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Abstract: A compact two-port diversity antenna is proposed and experimentally investigated. One of the ports is
connected to a microstrip feed, whereas the other port to a coplanar waveguide feed. The radiating elements are semi-
circular disc-shaped monopoles rotated around their centres. By shaping the common ground plane, ultra-wide
impedance bandwidth is achieved. The measured bandwidths are 2–12 GHz at port 1 and 2.3–10.2 GHz at port 2. To
obtain good isolation between the ports, a slant inverted tree-shaped structure is attached at the corner of the ground
plane. The measured isolation is about 20 dB throughout the band. The antenna has omni-directional radiation patterns
with a moderate peak gain of 2–7 dBi. To evaluate the diversity performance, the envelope correlation coefficient,
diversity gain and capacity loss are calculated. A modified design with impedance bandwidth at port 2 extending
beyond 11 GHz is also presented. The proposed diversity antenna is an attractive candidate to provide polarisation
diversity and enhance channel capacity in a rich scattering environment.

1 Introduction

In recent years, a tremendous growth was witnessed in wireless
communication technology. The wireless systems have a demand
for high data-rate transmission with good signal quality that can be
achieved with multiple-input–multiple-output antennas. Multiple
antenna technology implements several antennas at the transmitter
and receiver end of the wireless system to increase channel
capacity. It also helps in reducing the signal fading in a multi-path
environment and co-channel interference and thus improves the
quality of the received signal. Diversity schemes can be realised in
five different forms, namely: spatial, temporal, polarisation,
frequency and pattern. When multiple antennas are placed closely
to each other, for example, in a mobile platform, the problem of
mutual coupling/isolation arises which is of prime importance.
Hence, it is a challenge to design compact antennas with low
mutual coupling.

Some of the recently proposed two-port antennas for diversity
applications and with ultra-wide impedance bandwidth are
shown in [1–12]. In these antennas, the basic arrangement consists
of two radiating elements placed physically apart either
side-by-side [1–6] or at right angles to each other [7–12]. While
the former is used for pattern diversity, the latter is used for
polarisation diversity. When they are placed side-by-side, the
radiating elements are usually mirror images of each other which
become more evident when they are not symmetric with respect to
the feed line [3–6].

Among the two-port antennas where the elements are placed
side-by-side, the isolation is usually provided by means of a
metallic stub placed between the two. This stub acts as a reflector
and reduces the coupling between the elements. In [1], the stub is
inverted Y shaped and provides an isolation of about 15 dB for the
antenna which has an impedance bandwidth from 3.2 to 10.6 GHz.
A slightly larger antenna with a lower starting frequency (2.27 GHz)
is described in [3]. Here, three stubs are placed between the
Y-shaped radiating elements to provide a good isolation above 20 dB.
A compact antenna covering the ultra-wideband (UWB) from 3.1
to 10.6 GHz is proposed in [4] and a T-shaped reflector is used to
control the isolation to 15 dB. The radiating elements are square

monopoles. Among the self-complementary monopoles [4–6],
Roshna et al. [4] describes the use of a long metallic strip reflector
to improve the isolation to more than 20 dB, [5] uses a tree-like
structure, whereas in [6] a rectangular slot is cut in the ground
plane. The isolation achieved in [5, 6] is more than 15 dB.

In the quadrature arrangement [7–12] the radiating elements can
be simply rotated and placed side-by-side as in [7, 8] or one of
them can be shifted upwards to achieve diagonal symmetry [9–12]
which also brings the phase centres of the two ports closer to each
other and nearer to the geometric centre of the antenna. The latter
technique also ensures similarity in the two reflection coefficients.
The isolating device used in [7] consists of two long metallic stubs
protruding upwards from the ground plane and a short slit in the
ground plane. The isolation achieved is 15 dB. In [8], only a slit in
the ground is used to achieve the same amount of isolation for the
antenna which is also more compact. When the radiating elements
are placed in diagonal symmetry, the isolator invariably used is a
cross-stub protruding from the ground plane to lie between the
elements. Such an arrangement is not of advantage in case of [7,
8]. The isolating element in case of [9] is of stepped rectangular
shape, in case of [10] has a fence shape, uses a cross-shape in [11]
and a simple rectangular stub in [12]. The isolation achieved in all
the cases is about 15 dB. A detailed comparison of the antennas
[1–12] is presented in Table 1.

