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Abstract

A printed ultra-wideband (UWB) multiple input multiple output antenna with isolation
enhancement and pattern diversity is presented, which is based on characteristic modes
(CM) for upcoming wireless mobile platforms. The presented antenna is composed of
dual UWB antenna elements (AEs) – an antipodal Vivaldi and a circular-shaped monopole
positioned on the two opposite edges of the antenna’s rectangular-shaped ground surface.
The two AEs are capable to stimulate distinct modes in the ground surface and therefore
obtaining the required distinct radiation (far-field) patterns and highly isolated AEs with-
out introducing any decoupling structure (DS). The measured results demonstrate that
both AEs are UWB with an operating frequency from 2.6 to 11 GHz. The measured isola-
tion is more than 30.1 dB with a maximum value of 55 dB in UWB. The peak realized gain
is over 0.83 dBi. The radiation efficiency is greater than 75%. The Envelope Correlation
Coefficient is <0.08.

Introduction

The future mobile access technology needs high spectral efficiency and wide channel capacity
[1–3], which can be fulfilled by incorporating wide bandwidth and MIMO technology in 5 G
mobile terminals. Therefore, an ultra-wideband (UWB) multiple input multiple output
(MIMO) antenna is designed for mobile devices. In MIMO antennas, pattern diversity is uti-
lized to exploit multipath fading. Pattern diversity comprises at least two neighboring antennas
with various radiation patterns. This diversity utilizes directional antennas, which are generally
physically isolated by a short gap [4]. Antennas with various radiation patterns are utilized in
the pattern diversity strategy. These two distinct kinds of antennas will encounter uncorrelated
fading and henceforth this diversity idea is taken advantage of to recuperate the communicated
data at receiving end. To accomplish great performance under this plan, antennas should be
set nearer. For instance, cell phones have double antennas such as microstrip and dipole
antennas [5]. Pattern diversity further develops the unwavering quality of a message signal
by utilizing at least two communication channels with various attributes. The pattern diversity
likewise assumes an indispensable part in removing fading, co-channel interference, and keep-
ing away from error bursts [6].

In the last few years, the MIMO antenna is designed with different AE arrangements
such as orthogonal, parallel, 180° rotation, etc. to enhance isolation. To further increase
the isolation, in each arrangement, different types of decoupling techniques (DT) are
used as shown in Table 1 such as parasitic element, orthogonal position, 180° rotation,
decoupling structure (DS), defected ground structure (DGS), metamaterial, neutralization
line (NL) and carbon black film, etc. The description, limitation, and highest isolation of
each DT are also mentioned in Table 1. Based on Table 1, it is clear that each DT has its
limitation/s and the highest isolation provided by these DTs is 25 dB. However, for applica-
tions such as mobile terminals and future wireless communications, there is a need for
isolation of more than 25 dB.

As of late, the new concept of utilizing the CM for exciting distinct modes has been pro-
posed to achieve distinct radiation patterns and high isolation in MIMO antenna with no
extra DS [22–24]. This new strategy can be stretched out to construct a UWB MIMO
antenna. It has been suggested that the same CM is not shared by the two AEs at two
edges of the ground surface [22]. Because the two AEs do not share the same CM on
the ground surface, they are isolated easily with distinct patterns and low mutual coupling.
But, a mobile antenna requires excitation of the ground surface successfully for optimizing
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the performance of the antenna. The above-mentioned design
concept for the MIMO antenna can be improved by designing
the two AEs for stimulating distinct CM on the ground surface.
Furthermore, in place of half-loop AE, antipodal Vivaldi AE
(AE1) is used. Additionally, circular monopole AE is also utilized
(AE2). Both AEs are wideband antennas and useful for obtaining
the UWB frequency range.

This research paper presented a printed UWB MIMO mobile
antenna explained with the help of CM. The dual distinct AEs
are kept on the opposite edges of the antenna’s rectangular-
shaped ground surface. The two AEs have dissimilar current
distributions, which results in the excitation of dissimilar CM.
The two AEs refer to as magnetic and electric sources. Thus
exciting two orthogonal CM. The distinct CM can produce
the required isolation and distinct radiation patterns. Like
this, the same concept of CM has been used in the presented
UWB MIMO antenna. The tested results verify that the

presented technique operates well for the UWB MIMO mobile
antenna.

