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Multiband Compact MIMO Antenna for Cognitive Radio, IoT and
5G New Radio Sub 6 GHz Applications

Bisma Bukhari® and Ghulam M. Rather

Abstract—A planar, handheld device size compatible, multiple-input multiple-output (MIMO)
antenna design is proposed. The antenna system has five antennas which cover multiple wireless bands.
One pair of elements covers the frequencies below 1 GHz (559 MHz to 828 MHz) for Long term evolution
(LTE) and Cognitive radio (CR) applications and frequency bands 1.68 GHz to 1.77 GHz, 2.48 GHz to
2.63 GHz, 3.3 GHz to 3.4 GHz, and 5.79 GHz to 6 GHz for Internet of Things (IoT). The other pair
is a modified truncated tetrahedron wideband antenna which covers multiple bands like 854 MHz to
958 MHz, 1.38 GHz to 1.56 GHz, 1.75 GHz to 1.87 GHz, 2.08 GHz to 2.49 GHz, 3.29 GHz to 3.47 GHz,
and 4.09 GHz to 6 GHz including the triple radio frequency identification (RFID) bands. The antenna
is designed and simulated using CST microwave studio simulator, and antenna prototype is fabricated
to obtain the experimental results.

1. INTRODUCTION

Evolving technologies pave the way for Next Generation applications which have enormous capacity
and portability needs. These applications need wide bandwidth to cover multiple frequency bands [1-
3]. As the spectrum remains unused most of the time, a promising approach to tackle the issue of
idle and underutilized spectrum is Cognitive Radio (CR) [4]. CR enhances the spectrum efficiency
and minimizes over crowdedness by using the spectrum which is idle and unoccupied by the primary
user at that time. By doing so, it efficiently manages the access to the spectrum (Dynamic Spectrum
Management) for various wireless applications [5]. To improve the reliability, data rates, and range
in a CR system, it is essential to implement MIMO configuration in the antenna system [6]. The
implementation of MIMO-based cognitive radio devices ensures a reliable wireless link between the
users while providing a good spectrum efficiency [7-9]. It also ensures a good quality of service to
various wireless technologies like Wi-Fi, long term evolution (LTE), 5G, etc. [10]. Nowadays, due to
the scaling down of the circuit and integration of different functionalities in a wireless device, there is
an extensive growth in various wireless communication standards like LTE technology which offers high
data rates [11-18]. So, one of the design challenges is to design a compact MIMO antenna system to
cover various LTE bands especially the lower frequency bands below 1 GHz such as LTE 700 because
there is an inverse relationship between the antenna size and its frequency of operation. In addition
to cognitive radio and MIMO, the demand for Internet-of-Things (IoT) has increased tremendously
due to its application in healthcare, logistics, transportation, tracking, etc., which involve the use of
radio frequency identification (RFID) techniques [19-21]. The important frequency bands used by
RFID include ultra-high frequency (840 MHz to 960 MHz), microwave frequency (2.4 GHz to 2.48 GHz),
and super-high frequency (5.72 GHz to 5.87 GHz) bands depending on the application [22]. For an
automated RFID system and its integration with multiple wireless standards, designing multiband
and multistandard antennas is extremely important. Previously, multiple antennas were designed for
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different applications which increased the overall size of the wireless system. Nowadays, due to the
miniaturization of devices, multiple compact antennas need to be designed on a limited space, and
these compact antennas should be able to cover multiple bands while providing optimum antenna
performance [3,7]. Until now, many new antenna designs have been developed for handheld devices;
however as the devices become noticeably small in size, the requirements regarding efficiency and
bandwidth have become greater than before, particularly with more up to date LTE Standards,
where the antenna has to work over wide frequency range from as low as 700 MHz up to a few
Gigahertz [10,13,21,22]. The real challenge is the antenna design for the low and high ends of the
spectrum. Since the size of the antenna has to be increased for the lower frequencies, it becomes
unsuitable for the handheld gadgets. Other issues include the coupling between antennas and current
localization when the antenna elements are integrated on the same substrate. MIMO antennas for LTE
standard are presented in [11-18] which cover multiple bands for various applications in 4G LTE, GSM
900, WLAN, etc. The drawbacks of above antennas are that the DGS and via holes used in them change
the impedance matching of MIMO antennas which in turn affect the antenna performance. To minimize
coupling, slots are incorporated on ground, and additional ground extensions are added. The addition
of extra arms and ground extensions makes the circuits more complex and introduce undesired parasitic
resonances. CR antennas implemented in single-input single-output (SISO) configurations are presented
in [23-29] where the antenna systems comprise a wideband antenna and a narrowband antenna. An
external tuning circuit is used for tuning the narrowband antenna which makes the design more complex.
Also, the isolation between antenna elements is very poor which degrades the performance. In some
of the antenna designs, a stepper motor is used for tuning the reconfigurable antenna which makes the
antenna system extremely bulky. Also, the sensing range is very small, and they do not cover lower
frequencies below 1 GHz. For increasing the channel capacity, the MIMO implementation of CR is in
great demand [32]. Some of these works are reported in [34-36]. Though these antennas cover multiple
bands, most of them are unable to cover lower frequency bands below 1 GHz and some useful sub
6 GHz bands while others have extremely small sensing and communication ranges. Also, majority of
the works only investigated the radiation characteristics while ignoring important antenna performance
parameters like gain, directivity, and other MIMO characteristics like envelope correlation coefficient
(ECC), etc. An important design challenge is to cover multiple wireless standards like MIMO, CR, IoT,
and RFID applications while maintaining optimal antenna performance. To improve the data rates of
the antenna and to make it compatible with multiple wireless standards like IoT, CR, LTE, and radio
frequency identification (RFID), a novel, MIMO antenna system having five-elements is proposed. It is
designed using an FR-4 substrate having size 65 mm x 120mm x 1.6 mm. The MIMO antenna system
is made up of following antennas:

