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Planar suspended line technique based

UWB-MIMO antenna having dual-band This communication reports significant isolation improvement utilizing planar suspended line
notching characteristics. International Journal (PSL) technique in ultra wideband (UWB) antenna for Multiple Input Multiple Output
of Microwave and Wireless Technologies 13, (MIMO) application. The antenna exhibits dual-band notched characteristic in Wireless Local
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X-band downlink operations in satellite communication. Band-notching characteristics have
Received: 22 March 2020 been obtained by employing a single Elliptical Split Ring Resonator (ESSR) placed adjacent to
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¢ - ' the circular ring of individual radiating elements. Two elements antenna occupy a compact space
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of 20%36x 1.6 mm’ exhibiting huge measured impedance bandwidth (S;,/S,, <—10dB)
Keywords: covering 3.1-11.5 GHz and significant isolation of >21 dB in the almost entire band of operation.
UWB; MIMO; band-notched characteristics; The electrical performance of antennas has been analyzed in terms of various MIMO parameters.
isolation; planar suspended line Measured results demonstrate good accord with simulated results proving the competency of
Author for correspondence: proposed antenna in high-density package systems and massive MIMO applications.
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Introduction

The MIMO technology is a well-known solution for enhancing channel capacity in the pres-
ence of a scattering environment. Printed planar MIMO antennas are preferred by the
researchers due to their low cost, uncomplicated amalgamation with other wireless compo-
nents and low profile. Designing wideband MIMO antennas for portable devices is challenging
as closely positioned compact radiators exhibit strong mutual coupling leading to meager intra
element isolation. Mitigating mutual coupling in UWB-MIMO antenna is quite demanding
and several techniques such as implementing electromagnetic band-gap structure [1], polariza-
tion diversity [2], slots on the radiator with a parasitic metallic patch at the back [3], modified
ground plane with slots, i.e. Defected Ground Structure (DGS) [4, 5] and stub [6], decoupling
networks [7, 8], slotted radiator with open-circuited stub connected to the ground [9],
bi-planar radiator structure [10], and non-planar suspended line (NPSL) [11] have been
reported to improve isolation [12] in two elements antennas.

The suspended line technique was first introduced by Diallo et al. [13] for improving iso-
lation between two elements non-planar MIMO antenna having non-modified ground plane
structure. But it is difficult to lower mutual coupling in wideband with this conventional
NPSL. A suspended line technique employed in a non-planar antenna system by Zhang
and Pedersen [11] reported >22 dB isolation with high-quality factor. However, an increase
in Q factor degraded impedance bandwidth covering only lower UWB within 3.1-5 GHz
range. The proposed non-planar antenna configuration by Zhang and Pedersen [11] seems
physically unrealistic for its practical implementation in compact portable devices.

This paper introduces modified PSL technique-based two elements UWB-MIMO antenna
covering huge wideband from 3.1 to 11.5 GHz. Isolation measurements with proposed PSL
technique register remarkable improvement up to 11 dB as compared to without using PSL
technique. The proposed antenna system is employable in portable UWB systems.

Configuration of MIMO antenna

© The Author(s), 2020. Published by The two elements MIMO antenna proposed in Fig. 1 comprises of two co-located symmetrical
Cambridge University Press in association with  radiators printed on easily available inexpensive FR-4 substrate (having 0.02 as dielectric loss tan-
the European Microwave Association gent value, “,” =4.4 and a thickness “H” = 1.6 mm) with the common partial ground plane.
These radiators are hybrid structures designed utilizing combinations of circular and rectangular
discs. A PSL consisting of two thin metallic strips and a rectangular metal plate has been
CAMB RIDGE employed to connect these antennas. An electromagnetic coupled ESSR has been employed adja-
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Fig. 2. The design steps in the evolution of the proposed MIMO antenna.

WLAN band and a duo of “Y”-shaped strips employed within the
circular ring of the radiators is utilized to band-notch targeted
7.15-7.75 GHz for satellite downlink operations in X-band.

To corroborate the proposed MIMO antenna, CST MWS has
been used for simulations. The optimized parameters for the two
element antenna design are W, =36 mm, L;=20 mm, L, =8 mm,
W,=13mm, r=6mm, Wy=18mm, Ly=7.57 mm, R,=6mm,
W,=12mm, W,=8mm, L,=6mm, L; =3 mm, W;=3mm, p=
0.64mm, R,=20mm, R,=37mm, R;=1.0mm, {=0.5mm,
R, =2.0mm, and R; = 3.0 mm.

