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ABSTRACT: Gap-coupled designs of Sectoral microstrip antenna for 90◦ and 45◦ sectoral angle are proposed for wideband and circularly
polarized response. On total substrate thickness of ∼ 0.1λg , proximity fed design of 90◦ Sectoral patch yields simulated bandwidth of
827MHz (50.41%) with a peak gain of 8.1 dBi, whereas its gap-coupled configuration with parasitic 45◦ Sectoral patches yields simulated
bandwidth of 1336MHz (69.11%) with a peak gain of 8.0 dBi. A gap-coupled design of two 90◦ Sectoral patches is presented in which
orthogonal directions of the fundamental mode currents over the aperture are maintained. This yields circularly polarized response with
axial ratio bandwidth of 709MHz (34.88%) which lies inside the impedance bandwidth of 1103MHz (60.09%). It offers a peak gain of
larger than 7 dBi across the axial ratio bandwidth. To achieve all these operational features using a single patch, a reconfigurable design of
Sectoral patches is proposed that yields similar wideband and circularly polarized characteristics. Thus present study provides a wideband
and circularly polarized design that offers either impedance bandwidth of more than 65% or axial ratio bandwidth of nearly 35%. For
achieved antenna response, the proposed designs fulfill the requirements of LTE (band 65, 66, and 70) and various aeronautical service
mobile satellite bands (1610–2300MHz). Experimental validation for the obtained results is carried out that shows close matching.

1. INTRODUCTION

With numerous advantages, microstrip antenna (MSA)
finds many applications in wireless communication

system [1, 2]. In most of the designs, MSAs are operated in
their fundamental resonant mode and thus offer broadside
radiation characteristics. The bandwidth (BW) enhancement
in MSA is achieved when additional resonant modes are
introduced, and it is obtained by using either multi-resonator
configuration employing parasitic patches or modified shapes
of the radiating patch, or the resonant slots cut in the patch,
or the ground plane embedded with slots employing modified
shapes [3–15, 42]. In free space communication, because of
multi-path propagation effects, signal undergoes changes in its
polarization. To avoid the signal loss arising from themismatch
in between the polarization of incident wave and the receiver
antenna polarization, circularly polarized (CP) antenna is
used. The CP response in MSA is achieved either by cutting
narrow slot in the patch, or by using modified patch shapes,
or by embedding resonant slot inside the patch, or by using
defected ground plane structures [16–25]. While catering to the
multiple wireless applications using a single design, wideband
CP MSA is required, and it is obtained by using a thicker
substrate followed by the gap-coupled/stacked configurations,
or the array designs [26–29]. By using the reconfigurable
design approach employing the active devices integrated on
the radiating patch, pattern reconfigurable response, compact
high gain antenna design, and linearly to circularly polarized
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response are achieved in MSAs [30–34]. The reconfigurable
design helps in achieving multiple responses while using the
single patch.
In this paper, gap-coupled configurations of Sectoral MSA

(S-MSA) for 90◦ and 45◦ sectoral angles are proposed for wide-
band and CP response. The designs are proposed in 1600–
2400MHz frequency band so as to cover LTE and various
aeronautical service mobile satellite applications. The MSAs
are proposed on a suspended FR4 substrate (εr = 4.3, h =
0.16 cm) of total thickness ∼ 0.1λg and fed using a proximity
strip. A single patch design of 90◦ S-MSA offers simulated BW
of 827MHz (50.41%), whereas its gap-coupled design with
two 45◦ S-MSAs yields simulated BW of 1336MHz (69.11%).
Both the configurations yield broadside radiation characteris-
tics with a peak gain around 8 dBi. Further, a gap-coupled de-
sign of two 90◦ S-MSAs of unequal radii is presented. With
an orthogonal surface current variations across the two Sec-
toral patches at the fundamental mode, this gap-coupled an-
tenna offers CP characteristics. It offers axial ratio (AR) BW
of 709MHz (34.88%) that lies inside the impedance BW of
1103MHz (60.09%). Across the AR BW, gap-coupled 90◦ S-
MSAs offers a peak gain of greater than 7 dBi. To achievewide-
band and CP characteristics using a single patch, a reconfig-
urable configuration of four unequal radii 45◦ Sectoral patches
is presented. The radius in each 45◦ Sectoral patch is selected
such that based on the activation of RF diodes, respective gap-
coupled design realized using composite 90◦ or individual 45◦
angle Sectoral patches, yields respective wideband linear po-
larized or CP response. The activation of radio frequency (RF)
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FIGURE 1. Gap-coupled design of 90◦ S-MSA with 45◦ S-MSAs (a) top and (b) side views, (c), (d) surface current distributions at first two resonant
modes for 90◦ S-MSA, (e) fundamental mode current directions on fed and parasitic S-MSAs.