1) Antenna 1 which not only is a ground plane for other antenna elements, but can also be used as
a wideband sensing antenna to cover bands like 0.78 GHz to 1.07 GHz, 1.36 GHz to 1.6 GHz, 2.07 GHz
to 2.93 GHz, 5.21 GHz to 5.36 GHz, and 5.54 GHz to 6 GHz.

2) Antennas 2 and 3 which operate over bands like 559 MHz to 828 MHz, 1.68 GHz to 1.77 GHz,
2.48 GHz to 2.63 GHz, 3.3 GHz to 3.4 GHz, and 5.79 GHz to 6 GHz and thus cover the LTE 700 MHz for
CR, 4G, etc.

3) Antennas 4 and 5 with a modified truncated tetrahedron topology to cover 854 MHz to 958 MHz,
1.38 GHz to 1.56 GHz, 1.75 GHz to 1.87 GHz, 2.08 GHz to 2.49 GHz, 3.29 GHz to 3.4 GHz, and 4.09 GHz
to 6 GHz bands for multiple wireless communication platforms including IoT for RFID applications.

The proposed design is simulated using CST simulator and then fabricated for obtaining
experimental values. Important MIMO performance parameters like realized gain and ECC are also
evaluated experimentally. The paper comprises six sections. Section 2 shows the proposed MIMO
antenna design. Section 3 gives the measured values of the fabricated antenna. Section 4 shows the
experimental and simulated MIMO parameters like realized gain and ECC. Section 5 presents the
state-of-art comparison of the proposed design with some of the related works, and Section 6 gives the
conclusion.
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Figure 1. Proposed MIMO antenna. (a) Front view. (b) Back view.