The antenna proposed comprises of two tilted semi-circular
monopoles placed orthogonally and in a diagonally symmetric
arrangement. One of the monopoles is microstrip fed, whereas the
other is coplanar waveguide (CPW) fed. The impedance
bandwidth obtained is from 2.3 to 10.2 GHz. The reflecting device
used is a tree-shaped structure which gives about 20 dB isolation.
In the following sections, the antenna physical details are provided
followed by simulated and experimental results, parametric studies
and performance analysis.

2 Antenna geometry

Fig. 1a shows the physical details of the proposed antenna, whereas
Fig. 1b shows a photograph of the fabricated prototype. The antenna
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is printed on both sides of a 40 mm × 40 mm flame retardant (FR-4)
substrate having thickness of 1.6 mm, relative permittivity (εr) of 4.4
and loss tangent of 0.025. The radiating elements are semi-circular
disc-shaped monopoles of radius ‘r1’ millimetres. A circular
geometry ensures multiple modes giving wider bandwidth and
reduced mutual coupling [13], whereas the semi-circular structure
is used to optimise space. The discs are rotated around their
centres and make an angle of θ = 65° with the vertical. One of the
discs is microstrip fed, whereas the other is CPW fed. This is done
to combine the advantages of CPW feeding (such as less
dispersion) and microstrip feeding (more design freedom).
Moreover, it improves the isolation as shown in Fig. 2d. One half
of the ground plane on the CPW side is triangular shaped with a
blended upper corner. Similarly, half of the ground plane on the
microstrip side is made trapezoidal. A small U-shaped slit is
etched from the ground plane under the microstrip feed. An
inverted tree-shaped metallic structure rotated by 45° and erected
at the corner of the ground plane provides the isolation. The
different sections of the tree have lengths given by ‘j’, ‘k’ and ‘m’.
Each strip has a width of 1 mm and the strips of the middle and
lower sections are separated by 0.5 mm. Furthermore, the strip ‘q’
is rotated by 20° with respect to the central limb. A
short-circuiting strip is placed at a height of ‘m’ millimetres from
the base of the tree. The different parameter values are listed in
Table 2.

3 Simulated and measured S-parameters

The S-parameters of the antenna are measured using a vector network
analyser (R & S ZVA-40) and compared with the simulated values in
Figs. 2a–c. It is seen from the figures that the measured impedance
bandwidth at port 1 is 2–12 GHz, whereas at port 2 is 2.3–10.2 GHz.
The measured isolation between the ports is about 20 dB
throughout the band as seen in Fig. 2c. A good agreement is noted
between the simulated and measured results. In Fig. 2d, a
comparison is made of coupling of the proposed antenna with the
coupling that would have resulted if both the semi-circular discs
have been CPW fed. It is seen that isolation is improved
(particularly over 4–6 GHz) under hybrid feeding, that is, when
the two feed lines are printed on the opposite sides of the substrate.

4 Evolution of diversity antenna with inverted
tree-shaped stub

The various stages in the antenna design evolution and the
performance optimisation achieved is illustrated by means of
S21, S11 and S22 curves in Fig. 3. The starting point of the
antenna design is an antenna almost similar in structure to that
shown in Fig. 1 but without the tree-shaped stub for isolation.
Instead, for achieving isolation, a cross-shaped slot is cut in the
ground plane at the corner. The S-parameter for this design is
shown by line with star in Fig. 3. The impedance bandwidth is
from 2.5 to 11.2 GHz for port 1 and 2.4 to 10.8 GHz for port
2. The isolation is better than 15 dB over the lower frequencies
(2–6 GHz) and better than 20 dB over the upper frequencies (6–
10 GHz). A dip in S11 and S22 is also observed near 1 GHz
which can be said to be due to the common ground plane.

