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Abstract
This article presents a wideband circularly polarised (CP) antenna array using a mini-
aturised double box branch‐line coupler. This was achieved by creating a slow wave
structure by introducing open‐circuit stubs on the inside arms of the branch‐line coupler.
The 2 � 2 antenna array is made of four CP slot radiating elements excited through 1 � 4
feeding network. Moreover, sequentially rotation method is used to increase the axial‐
ratio (AR) bandwidth of the array. The CP slot radiating element is fed by coplanar
waveguide. The feedline of the horn‐shaped radiator includes a circular matching stub.
Ground connected asymmetric T‐shaped stub, a pair of grounded L‐shaped square strips,
and single strip line are shown to induce CP and enhance the antenna's 3 dB impedance
bandwidth and AR performance. The antenna constituting the array has impedance
bandwidth of 2.45 GHz from 4.8 to 7.25 GHz that corresponds to a fractional bandwidth
of 40%, and its 3 dB AR extends between 4.8 and 6.25 GHz. Compared to a conventional
double‐box branch‐line coupler the size of the proposed coupler is reduced by 35% by
increasing the capacitance of the coupler's arms. This also is shown to increase the
impedance bandwidth of the coupler. A 2 � 2 array was fabricated, and its performance
verified. Measured results confirm the proposed antenna array exhibits CP covering the
bands of WiMAX IEEE 802.16, C‐band and ITU‐R F386.9. The measured 3 dB AR
bandwidth of the antenna array extend from 3 to 7.3 GHz and its impedance bandwidth
extends from 3.2 to 9.0 GHz. The antenna array radiates with a peak gain of 11.5 dBic.
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1 | INTRODUCTION

Modern wireless communication, mobile satellite services, ra-
dar tracking, and weather radar systems use popular printed
microstrip antenna arrays. This is because of the antenna's
attributes of small size, ease of realisation and matching with
circular polarisation (CP) [1, 2]. CP features at antenna in-
troduces different types of advantages over linear polarisation
specification. In particular, the capability to establish a higher
resistant to signal degradation with reliable link between sta-
tions without the antenna orientation settlement. Among the
general methods to feed the CP array antenna, sequentially

rotation method (SRM) has been shown in refs. [3–11] to be
effective for improving the polarisation purity and symmetrical
radiation patterns over the operational frequency range of the
array. Different methodologies have been reported in literature
of realising broadband CP antennas which include: (1) loading
coplanar waveguide (CPW) fed square aperture antenna with
U‐shape strip [2–5]; (2) applying slots on the grounded strips
[3–6]; and (3) etching a modified T‐shaped patch inserted
diagonally with respect to the slot [7–9].

The cited references above all have deficiencies of inability
to control right‐ and left‐hand CP, narrow 3 dB axial‐ratio (AR)
bandwidth, and relatively low gain. This paper presents the
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design of an antenna array that overcomes these disadvantages.
The proposed antenna array has a CP over a broadband fre-
quency range suitable for applications including WiMAX

IEEE 802.16, C‐band and ITU‐R F386.9 applications. The
proposed array is made of 2 � 2 slot‐elements configuration
that are fed with SRM network, as shown in Figure 1. The

F I GURE 1 Geometry of the proposed array, (a) top‐layer, (b) bottom layer, (c) 3D view, (d) top‐layer of fabricated antenna, and (e) bottom‐layer of
fabricated antenna.

2 - VIRDEE ET AL.

 17518733, 0, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/m

ia2.12388 by T
est, W

iley O
nline L

ibrary on [04/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



elements are designed in specific form and include slots and
stubs to realise CP over a broadband. The proposed antenna
utilises 4 pairs of vias on the side of each slot‐element to in-
crease its inductance to enhance the matching between CPW
feed & microstrip‐line. Double‐box S‐shaped coupler is used
to improve the array's impedance bandwidth. The distance
between the elements in the 2 � 2 planar phased array antenna
is 0.65λ (λ is free‐space wavelength). The ground‐plane under
the array has been hollowed to reduce interaction via surface
waves, improve the isolation from the feed network and
improve the bandwidth [12, 13]. The details of the array's
performance are fully analysed and evaluated. The antenna
array has a measured peak gain of 11.5 dBic.