2. PROPOSED MIMO ANTENNA DESIGN

The proposed design is fabricated using an FR~4 substrate (tand = 002 and &, = 44) as shown in Fig. 1,
having size 65 mm x 120 mm x 1.6 mm due to which it can be used in small portable devices. The top of
the substrate consists of four antenna elements (antenna 2-antenna 5) at four corners. The bottom of
the substrate consists of antenna 1 which serves as not only a ground for these antenna elements but also
a sensing antenna since it has its separate coplanar ground. Antennas 2 and 3 operate in LTE 700 MHz
band along with some important wireless bands needed in CR Antennas 4 and 5 which are designed
for higher frequencies needed for IoT and RFID applications. Since the sensing antenna (antenna 1)
has a separate ground plane, it can independently cover some additional important frequencies from
0.559 GHz to 6 GHz. MIMO antenna dimensions are given in Table 1.

2.1. Sensing Antenna

Antenna 1 acts as a ground as well a sensing antenna. Initial design approach involves the equivalent
area technique [3] for covering a wide sensing range. The resonant frequency is given by [3]:

7.2

Ir {(L+p+r)xk} GHz (1)
where L, p, r, and k denote patch length, feed distance from ground (in cm), feed radius, and dielectric
constant’s effect on lower frequency, respectively. The antenna is then modified by tapering the edges
as shown in Fig. 2(a) so that more space is available for accommodating multiple antennas for CR
applications and efficient implementation of MIMO. The antenna operates in the frequency bands like
0.78 GHz to 1.07 GHz, 1.36 GHz to 1.6 GHz, 2.07 GHz to 2.93 GHz, 5.21 GHz to 5.36 GHz, and 5.54 GHz
to 6 GHz. To cover the lower frequencies, the size of antenna has to be increased which is not feasible
keeping in view the size constraints. So, in order to cover the lower frequency bands like LTE 700 MHz
band, slots are incorporated in sensing antenna as shown in Fig. 2(b). Slots help in increasing the path
of the surface current which in turn lowers the frequency. Fig. 2(c) gives the Si; parameters of the
slotted and the unslotted antenna which shows a downward shift in frequency of the slotted patch.
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Table 1. Antenna design parameters.

Parameter Size Parameter Size Parameter Size Parameter Size

(mm) (mm) (mm) (mm)
a 12.52 s 15 k1 3 C 6
b 9.89 t 3 i1 6 D 6.8
c 10 U 17.65 ml 2 E 3
d 16 v 30 nl 2 F 3
e 4.54 w 35 pl 2.8 G 2
f 4.46 T 65 ql 6 H 3
g 16.47 Y 120 rl 3 J 5.8
h 3.7 al 28 sl 3 K 5.8
i 11.91 bl 23 t1 8 L 20.3
7 1 cl 33 ul 14 M 19
k 12 dl 2 vl 31 N 3
l 10 el 16 wl 7 P 2
m 19.46 f1 16 xl 6 R 2
n 13 gl 8 yl 7 S 3
P 14 hl 2.5 z1 6 T 2.7
q 2 il 5 A 19 U 4.7
r 13 j1 8.5 B 23.5 14 2.7
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Figure 2. Antenna 1. (a) Unslotted, (b) Slotted and (c) Simulated S1; response.

2.2. Lower LTE Band Antenna

At the top corners of the substrate, two modified meandered antennas are placed. The initial design
approach involved the design of a A\/4 meandered antenna (antenna 2), where A denotes the antenna
wavelength at 0.7 GHz. This antenna is then modified to improve the impedance matching. The
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Figure 3. Antenna 2. (a) Topology, (b) Connection with ground plane and (c¢) Simulated Sao response.

modified design helps in reducing the lower frequency which is desirable for operating in lower LTE
bands. Fig. 3(a), Fig. 3(b), and Fig. 3(c) show the proposed LTE band antenna, its connection with
ground, and its Soo response, respectively. The antenna follows the —6 dB matching criterion and covers
the lower frequencies below 1 GHz (559 MHz to 828 MHz) for Long term evolution (LTE) and Cognitive
radio (CR) applications. In addition to these bands, it also covers frequencies from 1.68 GHz to 1.77 GHz,
2.48 GHz to 2.63 GHz, 3.3 GHz to 3.4 GHz, 5.79 GHz to 6 GHz for IoT and RFID applications due to
generation of higher order modes.

