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Abstract. This article presents a detailed analysis and
design of an ultra-wideband (3.1 GHz—10.6 GHz) notch
antennas in a two-element MIMO system with high isola-
tion performance. The wideband spectrum is notched at the
WiMAX band at 5.8 GHz center frequency using a highly
selective electromagnetic bandgap structure coupled to the
antenna feeding lines. An array of electromagnetic band-
gap structure is used to achieve wideband isolation be-
tween the two elements. The two antenna elements achieve
wideband reflection coefficient for good matching below
—10dB, except the notch where it becomes higher than
—2dB. On the other hand, the antenna elements have
a minimum of 20 dB isolation. Thanks to the achieved re-
sults, the antenna MIMO elements have small envelope
correlation (less than 0.05) and also small channel capac-
ity loss (less than 0.2 bit/s/Hz). The obtained results are
verified using experimental measurements and all circuit/
EM needed simulations.
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1. Introduction

Wideband of mutual coupling reduction in multiple
input multiple output (MIMO) systems, is considered
a challengeable aim for the RF front end researchers. Mu-
tual coupling degradation is an important constraint issue
for MIMO applications that are used in order to enhance
the spectrum efficiency, channel capacity and system relia-
bility. The correlation between the MIMO elements is
decreased when the mutual coupling is reduced. In order to
let the MIMO system operates at high performance with
high data rates and increased signal to noise ratio (SNR)
[1], the envelope correlation coefficient (ECC) between the
MIMO elements should be lower than 0.5.

Different techniques have been used to solve such
problem of mutual coupling as etching uniform/non-uni-
form structures in the ground plane which known as de-
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fected ground structures [3] using some decoupling circuits
for compensating the mutual impedance due to the mutual
coupling [3],[4], and metamaterial structures which are
famous with negative p/e feature or even with double neg-
ative constitutive parameters to get negative refractive
index material for the sake of surface waves blocking [5].
Other attempts have been introduced to reduce the mutual
coupling in the UWB antennas area by adding different
shapes of stubs [6]. Electromagnetic bandgap structures
(EBG) have been employed with different configurations to
solve this problem [7]. Also, asymmetric coplanar wave-
guide configuration is used in [8] to reduce the undesired
mutual coupling.

Since the ultrawideband (UWB) antennas are consid-
ered good candidates in imaging via fast wireless applica-
tions which need a high data rate, caused in huge demand
on such antennas, lately, [10]. The Federal Communica-
tions Commission (FCC) has selected ultrawideband
(UWB) communication to be within the bandwidth of
3.1 GHz to 10.6 GHz in 2002 [11]. In order to overcome
interferences with WiMAX services in 3/5 GHz bands,
some significant work have been published to notch this
interference using mushroom like electromagnetic bandgap
structures [12—-14]. Over the past decade, UWB antennas
have been applied in MIMO systems to handle emerged
high data rate, improve higher multiplexing gain and ca-
pacity links [15]. However, the challenge in these systems
is how to maintain good MIMO performance over the
wideband. The trade-off in these attempts is the small size
and the achieved coupling between elements. This problem
has been addressed in many recent works [16-24]. In spe-
cific explanation, example for these solution attempts is
using directional UWB MIMO radiators [16]. Another
approach is using asymmetric configurations of the radi-
ated monopoles [8]. In [17], two inverted L-shape parasitic
strips/stubs are used to obtain UWB MIMO antenna using
an etched slot in the ground plane for enhancing the isola-
tion between the elements. This technique has enhanced the
isolation in 2.2-5.2 GHz band and in 8.2-10.2 GHz band,
but the reflection coefficient on 3-5.5 GHz band has be-
come worse. In [18], UWB antennas of two triangular
shaped elements with a common ground are isolated
through adding T-crossed shaped stub in the ground. This
approach enhanced the isolation in the bands 3—4 GHz and

ELECTROMAGNETICS



RADIOENGINEERING, VOL. 30, NO. 1, APRIL 2021

57

6.2 GHz-8.8 GHz band with approximately 10 dB-20 dB
isolation. Other configurations for UWB antennas have
been studied where they are decoupled through the oppo-
site orientation for elements [19], etching slots and adding
stubs for shared radiator elements [20], using perpendicular
orientation for the MIMO elements with a slot between
them [21], [22]. In [23] an array of slotted Y-shaped Fre-
quency Selective Surfaces (FSS) is used besides using
polystyrene block since the block enhanced the isolation
only for the case of opposite antennas in the higher band. In
contrast, in the case of orthogonal antennas, isolation has
become worse. Also, the large size limits the usage of the
MIMO elements. Besides, the notched UWB antennas
(with single or dual notches) have noticeable interest in
UWB notch MIMO antennas using different shapes of
metal strips or stubs in the ground plane [24-35]. However,
few researchers used EBG structure due to its narrowband
characteristics [36], [37].