Antenna design evolution

Firstly, a conventional circular monopole antenna has been chosen
as basic radiating element (antenna-1) with overall size 20 x 18 x
1.6 mm” as shown in Fig. 2(a). The lower edge frequency of this pla-
nar antenna has been derived by using the following equation [14]:

7.2
GHz, (1)

F=—""
L L1+T1+fg

Here, “L,” = 2r and “r;” = r/4 denote length and equivalent radius
(in cm) of conventional equivalent cylindrical monopole antenna
whereas “fg” = 0.157 cm is feed line length from the bottom of cir-
cular patch disc to the rectangular ground plane (Fig. 2(a)). The
value of the lowest resonating frequency “F;” obtained from
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Fig. 1. Configuration and fabricated prototype of
MIMO antenna with proposed PSL.
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Fig. 3. S11/S,, parameter of antenna-1 to antenna-6.

equation (1) is around 5 GHz that matches with simulated results
shown in Fig. 3 but this antenna exhibits poor impedance band-
width of 5-10.7 GHz. Further, the ground plane width of antenna-1
has been extended to create resonance near 3 GHz covering lower
UWB spectrum (Fig. 2(b)). This circular monopole (antenna-2)
exhibits huge impedance bandwidth (with S;; < —10 dB) covering
2.5-11 GHz except impedance mismatch at 4.2-5.2 GHz (see
Fig. 3). To avoid the mismatching, a rectangular disc has been
added to the circular monopole to configure antenna-3 as pre-
sented in Fig. 2(c). Antenna-3 exhibits improved impedance
matching from 4.2 to 5.2 GHz due to changed surface currents
distribution. In the next step, similar hybrid monopole antenna
comprising of circular and rectangular discs has been positioned
9mm away from the first antenna for the MIMO application
(antenna-4). The antenna-4 exhibits good impedance bandwidth
from below 2 to 11.2 GHz as illustrated in Fig. 3 but obtains
extremely poor isolation below 7 GHz as presented in Fig. 4. So,
in order to improve isolation, a PSL consisting of two thin
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Fig. 4. S;,/S,; parameters of the antenna-4 to antenna-6.

metallic strips and a rectangular metal plate has been employed to
connect these antennas. Antenna thus formed (antenna-5) covers
3.5-11.7 GHz range with good isolation above 20 dB till 8.8 GHz
(Fig. 4). However, the isolation value for antenna-5 moves above
the recommended threshold value beyond 9.5 GHz.

To improve the isolation further in 9.5-11.7 GHz range, an
“I”-shaped slot has been cut in PSL to form antenna-6. Along
with “I”’-shaped slot in the PSL, a duo of “Y”-shaped protruded
strips are employed within a circular ring in the radiator; and
an elliptical ESSR has been placed near the feed line of individual
radiating elements to exhibit band notching in WLAN and
X-band applications. This final antenna covers 3.5-11.5 GHz
range with more than 21 dB isolation in the almost entire range
of operation. On comparing the isolation curves from antenna-5
and antenna-6, it has been noticed that at 8.2 GHz both antennae
have isolation of almost 21.8 dB and beyond 8.2 GHz the isolation
of antenna-6 improves to a large extent as compared to
antenna-5. This validates the significant isolation improvement
by utilizing slotted PSL technique in the proposed antenna.

Band notching function

To avoid electromagnetic interference from coexisting WLAN and
X-bands, half-wavelength resonators have been employed having
a total length calculated by equation (2):

L2 total & W (2
notcl )
having
Ere 1 1 Ere — 1 H iz
= 1+12— . 3
Seﬂ ) + ( + Wf) ( )

Here, L3,z toral is the length of employed half-wavelength resonator
for notching targeted center frequency ( f,,o.n) of the desired band;
“c” speed of the light is 3 x 10® m/sec; “H” is thickness of substrate;
“e.¢ and “g,.” are effective and the relative dielectric constants.
Due to compact MIMO antenna dimensions, the targeted band-
notching functions have been achieved through appropriate posi-
tioning of the half-wavelength resonators such that the effect of
the mutual coupling between the resonators in limited space is effi-
ciently reduced. The total length of the single elliptical split-ring
resonator “L.,,” employed for band-notching WLAN band is

»
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Fig. 5. Current distribution in notched frequencies when port 2 is energized:
(a) 5.6 GHz, (b) 7.5 GHz. (Current scale is the same as Fig. 7.)