diodes helps in switching in between the wideband to CP char-
acteristics. To highlight the technical novelty in proposedwork,
a comparison is presented against the reported wideband, CP,
and reconfigurable configurations. It brings out that for a single
patch configuration, the proposed designs offer better results
in terms of realized impedance and AR BW, peak gain for the
given antenna volume. The MSAs discussed in this paper are
first optimized using IE3D simulations [41]. An experimental
verification for the simulated results is carried out inside the an-
tenna laboratory using ZVH-8, FSC 6 and SMB 100A. Square
ground plane of side length 30 cm using N-type connector feed
of inner wire diameter 0.32 cm is selected. A close agreement
is obtained between the simulation and measurements.

2. WIDEBAND DESIGNS OF PROXIMITY FED 90◦ AND
45◦ S-MSAS
Wideband design of gap-coupled 90◦ S-MSAwith parasitic 45◦
S-MSAs is shown in Figs. 1(a) and (b). The patches are fabri-
cated on the top side of an FR4 substrate, and it is suspended
above the ground plane using an air gap of ha cm. In wideband
antennas, direction of the E-plane should be unchanged across
the impedance BW, and the cross polar components should be
at least 8–10 dB lower in magnitude than the co-polar level of
radiation [1, 2]. This provides linear or elliptical polarization
condition across the BW as needed in the wideband design. Ini-
tially, proximity fed 90◦ S-MSA is optimized for the BW. On
total substrate thickness of 2.06 cm (ha = 1.9 cm, ∼ 0.1λg),
90◦ S-MSA radius is selected such that it resonates in the fun-
damental mode frequency around 1500MHz. For these param-
eters, patch radius is found to beR1 = 8 cm. For the proximity
feed below the patch vertex as mentioned in Fig. 1(a), surface
currents at the fundamental mode show one-half wavelength
variation along the patch radius, as mentioned in Fig. 1(c). With
this variation, fundamental mode in 90◦ S-MSA is referred to as
TM10 [35, 36]. For the same feed position, next resonant mode

in 90◦ S-MSA is TM20 at which surface currents exhibit two-
half wavelength variations along the patch radius as mentioned
in Fig. 1(d) [35, 36]. Thus across the first two resonant modes,
surface currents are vertically (radial) directed leading to the
direction of E-plane along ϕ = 90. With optimization in the
proximity strip length, its position below the patch and thick-
ness for the same, maximum possible impedance BW in 90◦
S-MSA is achieved, and its results are shown in Fig. 2(a). The
BW observed in the simulation is 827MHz (50.41%) whereas
that obtained in the measurement is 847MHz (51.76%). The
antenna offers broadside radiation characteristics with a peak
gain above 8 dBi.
To increase the BW multi-resonator concept is used as it is

