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Abstract: Multiple-input multiple-output (MIMO) scheme refers to the technology where more
than one antenna is used for transmitting and receiving the information packets. It enhances the
channel capacity without more power. The available space in the modern compact devices is limited
and MIMO antenna elements need to be placed closely. The closely spaced antennas undergo an
undesirable coupling, which deteriorates the antenna parameters. In this paper, an ultra wide-band
(UWB) MIMO antenna system with an improved isolation is presented. The system has a wide
bandwidth range from 2-13.7 GHz. The antenna elements are closely placed with an edge to edge
distance of 3 mm. In addition to the UWB attribute of the system, the mutual coupling between the
antennas is reduced by using slotted stub. The isolation is improved and is below —20 dB within the
whole operating range. By introducing the decoupling network, the key performance parameters
of the antenna are not affected. The system is designed on an inexpensive and easily available FR-4
substrate. To better understand the working of the proposed system, the equivalent circuit model is
also presented. To model the proposed system accurately, different radiating modes and inter-mode
coupling is considered and modeled. The EM model, circuit model, and the measured results are in
good agreement. Different key performance parameters of the system and the antenna element such
as envelope correlation coefficient (ECC), diversity gain, channel capcity loss (CCL) gain, radiation
patterns, surface currents, and scattering parameters are presented. State-of-the-art comparison with
the recent literature shows that the proposed antenna has minimal dimensions, a large bandwidth,
an adequate gain value and a high isolation. It is worth noticeable that the proposed antenna has
high isolation even the patches has low edge-to-edge gap (3 mm). Based on its good performance
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and compact dimensions, the proposed antenna is a suitable choice for high throughput compact
UWSB transceivers.

Keywords: isolation enhancement; surface waves; gain; circuit model; slotted-stub; MIMO antennas

1. Introduction

In the last decade, mobile technology enables researchers to find solutions for systems consist
of multiple devices, sensors, and components [1-5]. Antennas are one of the important components
of these multi-device systems [6-8]. With MIMO technology, need for antennas that can operate
over a wide range of frequencies is inevitable [9-12]. Ultra wide band (UWB) antennas have better
channel capacity, envelope correlation, and diversity gain as compared to traditional narrowband
antennas [13].

According to Federal Communication Commission (FCC) protocol, the UWB ranging from 3.2 to
10.6 GHz covering indoor applications and handheld devices [14]. Several designs have been proposed
and researched in [15-19] for UWB services. In [15] a V shape monopole antenna with staircase shaped
defected ground structure is proposed having realized gain of 4 dB with size of 25 x 26 mm for
UWB applications. The Multiple Input Multiple Output (MIMO) technology offers higher data rates
with better propagation response in multipath propagating environment and noise immunity [20-22].
Enhanced Isolation is desirable in MIMO antenna systems as the lower coupling ensures the better
antenna performance characteristics [23,24]. In order to suppress surface waves of MIMO radiating
elements the use of defected ground structures (DGSs) [25,26], electromagnetic band gap structures
(EBGs) [27,28], and line resonators [29] are commonly used.

In [30] an UWB MIMO antenna having dual notch response is investigated by using several metal
strips with modified ground plane to reduce mutual coupling between the radiating elements. In [31]
an UWB MIMO antenna with compact size (25 x 40 mm?) and polarization diversity is presented.
The design is complex because of two different ground planes. In [32] a bio inspired leaf shaped
antenna is presented for wideband and sensing applications, however with a large dimensional size of
314 x 121 mm. The design is not suitable for MIMO configuration for handheld devices. The use of
black carbon film on the UWB MIMO reduced the coupling effects in [33] due to absorption losses,
however the cost of the system with such an approach increases.

In this paper, an UWB MIMO antenna system for 2-13.7 GHz is presented. The system is composed
of two radiating elements. The mutual coupling between the antennas is reduced by using slotted stubs.
The isolation is improved and is below —20 dB for the whole operating range. The system is fabricated
on an easily available, inexpensive, and widely used FR4 substrate. The system is designed using a
EM full-wave commercial software HFSS. A detailed study regarding the antenna design, decoupling
network, and other parameters of the design is presented. The circuit model is presented to verify the
EM model. A prototype is fabricated to verify the simulated results. The comaprison between the
simulated and measured results is presented and it is found that they are in good agreement. The effects
of decoupling network over the performance of the antennas and the MIMO system is also studied.
It is found that ECC and Diversity Gain (DG) for the proposed system are 0.15 and 9.85 dBi respectively.
The channel capcity loss (CCL) is less than 0.06 bps/Hz for the whole operating bandwidth.