When a single slant stub is added and the cross-shaped slot stub at
the corner and the semi-circular cut are removed, the isolation
reaches 20 dB over most of the band (dashed line). As far as S11/
S22 are concerned, there is some deterioration over the middle
frequencies. Moreover, the first resonance near 1 GHz shifts to the
upper side. The isolation is further improved with the addition of
the stubs forming the base of the tree (dotted line). However,
during these changes, the return losses decrease near 4 and 6 GHz.
To bring the S11 under –10 dB, additional slant stubs are attached
at the base (dashed dotted line) and finally in the last stage a
cross-stub is added shorting the lines (solid line). With this, good
return loss characteristics along with isolation about 20 dB is
obtained. This role of the tree-shaped stub is more evident from
the comparison of current distribution plots of antennas with and
without the tree-shaped stub shown in Fig. 3d. When the
tree-shaped reflector is added to the structure, much of the current
gets induced on it and less current is seen at the other port.

5 Parametric studies

In this section, results of some of the parametric studies carried out to
assess the sensitivity of the antenna performance due to the various
structural parameters are presented.

Table 1 Comparison of the references; l0 – free space wavelength at the lowest operating frequency

Reference no. Actual size, mm2 Electrical size, l0
2 Bandwidth, GHz Isolation, dB Isolation technique used

[1] 40 × 68 1.28 × 0.72 3.2–10.6 15 Y-shaped stub
[2] 80 × 60 0.6 × 0.44 2.27–10.2 20 three rectangular stubs
[3] 22 × 36 0.23 × 0.37 3.1–10.6 15 T-shaped strip
[4] 25 × 30 0.26 × 0.31 3.1–10.6 20 long metallic strip
[5] 35 × 40 0.36 × 0.4 3.1–10.6 16 tree-shaped stub
[6] 21 × 38 0.21 × 0.39 3.1–10.6 15 rectangular slot in ground
[7] 26 × 40 0.26 × 0.4 3.1–10.6 15 long stub and slit in ground
[8] 32 × 32 0.33 × 0.33 3.1–10.6 15 slit in ground
[9] 48 × 48 0.37 × 0.37 2.3–11 15 stepped rectangular stub
[10] 43.5 × 43.5 0.45 × 0.45 3.1–10.6 15 fence-shaped stub
[11] 58 × 58 0.54 × 0.54 2.8–11 14 cross-shaped metallic strip
[12] 50 × 50 0.46 × 0.46 2.7–10.75 15 rectangular strip
proposed 40 × 40 0.31 × 0.31 2.3–10.8 20 tree-shaped stub

Fig. 1 Proposed Antenna

a Geometry of the top and bottom sides
b Fabricated prototype
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5.1 Angle of inclination of semi-circular disc

At first, the angle which the semi-circular disc makes with the
vertical, denoted by θ (theta) in Fig. 1 is varied and the effect on
return loss and isolation is seen. As the angle is reduced (the
discs are made more vertical), return loss increases near 6 GHz
for port 1 and near 5 GHz for port 2. Hence, the value of the
angle is optimised to 65° as shown in Fig. 4a. Very little effect
on the isolation is seen due to the angle change although a slight
decrease in isolation is noted near 8 GHz for a reduction in the
angle.

5.2 Ground optimisation on the CPW side

The next parameter studied is the amount of blend done to the upper
corner of the ground plane near the CPW side. This parameter is
denoted by ‘c’ in Fig. 1. The variation in S22 with blend is shown
in Fig. 5a. As the blend is reduced, the return loss deteriorates
over the lower frequencies (2–5 GHz) and improves near 7 and
10 GHz. On the other hand, an increase in the blend value will
cause the return loss to deteriorate in the 6–8 GHz regions. Hence
the value of the blend is optimised to 1.8 mm.

The height of the semi-circular patch on the CPW side is varied
next and the variations in S22 are shown in Fig. 5b. The height,
denoted by ‘q’ in Fig. 5b is the distance between the base of the
semi-circle and the ground plane edge. Its optimised value is
11.8 mm. This height controls the coupling between the radiating
element and the ground plane. A decrease in the height causes a
decrease in the return loss over 5–8 GHz, whereas an increase

deteriorates it over 8–9 GHz. The return loss at lower frequencies
is unaffected.