simple in implementation. The parasitic Sectoral patches of
equal radius and angle 45◦ are gap-coupled to the fed 90◦ S-
MSA as shown in Fig. 1(a). On the fed and parasitic patches, ra-
dial fundamental mode is present as shown in Fig. 1(e). Hence
with the addition of parasitic patches, effective direction of the
radiated electrical field vector is along the ϕ = 90◦, thus main-
taining the direction of E-plane along the same direction. This
satisfies the requirement of wideband antennas. The wideband
response is governed by the difference in the radius of fed and
parasitic sectoral patches and an air gap between them. To op-
timize the BW, a parametric study for the variations in these
parameters is carried out, and resonance curve plots and Smith
charts for the same are shown in Figs. 2(b) and (c). An increase
in parasitic sectoral patch radius ‘R2’ tunes its TM10 mode fre-
quency with reference to fed patch TM10 mode frequency, and
air gap ‘g’ between them alters the loop size formed due to the
gap-coupling between the respective resonant modes. An op-
timum response for maximum possible impedance BW is ob-
tained for the antenna parameters as R1 = 8.0, R2 = 6.0, lf =
1.7, hs = 1.5, ha = 1.9 cm. The gap-coupled antenna offers
simulated and measured impedance BWs for S11 ≤ −10 dB of
1336MHz (69.11%) and 1366MHz (70.77%), respectively as
shown in Fig. 2(a). Over the S11 BW, antenna offers the gain
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FIGURE 2. (a) Reflection coefficient (S11) BW and gain plots for 90◦ S-MSA and gap-coupled 90◦ S-MSA with 45◦ S-MSAs, (b) resonance curve
and (c) smith chart for gap-coupled 90◦ S-MSA with 45◦ S-MSAs.

of above 6 dBi with maximum value of 8 dBi. The radiation
pattern across the complete BW as shown in Fig. 3 is in the
broadside direction with E-plane aligned along ϕ = 90◦. An
increase in the cross polar component of the radiation towards
the higher frequencies of the BW is attributed to the increment
in orthogonal surface current components on parasitic 45◦ S-
MSAs.

3. GAP-COUPLED DESIGN OF 90◦ S-MSAS FOR
WIDEBAND CP RESPONSE
The fundamental TM10 mode is radial in the direction on 90◦ S-
MSA. A CP response can be realized if an additional resonator
is placed nearer the fed 90◦ S-MSA that has orthogonal radial
mode with reference to the fed patch. This arrangement is real-
ized in the gap-coupled design of two 90◦ S-MSAs as shown in
Fig. 4(a). The TM10 modes on the two patches are orthogonal
to each other, which will realize the CP response. To achieve
the maximum possible AR BW, an optimum frequency spac-
ing between the two TM10 modes is needed. This is obtained
by employing the parametric study for the variation in the ra-
dius of gap-coupled 90◦ S-MSAs, dimensions of the proximity
strip, and its position below the patch, and maximum AR BW
in the gap-coupled design is achieved. The antenna parameters
in the optimum CP design are R1 = 8.0, R2 = 6.0, g = 0.4,
lf = 1.7, xf = 0.1 cm, and the results are given in Fig. 4(b).
The antenna offers simulated and measured S11 ≤ −10 dB
BWs of 1103MHz (60.09%) and 1128MHz (61.57%), respec-
tively. The simulated and measured CP BWs for AR ≤ 3 dB,
which lies inside the impedance BW, are 709MHz (34.88%)
and 751MHz (37.12%), respectively. The antenna gain across
the AR BW is above 6 dBi with maximum value above 7 dBi.
With the radial orthogonal modes on the two 90◦ S-MSAs, the
ARBWand gain are achieved in the direction ϕ = 0◦, θ = 30◦,
i.e., away from the broadside direction. This direction will
just require reorientation of the antenna along θ axis, when it
works as the receiver. The simulated surface current distri-
butions across the AR BW on the gap-coupled 90◦ S-MSAs

were studied. They appeared orthogonal to each other across
the complete AR BW. The time varying surface current dis-
tribution at the center frequency of AR BW, radiation pattern
plots near the band start and stop frequencies of AR BW, input
impedance, gain, and radiation pattern measurement setup are
provided in Figs. 4(c), 5, and 6.
The pattern exhibits a broadside radiation with a higher cross