2 | ELEMENT DESIGN

The structure of the proposed antenna based on CP slot‐
element is shown in Figure 2a. The antenna consists of a
radiating element that resembles a horn‐shaped structure with
a semi‐circular matching stub at its feedline. Surrounding the
radiating element of the antenna is a square shaped ground
loop. Connected to the inner space of the ground loop are two
open‐circuited vertical stubs. A horizontal stub is connected to
the open‐circuited vertical stub that is in front of the horn‐
shaped structure. Also, connected at opposite corners inside
the ground loop are L‐shaped strips. In the proposed structure
using a single feedline the electromagnetic interaction between
the asymmetric T‐shaped stub and the L‐shaped strip excite
two orthogonal modes (TE01 & TM11) with equal amplitudes
and CP. Moreover, the structure extends the antenna's AR and
impedance bandwidth.

The CP slot‐element antenna's performance was optimised
utilising Ansys HFSS. The antenna was fabricated on FR4‐
dielectric substrate with loss tangent of 0.024 and relative
permittivity of 4.4. The dimension of the physical parameters
of the structure (units in mm) are: L1 = 23, L2 = 4, L3 = 9,
L4 = 11, L5 = 7.6, L6 = 12.4, L7 = 5.3, L8 = 3.5, Lf = 3.1,
Rf = 1.7, Gap = 0.3, L = 90, and W = 110. The overall di-
mensions of the antenna are 23 � 23 � 0.8 mm3. Figure 2b,c
show the simulated return‐loss and AR bandwidth response,
respectively, of the single CP slot‐element antenna. The an-
tenna has an impedance bandwidth of 2.45 GHz between 4.8
and 7.25 GHz for VSWR <2, and the 3 dB AR bandwidth of
1.45 GHz between 4.8 and 6.25 GHz.

3 | FEED NETWORK DESIGN

The CP slot‐element antenna was used to realise a 1 � 4 array.
The feed network of the array used here consisted of double
box branch‐line coupler, shown in Figure 3. The branch‐line
couplers were cascaded to enhance the coupler's bandwidth.
All arms are quarter wavelength in length at the operating
centre frequency. The ports are 50 Ω microstrip lines. The
double box branch‐line coupler's return‐loss and differential
phase (DP) are shown in Figure 3 respectively. Operational

band of is between 4 and 6 GHz, which corresponds to a
fractional bandwidth of 40%. Wideband performance and
compact coupler size are key features in modern radar and
wireless communication systems. A wide operational band is
needs in software defined wireless systems to connect with
multiple frequency bands and communications standards. The
challenge therefore was to reduce the size of the coupler and
enhance its operational bandwidth. This was achieved by first

F I GURE 2 (a) Geometry of circularly polarised slot‐element
configuration, (b) axial‐ratio parameter, and (c) return‐loss response.
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analysing a microstrip transmission line, shown in Figure 4.
The transmission line of characteristic impedance, ZA, and
phase velocity, vp, is given by the following

ZS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
LS=CS

p
ð1Þ

vP ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffi
LSCS

p
ð2Þ

where LS and CS are the inductance and capacitance per unit
length of the line respectively. By adding capacitances in shunt
at periodic intervals along the length and making the space

F I GURE 3 (a) Scattering parameters of double
box branch coupler, and (b) differential phase
response of the double box branch coupler.

F I GURE 4 Equivalent circuits of a
transmission line, (a) conventional microstrip
transmission line, (b) equivalent lumped component
circuit of a transmission line, and (c) equivalent
circuit with distributed components.