Loy =2 X 7 X /(Rfc—i—R; )/2 —p—t=1751mm, which is

quite close to 16.3 mm calculated value from equation (2). The
total length for band notching downlink X-band with 7.5 GHz
center frequency, using equation (2), is 12mm. The dimensions
of “Y”-shaped structure in the radiator have been optimized to
get a perimeter of 11.5mm as illustrated in Fig. 1. This validates
the dimensions of “Y”-shaped half-wavelength slot resonator.

Mutual coupling reduction by PSL

The rectangular slotted metal disc in the proposed PSL allows the
flow of decoupling currents through numeral different electrical
path lengths; which cancels out-coupling currents on the surface of
the ground plane. Thus, an effective wideband decoupling phenom-
enon has been achieved. The reported UWB/wideband-MIMO
antennas employing suspended lines in [11, 12] contribute toward
small impedance bandwidths. But proposed PSL supports planar
configuration with huge impedance bandwidth (3.5-11.5 GHz)
due to its specific optimized design structure with “I”-shaped slot
in the center that can be employed in compact systems.

Surface currents distributions

The antenna surface current distribution in the presence of ESSR
and a pair of “Y”-shaped strips is illustrated in Fig. 5 for notched
frequencies at 5.6 and 7.5 GHz, respectively, while port number 2
has been energized and the port number 1 has been matched ter-
minated through load impedance of 50 Q. These employed band-
notching structures modify the capacitive and inductive values of
antenna input impedance and provide additional current paths.
At notched frequencies, oppositely directed currents along these
structures cancel the resultant radiating fields and hence generate
the band-notch functions. The band-notch frequencies and band-
width of the notched bands can be easily controlled by varying
the dimensions of ESSR and adjusting the electromagnetic coup-
ling amid the duo of “Y”-shaped strips employed within the cir-
cular ring of radius R; in Fig. 1 for desired notched bands.

The decoupling performance of the proposed PSL can be studied
intuitively by surface current distribution at various frequencies.
Figure 6 shows the surface current distribution without and with
PSL when port 1 is excited. It is noticeable that the proposed PSL
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portl

Fig. 6. Current distribution with and without wideband suspended line. (Current
scale is the same as Fig. 7.)

has effectively suppressed coupling currents flow from radiator 1/port
1 to radiator 2/port 2 leading to reduced mutual coupling effect.
The fundamental principle of mutual-coupling reduction
through PSL is the field cancellation amid the neighboring ele-
ments which plays a vital role in decoupling the current paths
among the adjacent radiating elements. This field cancellation

617

can be explained by the direction of surface currents on the partial
ground plane, and a central rectangular disc of PSL in between
two radiating elements. These currents are in opposite directions
as seen in Fig. 7(a) at 10 GHz.

So, resultant coupling fields cancel out and this field cancella-
tion by PSL alters the impedance characteristics of the antenna
and mitigates the total flow of surface currents toward co-located
port. This reduces the mutual coupling among antenna elements
hence improves isolation. Additionally, it can be noticed that the
“I”-shaped slot has lead to the high density of decoupling currents
on a rectangular metallic disc of the neutralization line (Fig. 7(b))
resulting in strong decoupling field at higher frequencies.

Experimental results with discussions

Proposed MIMO-antenna has been characterized through Rohde &
Schwarz (ZVA-40) vector network analyzer. The simulated scattering
parameters have been compared with measured values for two ele-
ments MIMO configuration in Fig. 1. Good concurrence is found
amid these results as depicted in Fig. 8 except some discrepancies
owing to fabrication and soldering losses. Measured results depict
that impedance bandwidth for two elements MIMO antenna system
is 8.4 GHz (covering 3.1-11.5 GHz) with >21 dB isolation between
co-located antenna elements in UWB range accompanying band-
notching in 5.45-5.85 GHz of WLAN band and in 7.15-7.95 GHz
for X-band downlink range for satellite communication.

Influences on isolation by proposed PSL

Proposed PSL structure with central metallic rectangular plate with
“I”-shaped slot has been designed by performing parametric analyses
on PSL width “W,,” and slot widths “W},” and “s” through CST MWS.