polar level when the difference between co and cross polar lev-
els is less than 10 dB. In CP designs, due to the presence of
orthogonal resonant modes, surface currents over the aperture
are bi-directional. With this, radiation pattern shows equal con-
tribution from the co and cross polar components of radiation.
With reference to the antenna as a radiator, surface currents over
the patch against time rotate in the anticlockwise direction thus
realizing the left hand CP (LHCP) wave. Due to this left hand
field components are larger in magnitude in the simulated po-
larization plots. The radiation pattern plots, surface current dis-
tribution across the frequencies and over a time at a given fre-
quency, confirm the presence of CP wave in the proposed gap-
coupled antenna. The antenna impedance response is measured
using vector network analyzer (VNA) ZVH-8. The radiation
pattern and gain measurement are carried out inside the antenna
lab wherein reference wideband horn antenna was selected in
the measurement. The spectrum analyzer FSC 6 and RF source
SMB 100A is used here. A far-field distance as calculated with
reference to the higher frequency of ARBW is kept between the
antenna under test (AUT) and reference horn antenna. The an-
tenna gain is measured using three-antenna method to achieve
a better accuracy for the measurements inside the antenna lab-
oratory.

4. RECONFIGURABLE GAP-COUPLED SECTORAL
MSA EMPLOYING FOUR 45◦ SECTORS
The gap-coupled S-MSAs presented in previous sections for
respective wideband and CP response are optimized individ-
ually. Instead of designing multiple antennas for the wideband
or CP response, a reconfigurable design of S-MSA that can of-
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FIGURE 3. (a)–(f) Radiation pattern over the S11 BW for gap-coupled design of 90◦ S-MSA with 45◦ S-MSAs.

fer wideband or CP response, through the appropriate selec-
tion of the active devices, is proposed here. The reconfigurable
properties are achieved by employing the RF PIN diodes. The
various configurations proposed above consist of 90◦, 45◦ Sec-
toral patches. Therefore, reconfigurable design is initiated by
using four 45◦ Sectoral patches as shown in Fig. 7(a). The RF
PIN diodes (BAR64-06W H6327) are connected in between
the adjacent 45◦ sectors of the gap-coupled configuration. The
DC biasing for the RF PIN diodes to realize different Sectoral
patches for various configurations is achieved through the RFC
(ELT3KN131B) that also ensures the isolation between the RF
signal and DC biasing signal. With the suitable excitation of the
RF PIN diodes, the individual gap-coupled antennas consist-

ing of 90◦ and 45◦ patches are realized. However, the connec-
tion between the adjacent 45◦ Sectors is present at three points
where the RF diodes are present. These individual connections
against the complete connection between the 45◦ patches alters
the current path and changes the impedance variation over the
individual Sectoral patches. Due to this radius of each 45◦ Sec-
toral patch is parametrically changed such that respective wide-
band or CP response is achieved in each design for the given RF
PIN diode excitations. The final dimensions of the 45◦ Sectoral
patches and proximity feed in the reconfigurable antenna are
R1 = 8.0,R2 = 6.0,R3 = 7.0,R4 = 6.0, xf = 0.7, lf = 1.4,
ha = 1.9, hs = 1.5, g1 = 0.3, g2 = 0.4, g3 = 0.3 cm. To
realize the wideband design of 90◦ S-MSA gap-coupled with
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FIGURE 4. (a) Gap-coupled design of 90◦ S-MSAs, its (b) S11 BW and gain plots, its (c)–(e) surface current distribution over the AR BW and its (f)
time varying surface current distribution at the center frequency of AR BW.

45◦ S-MSA, diodes D4 –D6 are forward biased by applying the
‘+’ polarity signal at (3) and ‘−’ polarity signal at (2). As other
diodes are not forward biased, they remain off, and thus remain-
ing 45◦ Sectoral patches are not connected to the fed composite
90◦ S-MSA. The fabricated prototype of the reconfigurable an-
tenna is shown in Fig. 7(b). This reconfigurable gap-coupled
antenna yields simulated BW of 1190MHz (59.7%), whereas
the measured value is 1210MHz (60%). This BW is lower than
that obtained in the design wherein reconfigurable approach is
not selected. In the reconfigurable antenna, impedance varia-
tion over the patch and that of the resonant cavity increases due
to the connection present between the 45◦ Sectoral patches at a
few discrete points. With this, quality factor of the antenna cav-
ity increases that reduces the antenna BW. Since the patches are
connected at discrete points through RF diodes, start frequency
of the BW is higher.
The gap-coupled configuration of two 90◦ S-MSAs is real-

ized by connecting ‘+’ polarity of DC bias at (2) & (3) and ‘−’
polarity at (1) and (4). This condition forward biases the diodes