2.3. High-Frequency Wideband Antenna

The antenna as shown in Fig. 4(a) is an Archimedean structure [37] having a high symmetry. To cover
multiple bands, there is a requirement of large bandwidth. The proposed design shown in Fig. 4(b)
is a wideband modified planar truncated tetrahedron in which the bandwidth is increased by loading
stubs in it. The S-parameters with different stub sections (1 to 4) and without stub section are given
in Fig. 4(c). The antenna operates over a wide band of frequencies like 854 MHz to 958 MHz, 1.38 GHz
to 1.56 GHz, 1.75 GHz to 1.87 GHz, 2.08 GHz to 2.49 GHz, 3.29 GHz to 3.47 GHz, and 4.09 GHz to
6 GHz which include triple RFID bands of 858 MHz to 930 MHz, 2.4 GHz to 2.45 GHz, and 5.72 GHz to
5.87 GHz.

2.4. MIMO Implementation

MIMO improves the data rates, reliability, and range in a cognitive radio system. Fig. 1 shows the
proposed MIMO implementation. When all MIMO elements are integrated on a common ground,
coupling takes place which changes the overall S-parameters of the individual antennas as given in
Fig. 5(a). The plot shows that antennas 2 and 3 cover the frequencies like 559 MHz to 828 MHz,
1.68 GHz to 1.77 GHz, 2.48 GHz to 2.63 GHz, 3.3 GHz to 3.4 GHz, and 5.79 GHz to 6 GHz. Antenna 4
and 5 cover multiple bands like 854 MHz to 958 MHz, 1.38 GHz to 1.56 GHz, 1.75 GHz to 1.87 GHz,
2.08 GHz to 2.49 GHz, 3.29 GHz to 3.47 GHz, and 4.09 GHz to 6 GHz. Sensing antenna 1 covers 0.78 GHz
to 1.07 GHz, 1.36 GHz to 1.6 GHz, 2.07 GHz to 2.93 GHz, 5.21 GHz to 5.36 GHz, and 5.54 GHz to 6 GHz
frequency bands. Fig. 5(b) shows the isolation between antenna elements. For antennas 2 and 3,
isolation (S23) at frequencies below 1 GHz is above 10dB. Though antennas 4 and 5 also cover the
frequencies below 1 GHz, the isolation (S45) is poor. Therefore, for frequencies below 1 GHz like LTE
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Figure 4. Antenna 3. (a) Truncated tetrahedron, (b) Modified truncated tetrahedron and (c) Reflection
coefficient.
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700 band, antennas 2 and 3 are used. It is seen that all the antenna elements show isolation above 10 dB
in most of the covered frequency bands. The plot in Fig. 5(b) also shows good isolation (Si2, Si3, S14,
and Si5) of MIMO antennas with antenna 1 which make the proposed antenna system suitable for a
wide range of applications. Fig. 5(c) shows the envelope reflection coefficient (ECC) between antennas 2
and 3 and between 4 and 5.

3. FABRICATION AND RESULTS

3.1. Fabricated MIMO Antenna

The fabricated MIMO antenna is shown in Fig. 6. Fabrication was done at Antenna Design Lab,
SMVDU, Katra. Radiation pattern measurement was done inside an anechoic chamber, and the S-
parameters were measured with Anritsu vector network analyzer (MS2038C) shown in Fig. 7. The
vector network analyser (VNA) was calibrated using Short, Open load and Through (SOLT) method.
The dynamic range of the measurement setup was 85 to 100dB in 5kHz to 18 GHz, and the noise floor
was —60dB. The intermediate frequency bandwidth used for the vector network analyser (VNA) was
10kHz. N-type coaxial cable was used to connect SMA adapter and antenna to the VNA ports. The
cable was compensated by calibrating the chamber using full Sy; caliberation available in VNA.