Fig. 7. The current distributions in ground plane at 10 GHz with port 1 excited (a) without “I”-shaped slot, (b) with “I”-shaped slot.
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Fig. 8. Scattering parameters values for proposed MIMO configuration with band
notching functions.

Results from the analysis have been presented in Fig. 9. From Fig. 9(A)
it is clear that isolation between the ports is the highest for “W,,” =
12mm for the entire operating band; whereas isolation is poor at
higher frequencies for “W,,” =10 mm, and for “W,” = 14 mm, the
isolation values at lower frequencies are not satisfactory. So “W,” =
12 mm has been chosen as optimized width of the PSL.

The “I”-shaped slot is inserted in the PSL to influence the iso-
lation values at higher frequencies due to change in surface cur-
rent distributions as seen in Fig. 6 and Fig. 7(b). Influence of
widths “W},” and “s” has been depicted in Figs 9(b) and 9(c),
respectively. It is noticeable that for “W},” =6 mm, the isolation
values are low beyond 10 GHz. For “W},” = 10 mm, the isolation
curve is poor beyond 8 GHz. Isolation has been further improved
by optimizing and finally choosing “W},” = 8 mm; which gives iso-
lation values >21 dB for desired frequency ranges.

Slot width “s” influences the high-frequency region beyond
8 GHz (Fig. 9(c)). It can be seen that improved isolation has been
obtained for “s”=2mm as compared to “s”=1 or 3 mm which
yield inferior isolation results.

Initially, parametric analysis on several values of “W,;” from 6 to
18 mm has been investigated according to the space available between
the individual antenna elements. After studying and comparing
obtained results, selective values of “W,,” have been distinguished
and presented in Fig. 9(a) to show the influence of “W,,” dimensions
on the isolation. Similarly, the selection of a range of dimensions for
parametric analysis on “W},” and “s” depends on the optimal values
chosen for “W,;” and “W,,”, respectively, which exhibit best isolation
curves within the 3.1-10.6 GHz UWB frequency range.

It has been noticed that for high isolation, the individual antenna
elements are separated by distance “d” =0.093 A, 3; g, mm and
placed on 0.062 Ay 31 Grz X 0.372 Ay 316, mm’ ground plane
(Fig. 1). In the printed planar antennas, the current distribution on
the ground plane plays a significant role in controlling radiation pat-
terns, gain, and improvising impedance matching [15]. So, in order to
investigate the role of antenna physical dimensions for high isolation,
parametric analysis has been performed on the width “W,” of the
ground plane [13]. The dimensions of “W,” have been changed
such that the increase in “W,” further increases the distance “d”
between the individual antennas and vice versa; without affecting
the dimensions of the individual antenna elements. It can be noticed
in Fig. 10 that decreasing “W,” to 32 mm (in terms of operating wave-
length W,=10.33 Ay 31 gr, mm, d =0.05 Xy 3 g, mm) has lead to
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Fig. 9. Effect from the variation of “WV/,,”, “W,”, and “s” on the isolation of MIMO antenna.

poor isolation in lower 3.1-5 GHz UWB frequency region. This is
specifically due to an increase in mutual coupling because of small
distance “d” between the antenna elements. The current distributions
at 3.5 GHz for different dimensions of “W.” have been shown in
Fig. 10 to demonstrate the effectiveness of separation distance “d”.
Increasing “W,” to 40 mm (i.e. Wy =0.41 Ay 31 g, mm, d =0.13
Aat 3.1 gu, mm) has improved isolation in lower 3.1-5 GHz UWB fre-
quency region due to low mutual coupling between antenna elements
owing to large distance “d” between the antenna elements. However,
for the chosen dimension of proposed antenna “W,” =36 mm (i.e.
W,=0.37 Ay 31GH, mm, d=0.09A, 3;cu, mm), the isolation
remains below 21 dB for entire UWB band which is not the case
for “W,”=32mm and “W,” =40 mm. Hence, it can be observed
that specific dimensions of the ground plane results in different iso-
lation values and is an important parameter for the antenna system.

Influence on band notch characteristics by proposed notching
structures

« »

The variation in gap “r” separating the duo of “Y”-shaped band-
notched structure in individual antenna significantly influences
the electromagnetic coupling (Fig. 5(b)) and hence influence the
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Fig. 10. Effect due to the variation of “W,” and “d” on the isolation of MIMO antenna.
(Current scale is the same as Fig. 7.)