D1–D3 and D7–D9. The antenna offers simulated and mea-
sured S11 BWs of 1096MHz (52.92%) and 1120MHz (53%),
respectively. Respective simulated and measured AR BWs are
750MHz (33.33%) and 722MHz (32.5%). As the connection
between the 45◦ Sectoral patches occurs through the RF diodes,
S11 BW is lower in this design as well. A marginal change
in the AR BW value as compared with the non-reconfigurable
design is observed, as AR BW is more dependent on the or-
thogonality of the resonant mode fields/currents than being de-
pendent on the impedance variation on the Sectoral patches.
However, the AR BW is noted in the higher frequency range
as against that of non-reconfigurable CP design. The fabricated
reconfigurable antenna prototype for CP design is provided in
Fig. 7(c). All these reconfigurable designs exhibit similar radi-
ation patterns and gain characteristics to that observed in non-
reconfigurable designs. With the exception of S11 and AR BW
being formed in the higher frequency region, the nature of all
the plots for reconfigurable designs is similar to that noted in
non-reconfigurable case. Hence, the plots for reconfigurable
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FIGURE 5. Radiation pattern and polarization plots nearer to (a)–(c) band start and (d)–(f) band stop frequency of the AR BW for gap-coupled design
of 90◦ S-MSAs and its (g) impedance measurement setup with the fabricated antenna.

FIGURE 6. Radiation pattern measurement setup with the fabricated antenna.
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FIGURE 7. (a) Gap-coupled design of reconfigurable 45◦ S-MSAs, fabricated prototype showing the RF diode excitation for (b) wideband 90◦
S-MSA with 45◦ S-MSAs, (c) wideband CP design of 90◦ S-MSAs, (d) equivalent circuit representation of gap-coupled S-MSAs.

antennas are not provided again. Thus reconfigurable design
approach helps to realize wideband and CP response using a
single patch, thus avoiding the requirements of multiple anten-
nas. For biasing the RF diode, RFC (ELT3KN131B) is con-
nected to the main patch through connecting lines. It offers
either zero impedance for the DC signal in the case of biasing
applied or very large impedance at the RF signal. With this,
placement of these reconfigurable devices does not affect the
functioning of the gap-coupled antenna.
In this study, the analysis of MSA is carried out using res-

onant mode based approach. In this approach, insights learnt
about the resonant modes and their current distributions lead to
the correct orientation in between the gap-coupled patches to
realize wideband or CP response. Another approach of analyz-
ing the MSAs is an equivalent circuit, and the same for gap-
coupled S-MSAs is presented in Fig. 7(d). In this, each of the
patches is represented by its parallel resonant circuit at the fun-
damental TM10 mode. The radiation from the gap-coupled an-
tenna is represented by using parallel combination of R, C that
represents stored and radiated energies around the gap-coupled
patch boundaries. The gap-coupling between the patches is rep-
resented by using π-network of capacitors.

5. DESIGN METHODOLOGY FOR CP DESIGN OF GAP-
COUPLED 90◦ S-MSAS
The CP response in gap-coupled 90◦ S-MSA is because of the
optimum frequency spacing between the TM10 resonantmodes.
The resonance curve plots and surface current distributions at
the resonant modes in this gap-coupled 90◦ S-MSAs were stud-
ied extensively, and based on the same resonant length for-
mulation at the TM10 resonant modes is derived here. For