In this work, two monopole elements for UWB
MIMO antennas are introduced with low coupling between
them using different one-dimensional array of mushroom-
like EBG structure without affecting the matching over the
entire band. The wideband isolation in the MIMO antenna
is important to be noticed that it has occurred over the
entire UWB spectrum. Also, each antenna element has
5.8 GHz WIMAX service frequencies notched from the
UWRB spectrum using another narrow band mushroom-like
EBG. The detailed design and newly MIMO analysis per-
formance are presented.

2. UWB Notch Monopole Antenna
using EBG

The reported antenna is an UWB circular monopole
antenna whose feeding is centered between two mushroom
EBG cells in order to get a notch. The circular monopole
antenna is designed with radius (R;) and fed with a 50Q
microstrip transmission line of width (W) and length (Ly).
The length of the ground plane below the substrate layer is
represented with (L,). The antenna layout with the EBG
cells that are placed with distances (S) from the feeding line
side edges, is shown in Fig. 1(a). The antenna and EBG cell
are placed at the top of the substrate (RO4003) with rela-
tive permittivity (&) of 3.55, loss tangent (J,) of 0.0027 and
the substrate thickness is 0.813 mm. In the following sub-
sections, the design of the EBG and its cauterizations are
discussed. The monopole antenna was initially designed
such that its diameter is equal to a quarter wavelength at
lower UWB frequency (3.1 GHz) and then optimized
through EM simulator [Ansys Electronics Desktop]. The
equivalent LC network for the EBG cells can be demon-
strated in Fig. 1(b). The single notch frequency within the
UWB monopole antenna bandwidth was designed using the
EBG design formulas (1)—(5) where f; is the stopband cen-
ter frequency, Af'is the absolute bandwidth, BW is the frac-
tional bandwidth, and Q is the EBG quality factor. The
design objective is to have notch frequency f.=5.8 GHz

Fig. 1. (a) The 1D layout geometry of the UWB notch single
antenna, W = 33 mm, L= 30 mm, L,= 16.3 mm,
L=16.6 mm, Ri=13 mm, W=1.8 mm, W= 8.1 mm,
R,= 0.7 mm, and (b) the EBG equivalent circuit.
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Fig. 2. The surface impedance property and phase reflection
for the mushroom EBG.

with a narrow bandwidth (Af= 0.6 GHz). Synthesis of the
EBG dimensions has been done using (1)—(5) and with the
help of EM simulator for further optimization.
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For characterizing one EBG cell in infinite periodic
analysis, see Fig. 2. It is obvious that the impedance value
in the left y-axis is more than 9000 Q at 5.8 GHz, which
confirms the high impedance property; also the phase
of the reflected wave from the EBG structure is plotted in the
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right y-axis in Fig. 2. Also, it can be noticed that at
5.8 GHz, the reflected phase value is 0°. This result con-
firms that the designed EBG can form an artificial mag-
netic conductor (AMC) surfaces. The operating bandwidth
can be distinguished by + m/2 phases, which can be distin-
guished between 5.5 GHz and 6.1 GHz. Also, it can be
claimed that the behavior of the mushroom-like EBG cells
performs a bandgap for the surface wave propagations in
the bilateral directions. The bandgap of the EBG structure
is shown in Fig. 3, where the bandgap is noticeable in the
frequency band between the propagation modes to be from
5.5 GHz to 8.5 GHz.