« »

notched frequencies values. As “r” is varied from 0.6 to 1.4 mm
(see Fig. 11(a)), the center notched-frequency increases due to
decrease in Lna totar according to equation (2). Small electro-
magnetic gap size when “r”=0.6 mm yields undesirable band-
notching at 6.68-7.07 GHz and a large value of “/”=1.4mm
leads to an undesirable band-notching at 7.53-8.2 GHz higher fre-
quencies band. However, with “r” = 1 mm, required band notch-
ing at 7.15-7.75 GHz has been obtained.

The elliptical radius “R,” of electromagnetic coupled ESSR has been
varied and optimized for desired band notching characteristics as
depicted in Fig. 11(b). When the radius “R,” is varied as 1.85-
2.0 mm; the band notched-frequency decreases with desired band-
notched characteristics obtained at width “R,” =2 mm. The optimum
results are obtained at “R,”=2.0 mm which notches 5.45-5.9 GHz
band.

Radiation patterns

The two-dimensional radiation patterns form MIMO antenna at
port 1 have been plotted in principle xz and yz-planes at various
frequencies in Fig. 12. It is evident from Fig. 12 that radiation
patterns at low frequencies are monopole like, and at a notched
frequency of 7.5 GHz, measured patterns of radiation are not
omni-directional. At higher frequencies, E-plane (here yz-plane)
lobe are spitted and H-plane (here xz-plane) pattern are nearly
omni-directional owing to higher-order modes.

EXPR x Eg, (Q)E*O,, (D)Py(Q)+E b, (O)E* y (Q)P4(Q)d Q
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Fig. 11. Effect due tovariation of (a) “r’ and (b) “R,” on the notched bands of MIMO antenna.

practically ECC values must lie below 0.5 to ensure good
MIMO performance. ECC values have been numerically calcu-
lated for isotropic and Gaussian statistical models using complex
three-dimensional radiation patterns and have been shown in
Fig. 13. An isotropic or uniform wireless channel has uniform
power distributions for incoming waves (i.e. Pg and P ¢ =1/4n)
with unity Cross-Polarization Discriminator (XPR) value [16],
and has been computed using equation (4):

ECC = “[477[}31(0,2(1)) *Ez(ﬁ, ¢)]d9|j |
T80 a0 (0. )

Here E; (6, ¢) represents complex three-dimensional radiated field
pattern from ith antenna. Equation (3) is valid for isotropic wireless
environment. However, considering environmental effects, a more
generalized expression (4) given by Sharawi [16] is used:

(€]

ECC (p,) =

JIFXPR x G, () Py () + Gy, (@) P, () d Q] [IFXPR x Gy, () P () + Gy, () P 4 () d 0] '

MIMO performance analysis

To validate the potential of the proposed antenna configuration
for the MIMO application; attaining low values of Envelope
Correlation Coefficients (ECC) becomes essential. The ECC
value represents the measure of correlation of different communi-
cation channels. However, ideal value of ECC is zero; but
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Here, XPR is the vertically polarized and the horizontally polarized
ratio of radiated field components; P ¢ 4 (Q) signifies the wave dis-
tributions at the particular angular (6, ¢) direction and Gg, , (€2)
represents gain (i.e. Go=Eg () Ep (Q)*). For ECC calculations,
Gaussian power distribution with XPR equal to 1 dB in an outdoor
environment and XPR value of 5 dB for indoor environments [17]
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Fig. 12. Radiation patterns of MIMO element at
port 1.

have been used. For the isotropic environment, the ECC values
have found to lie below 0.1 and the maximum ECC values derived
using equation (5) for the Gaussian outdoor and indoor environ-
ments are 0.19 and 0.15, respectively, which indicate good diversity
characteristics.

Diversity gain (DG) values of the proposed MIMO configur-
ation have been evaluated through ECC values from Fig. 13
using equation (6) and plotted in Fig. 14.

Diversity gain = 10 x /1 — p2. (6)

The obtained diversity gain values for the isotropic environ-
ment are above 9.98 dB. For Gaussian outdoor environment
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(XPR =1 dB) and indoor environment (XPR =5 dB), the diversity
gain values are above 9.91 and 9.92 dB, respectively. However, the
diversity gain values at center band-notched frequency decrease to
9.95 in the isotropic environment, and reduce to 9.83 and 9.89 dB
in the Gaussian outdoor and indoor environment, respectively,
due to band-notching functions.