Construction of presented antenna

The MIMO antenna is designed by placing the ground surfaces of
two AEs (AE 1 and AE 2) at the opposite edges of the rectangular
structure of size 10 × 42 mm2 [25]. The AE1 is the antipodal
Vivaldi antenna and AE 2 is the circular monopole antenna.
The complete simulated and fabricated structures of the designed
antenna are displayed in Figs 1(a) and 1(b), respectively. The
MIMO antenna is designed on an FR4 dielectric substrate with
a dielectric constant of 4.4, the height of substrate of 1.4 mm,
and a loss tangent of 0.02. The complete chip size of the presented
MIMO antenna is 100.16 × 42 mm2.

The individual design of AEs are displayed in Figs 2(a) and
2(b), respectively with the Sii plot in Fig. 2(c). Additionally, the

Fig. 1. (a) Structure and dimensions (in mm) of the pre-
sented antenna and (b) fabricated antenna with front
and back view.

Table 1. Different types of decoupling techniques

DT Description Limitation

Highest
isolation
(dB)

Parasitic element [7] Conducting structure is placed between antenna
elements, which act as a reflector and is not
connected to ground

There is no common ground, which is required to
have the same voltage level and preferred for the
practical purpose

25

Orthogonal position [8] Antenna elements are positioned orthogonally Unable to suppress coupling effect in the lower
frequency as compared to the higher frequency

20.6

180° Rotation [9, 10] Antenna elements are positioned at 180°
concerning each other

Does not improve the isolation and pattern
diversity so much.

20.2

Decoupling structure [9, 11–16] Conducting structure attached to the ground High level of cross-polarized radiation patterns 21

Defected ground structure [17, 18] Introducing various slits/slots in the ground
surface is usually utilized profiting from the mix
of capacitance and inductance

Slits/slots in the ground surface are not
preferable for housing and increasing fabrication
complexity

25

Metamaterial [19] Metamaterial is organized between dual
electromagnetically coupled patches to remove
the surface wave coupling

It makes the system complex 16

Neutralization line [20] Conducting structure connected to the feeding
lines

Occupies additional space and is suitable for
narrowband operation

22

Carbon black film [21] Absorbs the interference between two or more
antenna elements

Distort the radiation patterns 15
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dimensions of all the variables of both AEs are shown in Table 2.
In the AE1, dual exponentially tapered symmetric patches are
designed on the back and front sides of the substrate with micro-
strip transmission line feeding. The inner and outer edge tapers of
the AE1 are referred as

xi = +Cs.exp(ksy)+ (Cs + 0.5Cw) (1)

xo = +Cw.exp(kwy
sf )+ (Cs + 0.5Cw) (2)

where xo and xi represent the gaps from the slot centerline to the
outer and inner edges, respectively [26]. The Cs determine slot
width at the feeding interface and ks determine the rate by
which the slot opens. The xo is the function of coefficients of
outer edge taper such as Cw, kw, and sf. The design equation of
AE1 is shown below equation (3):

frL(GHz) = c

2 L1

�������
1r + 1

2

√ (3)

here, frL is a lower resonance frequency in (GHz). When the
value of L1 in mm and εr are put in equation (3), frL = 3.26

GHz (calculated), which is almost matched with the simulated
value (3.2 GHz).

In AE2, a circular monopole antenna with microstrip line
feeding is designed on the front side of the substrate. The design
equation of AE2 is given by the following equation [27]:

frL (GHz) = 14.4
LG + D+ G+ (1/2p

���
1r

√
)((AG/LG)+ (AP/D))

(4)

where, LG = Length of the ground surface, D = Diameter of the
circle, G = Distance between patch and ground surface, AG =
Area of the ground plane, AP = Area of the circular patch, and
εr = Dielectric constant of the substrate. Note that all dimen-
sions of AE2 are in cm for calculating frL in (GHz). By putting
the values of the variable in the formula (4), frL = 3.212 GHz
(calculated), which is almost equal to the simulated value of
3.2 GHz.

As presented in Fig. 3, three cases of the presented antenna are
compared. In the first case, both antenna elements are antipodal
Vivaldi antennas and in the second case, both antenna elements
are circular monopole antennas, and the third case is proposed
MIMO antenna with AE1 and AE2, which are oriented in 180°
direction with a spacing of 10 mm. It is concluded that in all

Fig. 2. Structure of (a) Antipodal Vivaldi antenna (AE1), (b) Circular monopole antenna (AE2), and (c) S11 of AE1 and AE2.
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cases UWB bandwidth is achieved with better impedance match-
ing and isolation of the proposed MIMO antenna higher than in
the other two cases as presented in Table 3. Also, the peak value
of ECC is the lowest in the proposed MIMO antenna case
(Table 3).