(a) (b) (a) (b)

Figure 6. Antenna prototype. (a) Top view and Figure 7. Measurement —setup. (a) S-

(b) bottom view. parameter measurement by Vector Network Anal-
yser (VNA), (b) radiation pattern measurement in
an anechoic chamber.

3.2. S-Parameters of Fabricated Antenna

Simulated and measured results of antenna 1 (S71), antenna 2 and 3 (S22, S33), and antenna 4 and 5
(Su4, Ss5) are presented in Fig. 8, Fig. 9(a), and Fig. 9(b), respectively. It is observed that multiple
wireless bands are covered by the proposed antenna for latest wireless applications. Simulated and
measured isolation values are presented in Fig. 10. The measured S3 and Sys are less than —10dB
level in the desired frequency range. Slight variations between simulated and experimental results are
because of minor changes in port impedances during fabrication.
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3.3. Measured Radiation Parameters
3.3.1. Realized Gain

The 3-D radiation pattern was measured by keeping the angular step size of 22.5°. Table 2 gives the
simulated and experimental values of realized gains of antenna 1 at 0.9 GHz and 2.4 GHz, antennas 2
and 3 at 0.8 GHz, and antennas 4 and 5 at 0.9 GHz and 5.8 GHz.

Table 2. Realized gain of the antenna.

Realized Gain (dBi)
Antenna 1 Antenna 2 Antenna 3 Antenna 4 Antenna 5
Results Frequency Frequency Frequency Frequency Frequency
(GHz) (GHz) (GHz) (GHz) (GHz)
0.9 2.4 0.8 0.8 0.9 5.8 0.9 5.8
Simulated | —5.69 | 0.1441 —4.651 —4.651 —3.105 | 3.188 | —3.105 | 3.188
Measured | —1.64 | —0.214 —3.54 —0.63 —4.33 | —0.13 | —4.09 | —0.06

3.3.2. Radiation Pattern and Directivity

The normalized measured 2-D radiation in the # and ¢-plane are given in Figs. 11 to 14. Figs. 11(a)
and 11(b) show the pattern of antenna 1 at 900 MHz and 2.4 GHz, respectively. Antenna shows
omnidirectional pattern. Fig. 12(a) and 12(b) show the pattern of antenna 2 and 3 respectively at
800 MHz. Fig. 13(a) and 13(b) show the pattern of antenna 4 and antenna 5 respectively at 900 MHz.
Fig. 14(a) and 14(b) show the radiation characteristics of antenna 4 and 5 respectively at 5.8 GHz.
Table 3 shows the measured and simulated values of directivity.

W al oa
- S R R R O SR S

180

Gain 0 Gain Gain 0 Gain ¢
o =0° @ =0°
® =90° ® =90°
(a) (b)

Figure 11. Measured antenna radiation pattern (antenna 1) at (a) 900 and (b) 2400 MHz.
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Figure 12. Measured antenna radiation pattern (a) antenna 2 and (b) antenna 3 at 800 MHz.
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Figure 13. Measured antenna radiation pattern (a) antenna 4 and (b) antenna 5 at 900 MHz.

Table 3. Directivity.

Directivity (dBi)
Antenna 1 Antenna 2 Antenna 3 Antenna 4 Antenna 5
Results Frequency Frequency Frequency Frequency Frequency
(GHz) (GHz) (GHz) (GHz) (GHz)
0.9 2.4 0.8 0.8 0.9 5.8 0.9 5.8
Simulated | 2.213 | 4.637 2.396 2.396 3.115 | 6.988 3.115 6.988
Measure d | 2.137 | 4.622 2.388 2.1924 2.886 | 6.6046 | 2.9041 | 6.7352
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Figure 14. Measured antenna radiation pattern (a) antenna 4 and (b) antenna 5 at 5.8 GHz.