5.3 Ground optimisation on the microstrip side

The height of the right side ground edge on the microstrip side is
denoted by ‘h’ in Fig. 1. It is varied to see the effect on S11 and
the results are shown in Fig. 6a. As the height is increased, that is,
the ground plane becomes more rectangular than trapezoidal, there
is a decrease in the return loss near 5 GHz. Moreover, some
mismatch is seen near 2.5 and 7.5 GHz. As the height is reduced,
the mismatch appears at 4 GHz. Hence, the height is optimised to
6 mm. The parameter varied next is the height of the semi-circular
patch above the ground plane on the microstrip side denoted by
‘p’ in Fig. 1. Its optimised value is 13.9 mm. As stated before, this
height controls the coupling between the radiating element and the
ground plane. A decrease in the height from its optimised value
causes a decrease in the return loss over the lower frequencies,
near 5 GHz and from 9 to 11 GHz. On the other hand, an increase
in the height increases the return loss over these frequencies.
Finally, the depth of the U-shaped slot etched in the ground plane
under the microstrip feed is varied and the results shown in
Figs. 6c and d. As the slot depth is decreased, the return loss
deteriorates near 8 GHz and improves over the upper frequencies.
There is also a deterioration in S11 and isolation near 5 GHz. On
the other hand, a larger depth improves S11 and isolation near
5 GHz. Finally, the value of the depth is optimised to 5.5 mm.

6 Radiation patterns, efficiency and group delay

6.1 Radiation patterns

The measured radiation patterns of the proposed antenna in the
E-plane and H-plane at four different frequencies in the operating
band are compared and shown in Fig. 7. The radiation patterns in
the E-plane are dumb bell shaped and the H-plane are
omni-directional in shape. The H-plane patterns at port 1 and port
2 are also found to be slightly complementary (for example, at

Table 2 Optimised dimension of antenna (millimetres)

Label Size Label Size Label Size Label Size

a 8 b 3.4 c 1.8 d 12.6
e 12.4 f 13.2 g 1.9 h 6
i 3.6 j 17 k 9.5 m 10.5
n 9.25 o 2.5 p 13.9 L 40
W 40 q 6.5

Fig. 2 Isolation improvement

a Measured/simulated S11
b Measured/simulated S22
c Measured/simulated coupling S21
d Isolation comparison with similar feeding (both ports CPW feed) and hybrid feeding (one CPW feed and one microstrip feed)
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Fig. 3
a Simulated S11
b Simulated S22
c Simulated S21 due to various stages of modifying the inverted tree-shaped stub
d Current distribution with/without the tree
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Fig. 5 Variations in S22 with respect to change in

a Ground corner blending (CPW side)
b Height of the semi-circular patch above the ground (CPW side)

Fig. 4 Simulated results of

a S11
b S22
c S21 for different values of semi-circular patch inclination ‘theta’

Fig. 6 Variations in

a S11 with ground edge height on microstrip side
b S11 with height of semi-circular patch above the ground on microstrip side
c S11
d S21 with depth of U-shaped slot under the microstrip feed
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6 GHz). This is because for port 1, the H-plane happens to be the
YZ-plane, whereas for the port 2 the H-plane is the XZ-plane. A
little asymmetry seen in the radiation patterns can also be
attributed to the asymmetry in the ground plane (difference
between the left and right ground plane halves). A plot of the
measured and simulated peak gains at both the ports is shown in
Figs. 8a and b. The peak gain varies between 2 and 7 dBi over the
operating band. An increase in the gain seen at upper frequencies
is due to an increase in the antenna effective area.