Figure 4(a) displays the equivalent circuit model of the pre-
sented AEs and MIMO antenna. This circuit is designed by
examining the s-parameter Sii of the antenna using the circuit
simulator of HFSS. By attaining the s-parameter, the overall cir-
cuit has been changed to indicate the properties of the antenna.
The patch is represented by a parallel RLC circuit and the probe
inductance is represented by a series inductor. The presented
antenna is lossy because of the use of resistors in an equivalent

Fig. 3. (a) Structure of three cases of MIMO antenna, (b)
Sii, (c) Isolation, and (d) ECC.

Table 3. Comparison between three cases of MIMO antenna

Antenna type Bandwidth (GHz)
Isolation
(dB)

Max.
ECC

Both AE1 3–11 (−11.7 dB) >23.2 0.043

Both AE2 3–10.9 (−11.5 dB) >21.5 0.050

AE1 + AE2
(Proposed)

3–11 (−12.2 dB)
(AE1)
3–10.8 (−11.3 dB)
(AE2)

>30.7 0.004

Table 2. Values of the various parameters of AE1 and AE2

Antipodal Vivaldi antenna (AE1) Circular monopole antenna (AE2)

Parameter Value (in mm) Parameter Value (in mm) Parameter Value (in mm)

Cs 0.1 LGV 7.6 LM 50

Cw 1.5 WGV 35.56 WM 42

Ks 0.16 L1 28 LF 20.3

Kw 0.01 L2 15.8 WF 2.6

Sf 2 W1 3.5 LG 20

LV 40.16 WFV 2 D 20

WV 42.56 G 0.3
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circuit and also both ports are fed with a lossy transmission line,
which is implemented with a resistively loaded microstrip line
[28]. As shown in Fig. 4(a) all microwave ports are terminated
with a 50Ω load impedance and all other resistors are equal
to 50Ω. The structure of step discontinuity is modeled as a
T-structure containing two inductors and a capacitor. The 10mm
gap can be modeled as a group of R-L-C, which is placed in the
middle of AE circuits. The starting values of the resistors, capacitors,
and inductors are obtained from the references [29, 30] and to
obtain the desired bandwidth, these values are optimized. The
equivalent circuit reflection coefficients are almost identical to simu-
lated reflection coefficients as shown in Fig. 4(b).

Characteristic modes (CM) analysis

The CM analysis is carried out using an integral equation solver of
CST Studio Suite. The antenna structure should be a perfect elec-
tric conductor (PEC) with 0 mm height on account of the impe-
diments of the integral equation solver and the layer of the

substrate should be eliminated for the benefit of MoM computing.
The characteristic angle (CA) is used to check whether the PEC
structure radiates efficiently or not and modal significance (MS)
is used to evaluate the contribution of each mode in the total elec-
tromagnetic. Both can be measured using the following expres-
sions [31]

MS = 1
1+ jln

∣∣∣∣
∣∣∣∣ (5)

CA = 180◦−tan−1ln (6)

where λn is the Eigen values, and n is the order index of each
mode.

The predicted CAs of the presented AE 1 and AE 2 are pre-
sented in Figs 5(a) and 5(b), respectively. The four CM of the
AE1 resonates at 6.7, 7.6, 3.7 and 8.7 GHz, while the four CM

Fig. 4. (a) Equivalent circuit diagram of AEs and MIMO antenna and (b) Sii of equivalent circuit and simulated MIMO antenna.
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of the AE2 resonate at 6.9, 8, 9.7 and 3.2 GHz. The equivalent
modal significances (MSs) of the four CM of the AE 1 and AE
2 are displayed in Figs 5(c) and 5(d), which shows that the
MSs curves of AE 1 are sharper than AE 2, therefore, the
four CM of AE 1 have narrower bandwidth than AE 2. This
fact can be clarified by seeing their quality (Q) factors. AE 1
has high Q-factors than AE 2 resulting in narrower bandwidth
[32]. The bandwidth of AE 2 (3 to 10.3 GHz) is larger than AE
1 (3 to 9.5 GHz) when simulated separately (Fig. 2(c)). With a
high Q-factor, impedance matching of a small electrical size
antenna gets deteriorated, when its impedance bandwidth,
resonance frequency, and radiation efficiency are constant
[32]. The current distribution of all modes of the AE 1 and
AE 2 is shown in Fig. 6. In AE1, the main current of Mode
1 has the same orientation in the feeding line and tapered
patch. In Mode 2, the main current inverts its orientation at
the ground taper. The main current of Mode 3 has the same
orientation in the ground taper, and the current flows from
right to left in the rectangular ground (connected to the
taper). In Mode 4, the main current reverses its direction at
the feeding point and after starting the taper. In AE2, the
main current of Mode 1 flows in the loop (anti-clockwise)
in the circular monopole patch, and single direction on the
ground from right to left. The main currents of Mode 2
have an upward direction and the main direction of Mode 4
has a downward direction. In Mode 3, the main current
flows in an anti-clockwise direction in the ground surface
and circular monopole.