the antenna dimensions in the above gap-coupled design, res-
onant length at TM10 mode in the fed patch is obtained by us-
ing Equations (1), (2). Re represents the effective patch ra-
dius, and εre is the effective dielectric constant for suspended
FR4 substrate, which is calculated by using Equation (3). The
frequency calculated for the above antenna dimensions using
following equation is 1340MHz that matches closely with the
simulated frequency of 1354MHz. Similarly, resonant length
effective patch radius for the gap-coupled patch is obtained by
using Equation (4). The second term on the right hand side of
Equation (4) that accounts for fringing field extension differs
with reference to the resonant length equation for the fed patch.
The variation in multiplying factor is attributed to the larger
perimeter area in fed patch having higher patch radius. For the
above gap-coupled antenna dimensions, frequency calculated
using Equations (4) and (1) for re = rep is 1816MHz that
matches closely with the simulated frequency of 1808MHz.
Using these resonant length formulations, the design procedure
to achieve the wideband CP response for the given band start
frequency of the AR BW is explained further.

f10fed = 30/2re
√
εre (1)

re = r + 2 (0.7ht) (2)
εre = εr (h+ ha) /h+ (haεr) (3)
rep = r + 2 (0.5ht) (4)

The procedure is initiated by specifying the band start fre-
quency of the AR BW as fAR. Various frequency relations
that exist in between the Sectoral patch resonant mode frequen-
cies and band start frequency of the AR BW, in the above gap-
coupled CP design are used in the redesign procedure. Based
on these frequency relations, TM10 mode frequency of the fed
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TABLE 1. Comparison of proposed wideband MSA against reported Wideband designs.

MSA shown in
Measured S11 BW

(MHz, %)
h/λc

A/λc

(cm)
Peak Gain
(dBi)

Fig. 1(a) 1366, 70.77 0.136 5.177 8.0
Ref. [3] 350, 6.8 0.04 0.741 7.0
Ref. [4] 290, 8.3 0.035 1.323 6.83
Ref. [5] 490, 20.04 0.053 10.77 9.5
Ref. [6] 374, 5.75 0.068 4.84 —
Ref. [7] 6300, 40 0.119 2.344 10.5
Ref. [8] 905, 42.2 0.233 5.37 10.8
Ref. [9] 380, 14.8 0.049 6.217 9.9
Ref. [10] 260, 13 0.037 5.99 7.0
Ref. [11] 3100, 12 0.1439 0.1649 6.8
Ref. [12] 880, 39.82 0.08 3.1 7.0
Ref. [13] 80, 9 0.04 5.4 7.0
Ref. [14] 7700, 110 0.06 1.83 4.5
Ref. [15] 6900, 86.79 0.065 1.223 4.1

patch is calculated by using Equation (5), whereas Equation (6)
relates the TM10 mode frequency on gap-coupled patch to AR
BW start frequency. For the calculated TM10 mode frequency
on fed patch, a substrate of thickness ht is selected as per Equa-
tion (7). An air suspended FR4 substrate is used in the redesign,
and hence the initial value of the effective dielectric constant
(εre) is unknown. Based on the substrate parameters and thick-
ness present in the original design above, the initial approxi-
mation of εre = 1.05 is considered. Using this total substrate
thickness ht is calculated. This equals h+ ha, where ha is the
air gap thickness. For this calculated value ht and for FR4 sub-
strate (h = 0.16 cm), practically realizable and integer value
of air gap thickness ha is chosen. Using the values of h and
ha, εre is recalculated using Equation (3), which is used in
all further calculations. Further, fed and parasitic patch radii
are calculated by using Equations (8) and (9), respectively. A
square proximity strip of dimension lf = 0.0786λg is placed
at a thickness of hs = 0.0694λg above the ground plane. The
strip is placed exactly below the vertex point of fed Sectoral
patch as shown in Fig. 4(a). The air gap between the two Sec-
toral patches is kept equal to g = 0.1942ht.

f10fed = fAR/1.255 (5)
f10p = fAR/0.9402 (6)
ht = 0.095 (30/f10fed

√
εre) (7)

r =
(
30/2f10fed

√
εre

)
− 1.4 (h+ ha) (8)

rp =
(
30/2f10fed

√
εre

)
− 1.0 (h+ ha) (9)