The simulated radiation efficiencies are in Fig. 8c. Both the
efficiencies remain above 75% over the operating band. The
reduction in the efficiency at higher frequencies is due to an
increase in the frequency-dependent copper and substrate losses.
To assess the time-domain performance, the group delay is
measured which checks the phase linearity and pulse distortion. It
is obtained as the first differential coefficient of the phase. Fig. 8d
shows the measured group delay with the antennas placed
face-to-face and side-by-side at a separation of 30 mm. It can be
seen from the figure that the group delay variations is between 0.5
to 1ns over the entire bandwidth which indicates the good time
domain performance of the antenna.

7 Diversity performance

To evaluate the diversity performance of the proposed antenna,
diversity parameters are computed in both uniform and
non-uniform environments. One of the important parameters is the
envelope correlation coefficient (ECC) which is a measure of the
correlation between the signals received at the two ports. It
indicates the decoupling between the ports and can be calculated
from the far-field radiation patterns using (1) [14]. Its value should
be <0.5 [13] (see equation (1) at bottom of the next page)

Pu u, f
( ) = Au exp

− u− p

2
− mv

( ){ }2
2s2

v

⎡
⎢⎣

⎤
⎥⎦, 0 ≤ u ≤ p( ) (2a)

Pf u, f
( ) = Af exp

− u− p

2
− mH

( ){ }2
2s2

H

⎡
⎢⎣

⎤
⎥⎦, 0 ≤ u ≤ p( ) (2b)

Fig. 7 Measured and simulated radiation patterns

a Port 1
b Port 2
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∫2p

0

∫p

0

Pu u, w
( )

sin u du dw =
∫2p

0

∫p

0

Pw u, w
( )

sin u du dw = 1 (3)

In (1), cross polarisation ratio (XPR) is the environment-dependent
cross-polarisation ratio, Gθ, Gf are the power gain patterns and Pθ,
Pf are the components of angular density functions of the incident
power given by (2a) and (2b). Aθ and Af are constants to be
determined by (3) [15]. In the present study, we have chosen Pθ,
Pf to be Gaussian/uniform distributed in the elevation/azimuth
directions so that the mean (mv, mh) and standard deviations (σv,
σH) of the elevation of the incident wave’s θ and f component
will be as given in Table 3. Furthermore, in regard to XPR, four

different environments, namely: isotropic, indoor, outdoor and
wireless world initiative new radio (WINNER) are studied. The
WINNER interface was developed as a project under the
framework programme (FP6) of the European commission and is a
part of the wireless world initiative. WINNER II is the latest in the
initiative and models the mobile communication environment for
both short range and wide area. The XPR values as given in [14,
16] are listed in Table 3. The simulated ECC curves for the various
models are shown in Fig. 9a.

In case of a uniform environment, the ECC can also be calculated
from S-parameters using (4) [14]. Another parameter related to the
ECC is the diversity gain (DG). It is the increase in signal-to-noise
ratio due to diversity combining for a given level of cumulative
probability or reliability [17]. It can be obtained from the ECC

Fig. 7 Continued

rij =
��◦XPR · Eui V( ) · E∗

uj V( ) · Pu V( ) + Ewi V( ) · E∗
wj V( ) · Pw V( ) dV������������������������������������������������������������������������������������������������������◦XPR · Gui V( ) · Pu V( ) + Gfi V( ) · Pf V( ) dV · ��◦XPR · Guj V( ) · Pu V( ) + Gfj V( ) · Pf V( ) dV

√
∣∣∣∣∣∣∣

∣∣∣∣∣∣∣

2

(1)
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using (5). The ECC and DG values calculated from the simulated
and measured S-parameters are shown in Fig. 9b. The ECC (from
the radiation patterns as well as from the S-parameters) has a low
value (<0.06) and DG is close to 10 which promise good diversity
performance

r = S∗11S21 + S∗12S22
∣∣ ∣∣2

1− S11
∣∣ ∣∣2 − S21

∣∣ ∣∣2( )
1− S22

∣∣ ∣∣2 − S12
∣∣ ∣∣2( )∣∣∣ ∣∣∣ (4)

G = 10
��������
1− r

∣∣ ∣∣√
(5)