CM analysis of presented antenna

To disclose the process of obtaining the distinctive radiation pat-
terns in the designed antenna, the connection between the AEs
and the ground plane is investigated. For instance, the most sig-
nificant CMs of both AE1 and AE2 are chosen, which are excited
around 6.8 GHz as presented in Figs 5(a) and 5(b). Thus, CM
analysis emphasizes 6.8 GHz. The MSs of the antenna’s ground
surface of the MIMO antenna are portrayed in Fig. 5(e), which
indicates that Mode 1 and Mode 3 of the ground surface are
excited around 6.8 GHz.

Figure 7 shows the electric fields, magnetic fields, surface
current distributions, and far-field patterns of the antenna’s

Fig. 5. (a) Characteristic angles of AE 1, (b) Characteristic angles of AE 2, (c) Modal
significances of AE 1 (d) Modal significance of AE 2, and (e) Modal significance of
MIMO antenna.

Fig. 6. The current distribution of all modes of AE 1 and AE 2.
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Fig. 7. Predicted electric fields, magnetic fields, surface
current distribution, and far-field patterns of the
antenna’s ground surface at 6.8 GHz of Mode 1 and
Mode 3.
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ground surface at 6.8 GHz. Mode 1 has strong electric fields
and nulls of magnetic fields and Mode 3 has nulls of electric
fields and strong magnetic-field around the place of AEs
(Fig. 7). As displayed in surface current distribution, there is
strong current distribution around AE1 in Mode 1 and AE2
in Mode 3. Consequently, AE1 excites Mode1 and AE2 excites
the Mode3 of the ground surface. Furthermore as displayed in
Fig. 5, the radial current exuding from AE1 at 6.9 GHz infers
that AE1 acts as an electric source, which implies that the
AE mainly stores electric energy. When an electric source is
appropriately located at the strong electric-field location of a
CM, it excites the CM successfully [22]. Thus, AE1 can excite
Mode1 of the ground surface successfully. Interestingly, the
current of AE2 structures a loop at 6.7 GHz. On such an occa-
sion, AE2 refer to as a magnetic source, which implies that the
AE mainly stores magnetic energy. When a magnetic source is
appropriately located at the strong magnetic-field location of a
CM, it can energize the CM efficiently [22]. In like manner,
AE2 excites Mode 3 of the ground surface successfully. The
far-field radiation patterns of Mode 1 and Mode 3 of the
ground surface are introduced in Fig. 7. The bidirectional pat-
tern of Mode 1 has its greatest radiation along the 180° direc-
tion, while the bidirectional pattern of Mode 3 has its most
extreme radiation along the 90° direction. The two radiation
patterns have practically a similar shape with orthogonal direc-
tion. It is derived from this that the two patterns are orthog-
onal to one another.

Results and discussion

The measurement of s-parameters of the presented antenna is
tested using Vector Network Analyser and the measurement of
far-field patterns is done in an anechoic chamber as displayed
in Fig. 8.

Both simulated and measured results are almost identical.
The measured operating bandwidth of AE1 is from 2.57 GHz
to >20 GHz as illustrated in Fig. 9(a) with measured
peak gain from 0.83 to 6.4 dB within the bandwidth of 3 to
20 GHz. The experimental operating bandwidth of AE2 is
from 2.23 GHz to 11.09 GHz with a slight mismatch around
7.5 GHz and the measured peak gain of AE2 is from 0.86 dB
to 6 dB within the bandwidth 3 to 20 GHz as presented in
Fig. 9(b). The reasons for the slight variations in simulated
and experimental s-parameters and gain are fabrication toler-
ance, material loss, and connector loss. The presented MIMO
antenna has isolation>30.1 dB with a bandwidth from 2.82
GHz to 14.5 GHz, as presented in Fig. 9(c). The presented

antenna shows radiation efficiency of over 75% in the UWB
range, as demonstrated in Fig. 9(d). The envelope correlation
coefficient (ECC) is the essential factor to predict the MIMO/
diversity performance. It determines how much the radiation
patterns of AEs are differing. The ECC is <0.08 from 1.54
GHz to >20 GHz as presented in Fig. 9(e), which is calculated
using S-parameters [7].

ECC =
��
[Fi
�

(u, f)]dV
∣∣∣ ∣∣∣2

�� |Fi�(u, f)|
2
dV.