Figure 15 presents radiation efficiency and measured gain for
the proposed UWB-MIMO antenna. Efficiencies of both radiators
from port 1 and 2 are almost identical. MIMO antenna gain
shows variation from 1.8 to 3 dB.

Figure 16 presents the measured Channel Capacity Loss (CCL)
which determines upper bound on the total rate of information
transmitted efficiently via the communication link. This CCL
has been derived from the measured S-parameters [18] using
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equation (7):
R
CCLloss = - 1082 N’ | (7)

Here, {s® represents 2 x 2 correlation matrix.

Elements of $® are calculated from fs; = (1 -|S;;|*~[S;|*) and
‘l’ij = _(S?;' Sij + SjiSjj)’

with i and j=1 or 2.

The value of capacity loss should be below the threshold value
of 0.4 bits/s/Hz. Obtained measured values of the CCL are below
0.27 bits/s/Hz in whole UWB band, except in notched frequency
bands where CCL value is quite high.

Table 1 draws attention toward uniqueness in this work by
comparing proposed MIMO-antenna performances and the refer-
ences. The proposed antenna is quite compact than antennas
mentioned in [1, 2, 4-8, 10, 11, 17] and has better isolation
than antennas discussed in [1-5, 9, 10, 17]. Moreover, the pro-
posed antenna covers the entire UWB range but antennas in
[1, 10, 11] cover only a small part of the UWB region. Proposed
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Fig. 16. Channel Capacity Loss versus frequency plot.

MIMO-antenna achieves dual band-notching characteristics
whereas band-notching property is reported in few references
[2, 5, 17] only and rest other reported works are prone to electro-
magnetic interferences from co-located narrowband applications.
Also, the suggested antenna configuration with PSL covers huge
bandwidth than other reported suspended line employed
UWB-MIMO configurations in [11, 12].

Conclusions

A new compact UWB-MIMO antenna exhibiting high isolation
due to a modified PSL and dual band-notched characteristics
has been proposed. Band notching has been obtained for
WLAN band due to ESSR placed near feed lines and for
X-band satellite downlink operations due to the duo of
“Y”-shaped strips employed in radiators. To the best of our infor-
mation, this antenna achieves the largest impedance bandwidth
among all the UWB/wideband-MIMO antennas in literature
employing suspended line techniques. Measured efficiency,
ECC, DG, and CCL reflect that proposed PSL technique is
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Table 1. Comparison with other UWB-MIMO antenna designs.

Kirti Vyas and Rajendra Prasad Yadav

Occupied Bandwidth Notched bands Isolation
Ref. area (mm?) (GHz) (GHz) (dB) Isolation mechanism ECC
This 20 %36 3.1-115 WLAN and Satellite >21 Planar suspended line <0.19 (far-field
work downlink in X-band radiation patterns)
1 60 x 50 3-6 - >15 EBG structure <0.5(far-field
radiation patterns)
2 35x35 3-12 WLAN >20 Polarization diversity 0.5 (S-parameters)
3 26 %26 3.1-10.6 - >15 Slots in radiator and metallic -
patch at back
4 28.5%28.5 2.66-11.08 - >15 Slots and stub in ground plane <0.01 (S-parameters)
5 35x30 3-10.6 WiMAX and WLAN >20 Slots and stub in ground plane <0.015
(S-parameters)
6 55x 35 2.74-12.33 - >26 Stub in ground plane <0.025
(S-parameters)
7 35x25 3-11 >25 Fence type decoupling structure <0.004
and parasitic branches (S-parameters)
8 93 x 47 3.1-10.6 >31 Planar decoupling structure -29 dB (S-parameters)
9 22x24.3 3-10.6 - >15 Slot in radiator and; a ground < 0.42 (far-field
connected stub placed between radiation patterns)
radiators
10 50 x 40 4.183-6.584 - >17 Bi-planar antenna Structure <0.0568 (far-field
radiation patterns)
11 35x%x16 3.1-5 - >22 Planar neutralization line < 0.1 (far-field
radiation patterns)
15 40 %20 3-11 On demand WiMaX >15 Multi-branch stub connected to < 0.3 (far-field
or WLAN ground plane radiation patterns)
practical for effectively reducing mutual-coupling effect in the 8. Radhi AH, Nilavalan R, Wang Y, Al-Raweshidy HS, Eltokhy AA and

UWB-MIMO antenna systems.
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