4 - VIRDEE ET AL.
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between the added capacitors smaller than the operating
wavelength, the transmission line can be shown to have an
effective characteristic impedance and the phase velocity is
given by the following [14]

ZS;L ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

LS= CS þ CP=dð Þ

q

ð3Þ

and

vP;L ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

LS CS þ CP=dð Þ

q

ð4Þ

where CP is the periodic loaded capacitance at distance d apart
over the transmission line. ZS,L and ZS are the character-
istic impedance of loaded and unloaded line respectively.

Equations (3) and (4) indicate the effect of loading the trans-
mission line results in the lowering of the effective characteristic
impedance and phase velocity. A lowered phase velocity means
that an effectively long electric length can be realised with a
shorter physical length. If vP,L is the phase velocity of the
periodically loaded transmission line, then the electric length θ
of this line is given by the following,

θ ¼ l ωo=vP;L
� �

ð5Þ

where l is the physical length of the loaded transmission line.
The phase velocities of the loaded line and the unloaded line
can be related through their respective propagation constants
βo and ko, as given by the following

F I GURE 5 (a) Scattering parameters of double
box branch coupler with S‐shaped stubs and
(b) differential phase response of double box branch
coupler with S‐shaped stubs.
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vP;L ¼ vP ko=βoð Þ ð6Þ

Using Equations (1)–(6), it can be shown that the gap
d between the shunt capacitance CP realised using open circuit
stubs are given by

d ¼ θ ZS;L=ZS
� �

vP=ωo ð7Þ

and

CP ¼
1

ωoZo;stub
tan

2π
λ
lstub

� �

ð8Þ

where Zo,stub and lstub are the characteristic impedance and
physical length of the transmission line used as the stub
respectively. The open‐circuit stubs used to load the inside
arms of the coupler where S‐shaped, as shown in Figure 5. The
distance between the two adjacent elements is 0.65λ.
Compared to the conventional double box branch‐line coupler
the size of the proposed coupler is reduced by 35%.

Figure 5 shows the return‐loss and DP of proposed double
box branch‐line coupler. This coupler has a bandwidth of
3.6 GHz from 3.6 to 7.2 GHz with a corresponding fractional
bandwidth of 67%. Compared to the conventional double box
branch‐line coupler this constitutes a fractional bandwidth
increase of 27%.

F I GURE 6 (a) Geometry of feedline network,
and (b) scattering parameters of feedline network.
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4 | MEASURED RESULTS

The 1 � 4 feedline network to excite the 2 � 2 antenna array is
shown in Figure 6a. The measured return‐loss coefficients are
done by Agilent vector network analyser 8722ES. Its S‐
parameter response in Figure 6b shows the feedline operates
from 3.3 to 8.7 GHz for |S11| < −10 dB. The antenna array was
fabricated on FR4‐substrate and has dimensions of the antenna
array is 90 � 110 � 0.8 mm3. The measured impedance
bandwidths and AR of the proposed 2 � 2 CP slot‐element
array is shown in Figure 7. The antenna array operates across
3.2–9.0 GHz and has a fractional bandwidth of 94%. The array
covers communications bands of WiMAX IEEE 802.16, C‐
band & ITUR‐8 GHz. The array has an AR bandwidth of
4.3 GHz from 3 to 7.3 GHz which is wider than AR bandwidth
reported in refs. [2–8]. The gain was measured using the

F I GURE 7 (a) Simulated and measured
return‐loss of the final antenna array, and (b) axial‐
ratio response.

F I GURE 8 The gain of the proposed antenna.