4. MIMO PARAMETERS

To implement the antennas in MIMO configuration, the envelope correlation coefficient between them
should be less than 0.5 [38] for minimum interaction between them. The envelope correlation coefficient
between antennas 2 and 3 and antennas 4 and 5 at some of the frequencies is measured from 3-D pattern

using the equation given below:
[ B0 F oo

] Feafon ],

where -, FZ(H, ¢) and ?] (0, ) denote the Hermitian multiplication and radiation patterns of antennas
i and j, respectively [38]. The simulated and measured envelope correlation coefficients between
antennas 2 and 3 at 0.8 GHz and between antennas 4 and 5 at 0.9 GHz are given in Table 4. The
simulated and measured values are below 0.5 which make them suitable for MIMO implementation. The
slight variations between simulated and experimental results are due to limitations in the experimental
setup like bigger step size. To minimize the error, the step size has to be decreased which in turn will
make the measurement more complex.

2

Envelope Correlation Coefficient=

(2
7 0.¢)] o0

Table 4. Envelope correlation coefficient.

Between Antenna 2 & 3 Between Antenna 4 & 5
Frequency (GHz) | Simulated | Measured | Frequency (GHz) | Simulated | Measured
0.8 0.1068 0.1640 0.9 0.0460 0.0243

5. STATE-OF-ART-COMPARISON

Table 5 gives the state-of-art-comparison of the proposed work with some recently presented works to
show its wide usability in various wireless communication applications like CR, LTE, IoT, RFID, etc. for
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small devices. The table shows that the proposed MIMO antenna supports multiple wireless standards

keeping in view the size constraints.

Table 5. State-of-the-art comparison.

Bukhari and Rather

Dimensions Range of Sensing Communication .
Ref. (mm?) Frequency (GHz) Frequency bands | Implementation
covered (GHz)
[26] 68 x 51 x 1.6 2.63 to 3.7 2.63 to 3.7 SISO
2.39 to 2.62,
[27] 11.5 x 8.4 x 1.6 2to03 9,69 to 3.0 SISO
[29] 40 x 36 x 1.66 3 to 11 5to6 SISO
3.2 to 4.5,
(30] 21 x9x0.8 2.8 to 10.4 4.3 to 7.8, SISO
7.9 to 11.2
[31] 80 x 65 x 1.5 2t05.5 2.6 to 2.7 SISO
[33] 63 x 63 x 1.52 3.4 to 8 5.7 to 5.4 SISO
1.54 to 2.28,
[39] 45 x 45 x 0.8 1.52 to 2.75 9 98 to 2.85 SISO
0.78 to 1.2,
1.49 to 1.76,
[40] 65 x 120 x 1.56 0.7 to 3 0.61 to 0.92, MIMO
1.21 to 1.43,
0.94 to 1.35
559 to 828,
1.68 to 1.77,
2.48 to 2.63,
0.78 to 1.07, 3.3 to 3.4,
1.36 to 1.6, 5.79 to 6,
Proposed | 65 x 120 x 1.6 2.07 to 2.93, 854 to 958, MIMO
5.21 to 5.36, 1.38 to 1.56,
5.54 to 6. 1.75 to 1.87,
2.08 to 2.49,
3.29 to 3.47,
4.09 to 6

6. CONCLUSION

A compact MIMO antenna design is proposed covering multiple bands for LTE 700 band, CR, RFID,
and IoT applications. Due to compact size, it can be used in latest handheld devices where size is an
important design constraint. The antenna elements show less mutual coupling, and the ECC between
them is below 0.5. The antenna system covers almost all of the sub-6 GHz bands making it suitable
for 5G New Radio (NR) applications. It can also be interfaced with various modules like Wi-Fi, GSM,
RFID, etc. for tracking, detection and biomedical applications like health monitoring, etc.
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