2. Design Methodology

The design and prototype models of the proposed UWB MIMO antenna system are presented
in Figure 1. The system is designed on an FR4 substrate with a thickness of 1.6 mm. The dielectric
constant of the substrate is assumed to be 4.4. The top side includes two radiating stepped-shaped
elements with a 50 () feed line. The stepped shape is designed to increase the path for the flow of
current. By increasing the path for the current, a wide bandwidth is achieved. The two rectangles
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are designed at the top of each element to achieve wide-band matching. A rectangular ground plane
with a rectangular slot is designed at the back side of the substrate. The antenna elements share a
common ground plane. The upper edge of the common ground is stepped and incorporated with
the plus-shaped slotted stubs to improve isolation between the antenna elements. The stubs act as a
bandstop filter for the desired frequency range. It produces transmission zeros within the radiating
elements that in turn disturb the flow of current, surface waves, and near fields. The dimensions of the
antenna elements, slotted stubs, ground plane, and feed lines are shown in Figure 1.
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Figure 1. Top and bottom view of the proposed ultra wide-band multiple input multiple output
(UWB-MIMO) antenna.

2.1. Single Unit Antenna

A detailed evolution procedure for the proposed setup is presented in Figure 2. In Step 1,
a stepped-shaped single element with a slotted ground plane is designed. The ground plane covers
the area between the lower edge and the feed line. In Step-2, two radiating elements with a common
ground plane is designed. In other words, step-1 is replicated along the x-axis to get a MIMO antenna
system. The edge to edge distance between the antenna elements is 3 mm. In the final step, slotted
stubs are incorporated at the back side within the antenna elements to reduce the mutual coupling
between the radiating elements. The slotted stubs suppress the surface waves and the near fields
reducing the coupling between the antennas keeping it below —20 dB for the whole desired frequency
range. The step-by-step evolution of the proposed setup is shown in Figure 2. To understand the
proposed MIMO antenna system, an equivalent circuit model for a single antenna using lumped
elements is presented. In Figure 3 the transmission line is modeled as an impedance transformer with
the coupling ratio of X1:1 in the circuit model. Since patch antenna is a resonating circuit, one can use
circuit theory to model the radiating element approximately by the RLC circuit [34]. Where R is the
radiation resistance of the radiating mode of the antenna, and L and C describe the resonant circuit that
is responsible for the desired resonant frequency. The proposed antenna setup is a wide-band, therefore
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the desired response is a combination of different radiating modes. In addition to the combination
of these radiating modes, the coupling between the modes should also be included to model the
system accurately. The equivalent circuit model for a single element is shown in the inset of Figure 3.
The radiating modes are modeled by RLC combinations while the two LC (tank-circuits) combinations
represent inter-mode coupling [35,36]. The circuit model is studied in Keysight Advance Design
System (ADS). The values of each component and the comparison of S-parameters between the EM
and the circuit model are depicted in Figure 3. The results are in good agreement.
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Figure 3. Lumped element equivalent circuit model (R,; = 295 Q), R,y = 54.45 ), Ry;3 = 60 Q),
Cp1=345pF Cpp =3.82pF C;3=48pF L;; =1.55nH, L, =742 nH, L;3 =3.85nH, L;1» =0.6 nH,
Cu12 =1.5pF Ly3 = 0.7 nH and C,p3 = 1.22 pF) and comparison of EM and circuit model results.

2.2. UWB-MIMO Antenna System without Slotted Stub

In this section, the circuit model for the proposed MIMO antenna system is presented.
As discussed in the previous section, each antenna element can be modeled as a combination of
the RLC circuit, and a feed line can be modeled as an impedance transformer. Since our antennas
exhibit wide-band response, many radiating modes are contributing. In other words, a combination
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of radiating modes makes it a wide-band antenna. From circuit theory, it is evident that inter-mode
coupling affects the response of the circuit. Therefore, to model the MIMO antenna system accurately,
one should not only consider the radiating modes but also the inter-mode coupling. In this paper,
for simplicity, three radiating modes and inter-mode coupling between antennas are considered for
corresponding modes only. For instance, the coupling between mode-1 of antenna-1 with mode-1
of antenna-2 is considered but the coupling of mode-1 of antenna-1 with the coupling of mode-2 of
antenna-2 is not discussed. The equivalent circuit model of the proposed system without slotted stubs
is shown Figure 4. The feed lines of the radiating elements are modeled by impedance transformers
with a coupling ratio of X1:1. Each antenna element radiating modes are modeled by a combination of
RLC circuits while the tank circuits represent the inter-mode couplings. The mutual coupling between
the corresponding radiating mode of antenna elements is represented by My, M, and Ms. The circuit
model is designed in ADS. The comparison for S-parameters results between the EM and the circuit
model and the values of each component are shown Figure 5. It can be seen from Figure 5, the results
are in a good agreement for the desired frequency band.
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Figure 4. Lumped element equivalent circuit model of the UWB-MIMO system without decoupling structure.
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Figure 5. Lumped element equivalent circuit simulation comparison with EM simulation without
decoupling structure.
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2.3. UWB-MIMO Antenna System with Slotted Stub