To validate the filtering design of the EBG cell, the
simulated antenna reflection coefficient (S;;) is plotted in
Fig. 4. Tt is obvious that the reflection coefficient is fairly
accepted approximated —10 dB threshold over the most of
UWB frequency range (3.1 GHz—10.6 GHz). At 5.8 GHz,
the notch frequency, the simulated reflection coefficient
becomes —2 dB which confirms the filtering functionality
of the EBG structure. Also, in the right Y-axis in Fig. 4, the
efficiency for the notched antenna is shown with the red
dotted line. It is clear that the antenna has a minimum radi-
ation efficiency of 80% at 3.8 GHz and fairly exceeds 90%
over most of the UWB frequency band. Except for the
notched band, it drops to less than 30% at 5.8 GHz as it is
the notch frequency where no radiation is there.
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Fig. 3. The simulated 1D dispersion diagram of the narrow
band notching EBG cell.
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Fig. 4. The simulated antenna reflection coefficient (S11) and
the efficiency of the single notched UWB antenna.

3. UWB Notch MIMO Antenna with
Wide Band Isolation

The design of the proposed UWB notch MIMO
antenna with wideband width isolation is studied and
explained on the basis of two side antenna elements. The
frequency notching and also the isolation will be fulfilled
using previously explained mushroom EBG but with a dif-
ferent design to fulfil the two different design objectives.
Through this section, the study will introduce the UWB
MIMO antennas section, which will be used further as
reference. Next, the proposed notched UWB uncorrelated
MIMO antenna will be presented compared to the reference
one

As shown in Fig. 5, the two beside UWB monopole
antenna elements are placed with distance D = 0.4 A, apart
from center-to-center where 4, is the free space wavelength
at mid UWB frequency. The simulated and measured S-
parameters of the UWB MIMO antenna are shown in Fig. 6
with good agreement between them. The reflection coeffi-
cients with the black lines are good enough below —10 dB
for the whole band, while the transmission coefficients
with the red lines represent the maximum and minimum
coupling levels within the UWB band of —10dB and
—22 dB, respectively.

%

z

-

Fig.5. The layout of a typical MIMO UWB monopole
antenna, W=90mm, L=30mm, D=25mm,
Ly=16.6 mm, L,=16.3 mm, R, = 13 mm.
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Fig. 6. The simulated and measurement S-parameters for the
UWB MIMO antenna without notching and isolation.
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Fig.7. The layout of uncorrelated UWB MIMO antenna
notched at 5.8 GHz with substrate width » =4 mm, r =
0.25 mm, and g = 1 mm.

The two correlated UWB MIMO antenna elements in
Fig. 5 have been notched using the designed narrowband
EBG cell in Fig. 1. Also, an 8 x 1 array of a wideband
mushroom EBGs are employed in between the two mono-
pole elements. This configuration is shown in Fig. 7 where
the wideband EBG array is printed in the middle between
the two radiating elements with an extended strip in the
ground plane with the same width of the wideband EBG
side. The design of a wideband EBG is objective to in-
crease the isolation between the two elements. This design
was done using the former EBG design equation (1)—(4)
but with replacing the capacitor formula to be as in (6).

osh! [WJfg] . (6)
g

C:Wengrlc
T

In (6), it is obvious that the capacitance definition as
replaced the gap between the EBG cell and the feeding line
used in the narrowband EBG cell in (5) with the gap be-
tween the EBG array elements (g). This wideband EBG
isolation was designed at a center frequency f.= 6.85 GHz
and bandwidth Af=7.5 GHz. It is worth to comment that
further EM simulations were conducted to optimize the
isolation response.

The performance of the uncorrelated UWB MIMO
antenna response was examined using the full-wave simu-
lations of scattering parameters magnitudes. The simulated
reflection coefficients (S);) for each case of without (isola-
tion-notching), isolated only and isolated-notched MIMO
antenna are cleared in Fig. 8. As it is noticed, there is
a good matching level for the three cases, and a notch has
occurred at 5.8 GHz for the case of isolated-notched
MIMO antenna. In addition, the transmission coefficient
(S,1) which is a measure for the coupling levels is enhanced
as in Fig. 9 to be —16 dB and —35 dB for the maximum and
minimum coupling values, respectively, for the only-iso-
lated case with the blue dotted line, while —18 dB and
—37.5 dB coupling levels for the isolated-notched case with
the red dotted line.