The third parameter considered is the mean effective gain
(MEG) which is the ratio of the average received power at any
port of the antenna over an arbitrary route to the total mean
power incident at the antenna terminals. It is also calculated
from far-field radiation patterns using 6 [15] and the simulated
values for different environments are shown in Fig. 9c. For the
WINNER interface which is a more realistic model, the MEG
has a smaller value which also corresponds to a higher value
of the ECC. Ideally, the MEGs at the two ports should be
equal but a difference of 3 dB between the MEGs is
considered acceptable in a practical environment [14]. From
Fig. 10c, it can be seen that the difference between the MEGs
at the two ports is small up to 10 GHz where after it increases.
This is possibly because the two antennas are not exactly
identical and have a difference in their reflection coefficients

as well (Figs. 2b and c). The worst-case difference between
the MEGs is seen to be 2 dB (at 11 GHz)

MEG =
∫2p

0

∫p

0

XPR

1+ XPR
Gu u, f

( )
Pu u, f

( )[

+ 1

1+ XPR
Gf u, f

( )
Pf u, f

( )]
sin u du df

(6)

The last parameter considered is the capacity loss. It represents the
loss in transmission capacity when compared with an arrangement
where the antenna elements are used to form an array and
calculated from S-parameters by using (4) [18]. The simulated and
measured capacity losses shown in Fig. 10d are below 0.6 bps/Hz.
This confirms that a good return loss and low mutual coupling
between two antenna elements leads to a low ECC and low
capacity loss

Closs = −log2 A| | (7)

where A= r11 r12
r21 r22

[ ]
rii=1−( Sii

∣∣ ∣∣2+ Sij

∣∣∣ ∣∣∣2) rij=−(S∗iiSij+S∗jiSji),

for i = j = 1 or 2.

8. Modified design for improved return loss

A difference in the reflection coefficient characteristics at the two
ports is seen from Fig. 2 which is because of the difference in the
feed structures. The impedance bandwidth at port 1 extends
beyond 11 GHz, whereas for Port 2 it is only up to 10 GHz. To
make the impedance bandwidth at both the ports cover the UWB
range from 3.1 to 10.6 GHz, the antenna geometry is modified as
shown in Fig. 10a. Basically, the arc-shaped cut in the ground
plane to the right side of the CPW feed is replaced by a

Fig. 8 Plot of the measured and simulated peak gains at both the ports

a Simulated/measured peak gain at port 1
b Simulated/measured peak gain at port 2
c Simulated radiation efficiencies
d Measured group delay

Table 3 Propagation parameters used to evaluate the performance of
the antenna system

Parameter Uniform/isotropic Indoor Outdoor WINNER II

mv, mH, deg 10 10 10 10
σV, σH, deg 15 15 15 15
XPR, dB 0 1 5 9
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semi-circular cut of radius 1.3 mm. The centre of the semi-circle is
displaced by 0.3 mm from the upper ground edge and by 2.2 mm
from the left ground edge. The simulated S-parameters for this

design are shown in Figs. 10b–d. It is seen that as a result of the
modification, the impedance bandwidth at port 2 is extended to
11.5 GHz without any major effect on the isolation.

Fig. 9 Simulated ECC curves for the various models

a Simulated ECC for different propagation environments from far-field radiation patterns
b ECC and DG from simulated and measured S-parameters
c Simulated MEG
d Simulated and measured capacity loss
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9 Conclusions

A compact and miniaturised diversity antenna is proposed. It consists
of two monopoles shaped in the form of semi-circular discs and
rotated around their centres. The measured impedance bandwidths
of 2–12 GHz for port 1 and 2.3–10.2 GHz for port 2 has been
achieved by modifying the common ground plane at several places
by means of cuts and edge blends. The isolation is improved
throughout the band to about 20 dB by placing an inverted
tree-shaped stub at the ground plane corner. The antenna has
complementary radiation patterns at the two ports. The diversity
features such as correlation coefficient, MEG and capacity loss are
calculated and found to have acceptable values. A modified design
with impedance bandwidth at port 2 extending beyond 11 GHz is
also presented. The antenna will be useful for UWB applications
requiring diversity features as in high data-rate communications
with increased reliability.
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