna 1 and F-shaped stubs. If the phases of two induction
currents are in opposite directions, then these currents cancel each other, and port isolation is improved
by greater than 15dB as represented in Figure 9(b).
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Figure 10. Surface current distribution at (a) 3.8 GHz, (b) 5.5 GHz.

Figures 10(a) and 10(b) show the surface current distribution at notch frequencies 3.8 GHz and
5.5 GHz of the proposed antenna. A huge amount of energy is stored on the respective notch which
cannot be radiated into the free space at a given notch frequency. Therefore, the frequency bands

3.6-4.2 GHz and 5.15-5.85 GHz are notched at WiMAX and WLAN. The stored energy is shown in the
red portion as depicted in the figure.

4. RESULTS AND DISCUSSION

4.1. Fabrication and Measurements of the Antenna

The designed antenna structure is fabricated on a substrate of FR4 material. The antenna is tested
using a full two-port Microwave Vector Network Analyzer N9928A of 26.5 GHz. Figure 11 represents
the patch and ground views of the fabricated antenna.

4.2. Validation of the Fabricated Antenna

The simulated and measured S parameters such as S11 and So; are compared as depicted in Figure 12.
The measured working bandwidth (S1; < —10dB) of 2.67-11.62 GHz is achieved with band notch
frequency at 3.62—4.18 GHz and 5.17-5.85 GHz corresponding to Wi-MAX and WLAN. The isolation
between antenna elements (S21) > 15dB over the operating spectrum of the designed antenna. The
measured results have small deviation from the simulated due to a copper, connector, and fabrication
loss.
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Figure 12. S parameters of the fabricated antenna. (a) Sij. (b) Sai.

4.3. Radiation Pattern of the Fabricated Antenna

Figure 13 represents the comparison of simulated and measured radiation patterns of the fabricated
antenna in terms of co-polarization and cross-polarization at 4.25 GHz, 6 GHz, and 10.5 GHz in H and
FE planes. The omnidirectional radiation pattern is achieved in the H plane whereas it is bidirectional in
the F plane. The measured results are in good correlation with the simulated one over the impedance
bandwidth of the antenna.

4.4. Diversity Performance Parameters

The correlation coefficient evaluates the correlation among multiple-input multiple-output antenna
elements and must be < 0.5 to enhance diversity performance. S parameters of the proposed antenna
measure factors of correlation coefficient and are given by Equation (1), where pjs is a correlation
between antenna 1 and antenna 2. The measured value of Envelope Correlation Coefficient (ECC)
is < 0.01 over the entire working bandwidth of the proposed structure. The measured ECC is
approximately similar to the simulated results as represented in Figure 14.

P12 = 571512 + 53; Sz
(1= (IS11]? + [S21%)) (1 — (|Sa2[? + [S12]?))

(1)
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The performance of diversity gain depends on the correlation coefficient of the MIMO antenna and is
given by Equation (2). The measured Diversity Gain (DG) is > 9.98dB over 2.65-11.65 GHz except
for the dual-notch band. The comparative analysis of measured and simulated results is illustrated in

Figure 15.
DGle*\/l—‘p12’ (2)

Total Active Reflection Coefficient (TARC) represents the original feature of |S11| with a small variation
in impedance bandwidth. S1; and TARC are compared as depicted in Figure 16. TARC < —10dB
and measured in terms of S parameters as given by Equation (3), over the 10dB BW of the proposed
structure.

(3)

Lo — \/(511 + S12)% + (Sa1 + Sa2)”
12 = 5

where I'15 represents the TARC of the proposed antenna.

The number of antennas at the transmitter and receiver will decide the channel capacity of the
MIMO antenna. However, correlation among antenna elements also adds some channel capacity loss
(CCL) which is measured in bps/Hz and should not be greater than 0.4 bps/Hz. Further, the proposed
structure has CCL < 0.2bps/Hz over the impedance bandwidth (S1; < —10dB) except for the dual
rejected bands as depicted in Figure 17.

— 511
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$11 and TARC (dB)
CCL(bitsisec/Hz)

2 4 6 8 10 12 2 4 6 8 10 12
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Figure 16. S;; and TARC. Figure 17. Channel capacity loss (CCL).
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4.5. Peak Gain

The ability of the proposed structure to transmit and receive signals is measured in terms of peak
gain. Figure 18 represents a comparative analysis of measured peak gain and simulated value over
the antenna’s operating bandwidth (S1; < —10dB). Peak gain changes from 1dBi to 7.5dBi over the
available spectrum of 2.65-11.65 GHz except for the dual-notch band. The variation in peak gain is
around 6.5 dBi which is acceptable for the proposed structure.
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Figure 18. Peak gain.

Table 1. Benchmarking results of the proposed structure with literature.
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References © ? antenna T e}el 1.ng BW (dg) notched ECC DG TS(;a.wn
ports (mm®) echnique (GHz) (GHz) echniques
. . SRR
[17] 2 38 x 33.4 x 1.6 | Microstrip | 2.1-12 | > 20 <002 | >9
and slot
Fence-t
18] 2 50x 35x 1 | Microstrip | 311 | >25 <0.004| >9 encetype
structure
Orth 1
19] 4 | 50x25x1.6 | Microstrip | 2-12 | >17 | 4964 | <045| - rhogona
/Stubs
Orth 1
[20] 2 | 46x46x 0.8 CPW 31-12 | >17 | 51-5.85 |<0.002| - rhogona
Stub
5.15-5.85
[21] 2 30 x 30 x 0.8 | Microstrip | 3.6-10.6 | > 15 7984 < 0.03 - DGS
5.15-5.82 truded
[22] 2 | 40x40%0.8 CPW 3412 | >15 <005 | - protrude
7.25-7.75 stub
3.37-3.98 Orth 1
23] 2 | 41x42x08 CPW | 2.36-12 | >21 <004 | >09 | -roosona
4.71-5.51 /stubs/DGS
4.95-5.85 Periodi
[24] 2 | 46x32x16 CPW 316 | >20 <0.025| - erodic
7.24-7.87 strips
3.25-3.75 Orthogonal
[25] 4 39 x 39 x 1.6 | Microstrip | 2.3-13.7 | >22 | 5.08-5.90 | < 0.02 - /staircase
7.06—7.95 structure
Work 3.6-4.2
o 2 23 x 60 x 1.53 | Microstrip |2.65-11.6 | > 15 < 0.01 | >9.98 Stubs
done 5.15-5.87
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4.6. Performance Analysis of the Proposed Antenna with the Literature

The comparative analysis of the proposed antenna with research completed on a multiband-notched
UWB MIMO antenna in terms of ECC, DG, isolation techniques, 10 dB bandwidth, feeding method,
and the multi-notch band is tabulated in Table 1.

5. CONCLUSION

The proposed antenna has impedance bandwidth of 2.65-11.65 GHz for VSWR < 2.13, except for the
two rejected bands at 3.6-4.2 GHz and 5.15-5.87 GHz corresponding to Wi-MAX and WLAN. The
isolation > 15 dB is achieved by loading stubs in the ground over the working spectrum of the proposed
structure. Moreover, the proposed antenna has achieved ECC < 0.01, TARC < —10dB, DG > 9.98 dBi,
CCL < 0.2bps/Hz, and peak gain of 7.5dB over the ultra-wideband. Therefore, the proposed structure
is the ultimate candidate for portable ultra-wideband wireless communication.
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