For experimental measurements purposes, a fabricated
prototype is shown in Fig. 10. The top and bottom views for
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Fig. 8. The simulated reflection coefficients for without, only-
isolated, and isolated-notched cases.
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Fig.9. The simulated transmission coefficients for without,
only-isolated, and isolated-notched cases.
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Fig. 10. The fabricated uncorrelated isolated-notched UWB
MIMO antenna (a) top view, and (b) bottom view.
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Fig. 11. The simulated and measured S-parameters for the
isolated-notched UWB MIMO antenna.
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Fig. 12. The simulated gain in all MIMO antenna cases.

the isolated notched MIMO antenna are demonstrated in
Fig. 10(a) and Fig. 10(b), respectively. Hence, for verifica-
tion purpose, experimental measurements were conducted
to the fabricated porotype by firstly measuring the scatter-
ing parameters using R&S®ZVA Vector Network Ana-
lyzer. Both the simulated and measured scattering parame-
ter magnitudes are shown in Fig. 11.

On the other hand, the frequency-dependent simulated
gain is shown in Fig. 12. The gain till 5 GHz is considered
nearly the same for all cases, while from 5 till 8.3 GHz the
gain is enhanced. After the isolation case only is opposed
to a sharp decrease after notching with isolation, especially
at 5.8 GHz. The highest antenna gain (5 dBi) can be ob-
served at 6.3 GHz and 9.4 GHz. Therefore, to examine the
functionality of the antenna, the radiation pattern for both E
and H planes for the MIMO antenna is conducted at
6.3 GHz and 9.4 GHz. The radiation patterns for the E-
planes at both frequencies 6.3 GHz and 9.4 GHz are shown
in Fig. 13(a) and Fig. 13(b), respectively. Also, the radia-
tion pattern for the H-planes for the former frequencies is
shown in Fig. 14(a) and Fig. 14(b), respectively. The
radiation patterns were measured using Satimo Starlab
chamber and similar patterns performance to the simula-
tion, are compared. It is obvious that there is good agree-
ment between the simulated and measured patterns where
the discrepancies may be claimed due to the unavoided
fabrication/measurements imperfections and also due to the
nature of the low-cost FR4 substrate.

4. The Uncorrelated MIMO Antenna
Parameters Analysis

Various parameters have been used for MIMO evalu-
ation as follow. The ECC performance is necessary for
uncorrelated channels for the sake of channel quality of the
UWB MIMO. Also, diversity gain (DG) is an important
parameter used to appraise the MIMO system application.
Change in correlation in the MIMO system negatively
affects diversity gain. Moreover, the multiplexing-efficien-
CY #mux 18 another essential parameter in MIMO systems
that are known with spatial multiplexing rather than diver-
sity [38], [39]. Spatial multiplexing uses MIMO system
sub-channels in parallel transferring of diverse data streams.
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Fig. 13. The antenna radiation pattern (a) E-plane at 6.3 GHz,
(b) E-plane at 9.4 GHz.
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Fig. 14. The antenna radiation pattern (a) H-plane at 6.3 GHz,
(b) H-plane at 9.4 GHz.

Finally, the channel capacity loss (CCL) is used to
evaluate the MIMO antennas performance. The CCL rises
linearly in respect with increasing the no. of antenna ele-
ments in any MIMO system with no change in bandwidth/
transmitted power [40].

There are different ways to calculate the ECC for the
MIMO antenna system. First, based on the power at the
ports in terms of the scattering parameters at the antenna
output ports as in (7) which is accurate and applicable for
high efficient antennas [41].
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The formula in (7) becomes inaccurate when the an-
tenna system is not highly efficient. Also, it does not ac-
count for the antenna radiation pattern. Therefore, another
formula used to calculate the ECC based on the antenna
radiation patterns is given in (8) [42]. However, the chal-
lenge in far-field approach is that it needs a complex setting
for measuring the radiated far-field.
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which the notch has occurred in all the results.

DG=10\1-(p,)’ Q)

Based on the measured S parameters, the ECC and
diversity gain are plotted in Fig. 16. It can be observed that
the ECC values for the entire band in case of the proposed
notched-UWB MIMO antenna are below 0.01 and in the
other side, for the MIMO antenna DG, it is almost 10 dB
for the entire band. For further comparisons, the ECC for
the uncorrelated MIMO system was calculated by means of
the radiated far-field pattern (based on (8)) to have a more
accurate correlation investigation, as shown in Fig. 17. It
can be noticed that the far-field ECC calculation is higher
than that from S-parameters calculation but still less than
0.01, which is within the standard.