In this section, the equivalent circuit model for slotted stubs is presented. The slotted stubs are
added within the antenna elements at the ground plane side to reduce the mutual coupling between
the antennas, suppress the surface waves and near fields. To model accurately the proposed MIMO
antenna system with the decoupling structure, the same assumptions regarding the radiating modes
and inter-mode coupling are considered. In other words, three radiating modes and corresponding
inter-mode couplings are modeled for the radaiting structures. The radiating modes are modeled
by the combination of RLC circuits, transmission lines are modeled by impedance transformers,
and inter-mode coupling is modeled by LC-tank circuits. Since the mutual coupling can be reduced by
a band stop response by introducing transmission zeros within the operating range. The decoupling
structure is modeled by the combination of RLC circuits. These RLC circuits are coupled with the
radiating modes by My, Mg, and M3, coupling ratios. By using the coupling structure, the isolation
for the proposed system is well below 20 dB for the whole bandwidth. The value of each component
and the equivalent circuit model are depicted in Figure 6. The simulated results of the EM model and
the circuit model are in good agreement, as shown in Figure 7.

Component | Value
R, 849.5Q .
R, 1891 Q pling
]
R, 470 :
C 0.5 pF '
o . ! 1:X1
C,, 0.5 pF
Cys 10.45 pF Ca LRy —
L, 0.5 nH — =
L, 05nH | = a
L, 0.93 nH =
L, 19.4 nH '3
L,,s 9.5 nH R 1S
Corz 20pF | | E g’
[ 3.23 pF - <i=
X1 0.59 =
(@]
M,y 0.79 / S
1
Moz 114 [y _--lde .0 1:X1
Mssq 1 C R o~
al al
R, 56 0 - £
R, 69.5 Q £
R, 380 :
C, 10.25 pF E
G, 7.32 pF :
C, 4.2 pF U B }
L 092nH | Inter-mode coupling  Inter-mode coupling
L, 0.87 nH
L, 0.94 nH

Figure 6. Lumped element equivalent circuit model of the UWB-MIMO system with decoupling structure.
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Figure 7. Lumped element equivalent circuit simulation comparison with EM simulation in the
presence of decoupling structure.

3. Results and Discussion

The proposed MIMO antenna system with an isolation network was fabricated using the LPKF
machine. The system was measured using a two-port vector network analyzer. The radiation patterns
were measured in an anechoic chamber. By introducing the decoupling network, key performance
parameters of the antenna were not affected. The simulated and measured S-parameters results for the
proposed system are shown in Figure 8. The results were in good agreement. It can be seen that the
isolation between the radiating elements was below —20 dB within the whole operating range.

The slotted stubs were used to improve isolation between the antennas. When there was no
decoupling network, the surface waves were coupled to the non-excited radiating element resulting in
high mutual coupling. On the other hand, when the decoupling structure was incorporated within
the elements, one can see that the surface waves and near fields were suppressed in the non-excited
antenna. The surface waves and the near fields were concentrated within the decoupling structure
resulting in high isolation between the antenna elements. This phenomenon can be observed in

Figure 9. The surface current distribution with and without the slotted stubs at 10 GHz is shown
in Figure 9.

e 511: Simulation =~ ececeee S11: Measured
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Figure 8. Simulated and measured S-parameters of the antenna.
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Figure 9. Surface current distribution with and without slotted stub at 10 GHz.

Gain is one of the key parameter of the antenna. The simulated and measured gain of the antenna
is greater than 1.1 dBi with a maximum value of 4.3 dBi at 12 GHz. The simulated and measured gains
are in good agreement for the whole operating bandwidth as shown in Figure 10. The far-field patterns
of the proposed system is shown in Figure 11. The radiation patterns are shown for three different
frequencies, i.e., 2.4, 5, and 10 GHz. The comparison between the simulated and measured xz- and
yz-plane radiation characteristics are shown in Figure 11. The results were in good agreement.
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Figure 10. Simulated and measured peak gain of the antenna.

5 GHz

10 GHz

Meas: Phi = 0° === Sim: Phi =90° = - - Meas: Phi = 90°

Figure 11. Radiation pattern of the antenna at 2.4, 5 and 10 GHz.
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4. MIMO Parameters

In this section, key performance parameters of a MIMO system are discussed. Envelope
Correlation Coefficient (ECC) and Diversity Gain (DG) are one of the vital parameters of the MIMO
system. ECC defines the effect of one antenna over the performance of the other antenna within a
multiple antenna system. In other words, it measures how a member is affecting the performance of
the other member within a system. ECC can be calculated either by using the S-parameters or radiation
characteristics as represented in Equations (1) and (2) respectively. In this paper, ECC is calculated
using Equation (2).