With reference to Fig. 4(a), r = R1 and rp = R2, here. Using
these equations and design procedure, the gap-coupled config-
uration of two 90◦ S-MSAs is designed for fAR = 1100MHz,
so as to cover GPS L-band frequencies. Various antenna pa-
rameters calculated are ha = 3.0, h = 0.16, r = 12.35,
rp = 9.4, hs = 2.3, lf = 2.65 cm. The antenna offers
simulated and measured S11 BWs of 668MHz (56.23%) and

681MHz (56.9%), respectively. Simulated and measured val-
ues of the CP BW for AR ≤ 3 dB, which completely lies in-
side the S11 ≤ −10 dB, are 414MHz (31.48%) and 424MHz
(31.98%), respectively. The AR BW in two results completely
spans GPS L2 and L5 bands. The CP antenna offers the gain
above 6 dBi over the AR BW with a peak value of 7 dBi. The
nature of plots in the redesigned antenna for S11 & AR BW,
radiation pattern, and gain is similar to those observed in above
original gap-coupled S-MSAs. Thus, to avoid the repeatabil-
ity in results, they are not shown for redesigned S-MSA. Using
the proposed design methodology, a wideband gap-coupled CP
MSA can be realized as per specific wireless application.

6. RESULTS DISCUSSION AND COMPARATIVE
ANALYSIS

Among the proposed Sectoral MSAs, the wideband design of
90◦ S-MSA with 45◦ S-MSAs offers the BW of nearly 70%
whereas gap-coupled CP design yields AR BW of 34%. To put
forward the technical novelty in the proposed work, the com-
parison of these two designs against the reported wideband and
CP configurations is presented in this section. The compari-
son, as given in Tables 1 & 2, is presented for the measured
S11 or AR BW, peak gain, and antenna volume, i.e., substrate
thickness and patch area. In the wideband configurations, patch
area and substrate thickness are normalized with reference to
the center frequency of S11 BW, whereas in CP designs, they
are normalized with reference to the center frequency of AR
BW. This normalization helps in comparing different configu-
rations, which are being optimized in different frequency spec-
tra and substrate parameters.
The wideband designs discussed in [3, 4] are optimized on

thinner substrate and offer lower impedance BW than gap-
coupled 90◦ S-MSA with 45◦ S-MSAs configuration. The
wideband design presented in [5] required larger patch area be-
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TABLE 2. Comparison of proposed wideband CP S-MSA against reported CP designs.

MSA shown in
Measured AR BW

(MHz, %)
h/λAR

A/λAR

(cm)
Peak Gain
(dBi)

Fig. 3(a) 751, 37.12 0.129 4.915 7.5
Ref. [16] 23, 0.93 0.02 1.498 3.87
Ref. [17] 18, 0.72 0.04 2.23 6.03
Ref. [18] 16, 0.653 0.04 3.5 7.6
Ref. [19] 46, 3.9 0.01 4.97 3.45◦

Ref. [20] 8, 0.5 0.02 5.64 3.9
Ref. [22] 6, 0.4 0.05 1.36 2.3
Ref. [24] 1000, 19 0.12 3.54 7.5
Ref. [25] 1160, 21.05 0.183 0.506 8.0
Ref. [26] 160, 8.2 0.067 1.352 7.0
Ref. [28] 3040, 63.7 0.101 38.3 17.77
Ref. [29] 250, 7.13 0.052 3.856 7.75

cause of the parasitic elements being used. The gap-coupled de-
sign presented in [6] has lower gain as it is fabricated on a lossy
thinner substrate. The gap-coupled configuration of rectangu-
lar patch with shorted patch elements [7] offers lower BW than
the proposed wideband design. The wideband multi-resonator
design discussed in [8] offers higher gain but requires patches
in planar and stacked layer. This increases the overall antenna
volume. The dual slot cut RectangularMSA (RMSA) discussed
in [9] offers lower S11 BW, whereas the wideband design pre-
sented in [10] employs differential feeding. Compared to the
configuration discussed in [10], the proposed configuration em-
ploys simpler proximity feeding. In spite of two U-slots being
employed in [11], the reported design offers a BW less than
15%. Three rectangular slots are employed in the wideband
design discussed in [12]. With three slots, multiple resonant
modes are expected to be present in this configuration. How-
ever, the multiple slots cut design offers lower BW than the pro-
posed configuration. A novel technique is reported to reduce
the antenna thickness in wideband E-shape design presented in
[13]. However, the printed patch element which is employed
to reduce the substrate thickness is complex in design, and the
configuration has lower S11 BW. The defected ground plane
designs discussed in [14, 15] employ either multiple patches on
the patch and ground plane or only the slot cut ground plane.
Due to this modified ground plane, these designs have lower
antenna gain. The S11 BW as offered by the slots cut ground
plane design that is backing rectangular patch [42] is lower than
that obtained in the proposed wideband design.
The CP designs discussed in [16–20], which employ either