The multiplexing efficiency of the antenna (10) is

77mux ~ V ’71772 (1 _pc)

where p, is the envelope correlation coefficient between the
radiating elements, 7, and #, are the total efficiencies of the
two antenna radiators in the MIMO system. 7, is plotted
in Fig. 18 varying with frequencies compared to the corre-
lated antenna (without notching and array of isolation). It is
noticed that the multiplexing efficiencies are enhanced
after the notching resonance since they are above 91% for
the entire band that is after the notching effect.

(10)

Finally, the channel capacity loss CCL between
antenna elements is calculated as in (11)—(13) [43].
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Fig. 17. Envelope correlation and diversity gain from far-field

formula.

1
uo MTZ
c
2
© 0.8
&
iT]
E’D.T
>
)
-.0.6
E .
=05 —Sim Tnax wo

—Sim Tmax Iso-Notched
0.4 ‘- : :
2 4 6 8 10 12

Frequency (GHz)

Fig. 18. The multiplexing efficiency for both correlated and
isolated-notched MIMO antennas.

CCLz—logzdet(\uR), (1)
\I’R:|:pll p12:| (12)
P Pxn
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2 2
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P, :_(S;SU+S;iSU) fori, j=1or2. (13)
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The simulated CCL is plotted in Fig. 19 where its
average equals 0.2 bits/s/Hz. Therefore, it can be claimed
that the achieved channel capacity loss values are lower
than the reference value of 0.4 bits/s/Hz within the UWB
bandwidth except at the band within notching effect [43].

For further confirmation of the proposed UWB notch
MIMO antenna with recent similar work, a performance
comparison is summarized in Tab. 1. It can be observed
that the proposed isolated-notched UWB MIMO antenna
has good isolation for the entire band. Also, the good isola-
tion occurred with very good envelope correlation value
(0.01) between the MIMO elements among the ECC values
of the compared work in such UWB MIMO systems.
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Fig. 19. The simulated and measured channel capacity loss for
both cases of MIMO antennas.

Ref. BW (%) Technique Isolation (dB)
[18] UWB Etching slot in 10-30 dB (2.2-5.2 GHz),
(109%) the ground 7 dB (8.2-0.2 GHz)
[19] UWB T-crossed shaped 10 dB (34 GHz),
(148%) stub 10-20 dB (6.2-8.8 GHz)
. —15 dB isolation for all
[20] (I]JO\ZOI/B ) ocr)izssastlifn the band except around
’ 5 GHz
I-shaped slot and 5-10 dB (using stub),
21] UwB patch, 5-20 dB (using patch)
(100%) | U-shapedslotand | 7 """ g‘ 5—8g§ i
GND stub P T
UWB .
[22] (116%) Slot in the GND 8 dB (3-4.5 GHz)
UWB FSS /Polystyrene
[24] (109%) block 3-25dB
[25] UWB T-shaped stub, 4-13 dB (4.2-11GHz),
(112%) GND slot 5dB (2.4-5 GHz)
[26] UWB Decoupling metal | 10-20 dB (after 9.2 GHz
(106%) strips with vias become worse)
311 | uws Metzﬁgs n 15 dB (3.1-10.6 GHz)
321 | vws | Me® (T}}\Isg‘ps 112 4B (3 GHz-11 GHz)
This UWB
Work | (120%) EBG array 10-20 dB (2-12 GHz)

Tab. 1. A comparison between the proposed UWB MIMO
antenna and similar recent published work.

5. Conclusion

A good candidate two-element MIMO antenna
(3.1 GHz-10.6 GHz, UWB bandwidth with a notch at
5.8 GHz) is introduced. The notch frequency is achieved
using one EBG particle filtering the input current for the
UWRB antenna. Moreover, high isolation (more than 20 dB)
is achieved between the MIMO elements using an array of
wideband mushroom-like EBG between the radiating ele-
ment. In addition to the used simple structure, the antenna
size is only 90 x 30 mm>. Good MIMO parameters have
been confirmed using both simulated and measured results.
The MIMO antenna demonstrated typical MIMO parame-
ters in terms of ECC less than 0.04 and DG greater than
9.999 dB, multiplexing efficiency greater than 91% and
channel capacity loss less than 0.2 bits/s/Hz.
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