VIRDEE ET AL. - 7
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comparisonmethod where the power of reference horn antenna
and antenna under test were calculated separately. Then, by
considering the relative difference and knowing the gain of
standard horn antenna the gain of proposed antenna array was
determined. Figure 8 shows the measured gain of the antenna
array to be above 7.4 dBic and the peak gain is 11.5 dBic at 5.5
and 6.5 GHz. The normalised left‐hand CP and right‐hand
circular polarisation (RHCP) radiation patterns of the array at
φ = 0o for spot frequencies of 3.5 GHz, 5.5 and 7 GHz are
shown in Figure 9. Across the frequency range between 3.5 and
7 GHz the array radiates essentially directionally. Also, due to
the nature of feedline network, the antennas in the array are
excited in a clockwise sequence resulting in a slightly larger
RHCP pattern. There is good agreement between the simula-
tion and measurement results. The discrepancies in the results

are attributed to the non‐ideal models used in the simulation,
fabrication tolerances and unaccounted dispersion loss in the
dielectric substrate. Salient parameters of the array are
compared in Table 1. Compared to other cited works the pro-
posed antenna offers significant improvement in impedance
bandwidths, AR and fractional bandwidth with a high peak gain.

5 | CONCLUSION

A novel 2 � 2 CP antenna array configuration is shown to
exhibit significantly improved impedance bandwidth for
matching for |S11| < −10 dB and enhanced AR. The array
uses a couple of unique miniature double‐box branch‐line
couplers and 180‐degree rat‐race. Miniaturisation is of the

F I GURE 9 Measured RHCP & LHCP patterns
at φ = 0, (a) measurement @ 3.5 GHz, (b) simulated
@ 3.5 GHz, (c) measurement @ 5.5 GHz,
(d) simulated @ 5.5 GHz, (e) measurement @
7 GHz, and (f) simulated @ 7 GHz. LHCP, left‐
hand circular polarisation; RHCP, right‐hand
circular polarisation.
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TABLE 1 Comparison of the proposed
CP array with previous works.

Ref.
No. of
layers

Structure
complexity

Bandwidth
(GHz)/
fractional
bandwidth

CP bandwidth
(GHz)/
fractional
bandwidth

Dimensions
(λo £ λo £ λo)

Peak gain
(dBic)

[2] Three High (4.2–7.5)/
56.4%

(5–6.6)/27.5% 2.32 � 2.32 � 0.96 13

[3] One Low (4–8.1)/68% (4.9–6.45)/27% 1.7 � 1.7 � 0.015 8

[4] Two Medium (9.7–12.3)/
23.6%

(10.3–11.4)/
10.1%

0.25 � 0.25 � 0.18 11.1

[7] One Low (1.77–2.26)/
24.3%

(1.78–1.8)/1.1% 0.29 � 0.29 � 0.06 1.72/2.17

(3.84–5.38)/
33.4%

(4.25–4.6)/7.9%

[8] Four Very high (2.01–2.3)/
13.4%

(2.1–2.4)/13.3% 0.95 � 0.95 � 0.075 13

[15] One Low (2.42–2.44)/
40%

(2.39–2.49)/4% 0.76 � 0.76 � 0.013 10.4

[16] One Low (1.92–4.25)/
75%

(2.1–3.4)/47% 0.34 � 0.46 � 0.015 3.75

[17] One Low ‐ (3.0–3.84)/24% 0.68 � 0.68 � 0.01 4

(4.3–5.15)/18% 3

Proposed
work

One Low (3.25–9)/93.8% (3–7.3)/80% 1.54 � 1.88 � 0.014 11.5

Abbreviation: CP, circular polarisation.

coupler and it is achieved by loading the inside arms of the
coupler with open‐circuit stub to create a slow wave structure.
The square‐shaped ground loop encompassing the radiator is
connected to the ground plane through metallic via holes, and
the radiator is excited through CPW feedline. The measure-
ments confirm the broadband performance of the array that
covers communication bands of WiMAX IEEE 802.16, C‐
band, and ITU‐R F386.9 systems. The antenna's measured
impedance bandwidth of 5.75 GHz extends from 3.25 to
9 GHz for VSWR ≤2 and its 3 dB AR extends from 3 to
7.3 GHz. The average gain of antenna is 9.5 dBic.
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