�� |Fj�(u, f)|
2
dV

(7)

where Fi
�

and Fj
�

are the ith and jth antenna radiated fields.

Fig. 8. Measurement setup (a) VNA setup for S11 and S21
measurement, (b) Anechoic chamber setup for radiation
pattern measurement.

Fig. 9. MIMO Antenna results: (a) S-parameters and peak gain of AE1, (b)
S-parameters and peak gain of AE2, (c) Isolation between AE1 and AE2, (d)
Radiation efficiency, and (e) ECC.
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As shown in Fig. 10, when port 1 is energized, an almost
omnidirectional shape radiation pattern is attained in E-plane,
and a bidirectional shape radiation pattern is achieved in
H-plane. However, when port 2 is excited, a bidirectional shape

radiation pattern is obtained in E-plane and an almost omnidir-
ectional shape radiation pattern in H-plane. Because of this
swapping of the shape of the radiation patterns, high isolation
is obtained and very low ECC is achieved. As shown in

Fig. 10. Radiation patterns when Port1 and Port 2 are energized at (a) 3 GHz,(b) 5 GHz,(c) 7 GHz, and (d) 9 GHz.
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Fig. 11, 7 GHz indicates approximately a second-order har-
monic, and a more complex current pattern is generated at
9 GHz, as compared to the third-order harmonic. Therefore,
because of the generation of higher-order modes at higher fre-
quencies, cross-polarization increases. The maximum accept-
able limit of cross-polarization is −15 dB for practical

purposes. The cross-polarized patterns in H-plane are almost
comparable to the acceptable limits.

In Table 4, the performance of the proposed antenna is com-
pared with recently reported UWB MIMO antennas with two
AEs. The highest isolation is obtained by the proposed antenna
using excitation of different modes in the ground surface
shared by antipodal Vivaldi and circular monopole AEs as
compared to other recently reported antennas. In reference
[30], the same concept of exciting different CM in the ground
surface is used for pattern diversity and isolation increment.
However, this antenna is not applicable for UWB applications
because complete UWB bandwidth is not achieved by both
AEs. Also, the isolation of this antenna is lower than the pre-
sented antenna.

Conclusion

A printed UWB MIMO antenna with improved isolation and
distinct (far-field) patterns is designed, which is explained
using CM. The designed dual AEs stimulate different CM
over the working frequency band, therefore obtaining high iso-
lation without DS requirement and distinct far-field radiation
patterns. The measured results verify that both AEs work
from 2.6 GHz to 11 GHz. The isolation is >30.1 dB in UWB.
The peak realized gain is more than 0.83 dBi. The radiation effi-
ciency is above 75%. The ECC is below 0.08. The presented
antenna has an appropriate design for emerging mobile
terminals.

Fig. 11. Surface current distribution at (a) 7 GHz and (b) 9 GHz.

Table 4. Comparison between the presented antenna and other two-port UWB MIMO antennas.

Ref.
Bandwidth

(GHz) Isolation (dB) Peak Gain (dB) ECC Method
Antenna

organization

[8] 2.26–20 >20.6 4.8 0.001 Without DT Orthogonal

[9] 1.7–14 >20.2 0.4–4.8 0.09 DS 180° Rotation

[10] 3.1–10.6 >20 Not Mentioned 0.003 Without DT 180° Rotation

[7] 2.95–15.65 >25 1.2–6.8 0.04 Parasitic Elements Parallel

[11] 3.06–13.41 >17.07 2–6 0.05 DS Parallel

[12] 1.83–13.82 >21 4–7.48 0.039 DS Parallel

[13] 4–10 >20 0–4 0.016 DS Parallel

[14] 2.44–10.64 >15 Not Mentioned Not
Mentioned

DS Parallel

[15] 3–13 >15 7 0.5 DS Parallel

[17] 2–20 >25 0–7 0.05 DGS Parallel

[18] 3.9–11.5 >15 Not Mentioned 0.04 DGS Parallel

[19] 3.2–12 >16 Not Mentioned Not
Mentioned

Metamaterial Frequency Selective
Surface (FSS)

Parallel

[20] 3.5–11 >22 2.91 0.084 Neutralization Line Parallel

[21] 2.5–11 >15 4.6 0.01 Carbon Black Film Parallel

[25] 2–9.5 (both
AEs)

>20 6 0.03 Different CM Opposite edges

This
work

2.6–11 (both
AEs)

>30.1 (in
UWB)

6.4 (AE1), 6
(AE2)

0.08 Different CM Opposite edges
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