511512 + S35 2

(1= (suP) +151212] [1 = (I1522) + 121 ?]

| [ Jix(Bi(6,¢)) x B;(6,9))dQJ?
I Jiz 1Bi(6,9)) P [ [, [B;(6,9))[2dO

where S11/S2 and Sy1/S1, are the reflection and transmission coefficient of the antenna. B;(6, ¢)
is the three dimensional radiation pattern upon excitation of the i-th antenna and B; (0, ¢) is the three
dimensional radiation pattern upon excitation of the j-th antenna, and (2 represents the solid angle.

On the other hand, the DG is the selection of the strongest signal from N number of signals. It is
calculated through the following equation.

DG = 10,/1 — (ECC)? ®)

The simulated ECC and DG for the proposed system is shown in Figure 12. It can be seen that the
DG was more than 9.85 dBi and the ECC was less than 0.15 within the band of interest. One of the
important MIMO system parameters is Channel Capacity Loss (CCL). The measured and simulated
CCL of the proposed system is depicted in Figure 13. It is observed that CCL was less than 0.06 bps/Hz
for the whole operating bandwidth.
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Figure 12. Envelope correlation coefficient (ECC) and Diversity Gain (DG) of the UWB-MIMO
antenna system.

A detailed comparison between the proposed and published UWB-MIMO antenna is tabulated in
Table 1. It is noticeable that the proposed antenna cover minimal dimensions, has large bandwidth,
adequate gain value and high isolation. It is worth noticeable that the proposed antenna has high
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isolation even the patches has low edge-to-edge gap (3 mm). Moreover, we extracted circuit model in
each step. The isolation and bandwidth enhancements phenomena is discussed using circuit theory.

0.5
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© ©
w H
1 1

CCL (bps/Hz)
o

S - o o> o> o> a» o o T

0 T T T T L T

11 13 15
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Figure 13. Simulated and measured CCL of the UWB-MIMO antenna system.

Table 1. Performance comparison with UWB-MIMO antennas.

Ref. Size Edge-to-Edge Operating Frequency Isolation (dB)  Gain (dBi) Common  Circuit

(mm?) Gap (mm) Range (GHz) Ground  Model
[6] 40 x 80 NG 4.5-8 >25 2-4 No No
[7] 27 x 47 NG 3.1-10.6 >20 2.8-5.4 Yes No
[8] 18 x 36 21.5 3-40 >15 0-9 Yes No
[9] 68 x 35 NG 3.1-10.6 20 1.7-4.2 No No
[10] 81 x 81 NG 3.1-11.14 >18 4-8.48 No No
[11] 37 x 45 3 3.1-5 >20 >-2 Yes No
[12] 40 x 68 34 3.2-10.6 >15 3-5.5 Yes No
[13] 50 x 30 NG 2.5-14.5 >20 0.3-4.3 Yes No
This Work 33 x 48 3 2-13.7 >20 1.1-4.3 Yes Yes

Designing a UWB-MIMO antenna has many challenges. The main challenges include achieving a
wide bandwidth with omnidirectional patterns, high gain and acceptable isolation within radiating
elements. Moreover, it is necessary to maintain the parameters of antenna before and after the
decoupling structure. In this work, the isolation between the antennas is improved by etching
slots in the ground plane and omnidirectional patterns are achieved for the whole frequency range.
The proposed antenna cannot be used for the base station because the base station requires high gain
antennas. In other words, this antenna is suitable for mobile devices due to its miniature nature and
omnidirectional patterns. One of the limitations is that the phase and magnitude of the radiated fields
are frequency dependent. UWB antennas are a combination of different resonances within a frequency
range. The impedance, surface waves, and radiated fields vary and affect the performance of the
antenna. This makes the response of the antenna unpredictable. By deploying different techniques like
DGS, EBG, and slots within the antenna and/or ground plane, the response can be controlled.

5. Conclusions

In this article, an UWB MIMO antenna system with an isolation of —20 dB is presented. The UWB
response is achieved by designing a stepped-shaped antenna while the isolation is improved by using
slotted stubs etched in the ground plane within the radiating elements. The system is fabricated on an
FR4 substrate. The circuit theory is used to model the circuit model and compared the results with the
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EM model. The simulated design is fabricated and key performance parameters are calculated and
measured. The simulated, measured, and the circuit model results are in good agreement. It is found
that ECC and DG for the proposed system are 0.15 and 9.85 dBi respectively. The CCL is less than
0.06 bps/Hz for the whole operating bandwidth. Future work will focus on increasing the number
of transmitting and receiving antennas to enhance the throughput. Moreover, the coupling effect
between the antenna elements can be enhanced by combining the proposed method with any other
method. In fact, such a decoupling method will be helpful to develop universal guidelines for compact
UWB-MIMO antenna systems.
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