narrow slot, stub, shorting post, or modified patch shapes, of-
fer much lower AR BW than the proposed design. The gain
reported in shorted design discussed in [18] is larger, but in this
work, that of the shorted patch modes yielding CP response is
not discussed. The modified patch shape CP design employ-
ing proximity feeding discussed in [21] requires a thicker sub-
strate and offers only 5–6% of ARBW. TheU-slot ground plane
design with fractal iterations discussed in [22, 23] has narrow
AR BW (≤ 2%). Multiple slots cut modified shape CP design

discussed in [24] offers lower AR BW than the simpler gap-
coupled CP design proposed in this work. The triple mode con-
figuration employing unequal length U-slot for CP response is
discussed in [25]. It provides lower AR BW than the proposed
gap-coupled design. In addition, that of the third additional
mode adding to AR BW against the earlier reported unequal
length U-slot cut CP MSA and design methodology to realize
triple mode CP configuration around specific frequency band is
not discussed. The multi-layer stacked ring design discussed in
[26] and gap-coupled design presented in [27] have lower AR
BW than the proposed gap-coupled design of Sectoral patches.
The CP design presented in [28] offers higher ARBW and gain,
but it requires large patch size due to the array configuration. In
spite of employing four resonators in the gap-coupled configu-
ration discussed in [29], the reported AR BW is smaller.
In the literature using active elements various reconfigurable

designs have been reported which achieve either wideband re-
sponse with a pattern reconfigurable radiation characteristics
[30, 32], or orthogonal polarization across the operating bands
[31], or broadside to end-fire direction and linear to CP re-
sponse switchable pattern characteristics using a high gain an-
tenna array [33, 34]. However, these MSAs employ differential
feeding that makes the design complex in implementation, or
thinner substrate which yields lower BW, or higher patch size
attributed to the modified ground plane or array design. The
requirement of power divider circuit adds to the design com-
plexities in an array configuration. Against these and various
reported reconfigurable designs, the proposed MSAs as well as
their reconfigurable variation offer higher impedance and AR
BWwith an appreciably higher value of antenna gain. They use
simpler gap coupled technique in combination with a proxim-
ity feed, thus making it a design friendly configuration. Using
modified variations of Sectoral patches, wideband and CP vari-
ations are reported [35–40]. However, in these designs, lower
impedance or AR BW is observed. These configurations do
not involve the reconfigurable approach to realize switching in
between wideband and CP characteristics in the single patch
configuration.
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In the present study, by using a simple gap-coupled technique
in combination with the proximity feed, wideband linearly po-
larized and circularly polarized configurations involving 90◦
and 45◦ S-MSAs are proposed. The respective designs yield
BWs of greater than 65% and 30%with a gain above 6 dBi. The
reconfigurable design is presented that helps in realizing wide-
band and CP characteristics using a single patch configuration.
Design methodology for CP antenna is put forward that helps
in realizing wideband CP MSA as per specific frequency band,
which can be as per given wireless application. Thus, a simpler
wideband configuration of 90◦ and 45◦ S-MSAs, offering re-
configurable characteristics for wideband and CP response, is
the new contribution in the proposed work.

7. CONCLUSIONS
Gap-coupled variations of 90◦ and 45◦ S-MSAs for wideband
and circularly polarized response are proposed. The wideband
design involving 90◦ and 45◦ S-MSAs offers an impedance BW
of∼ 70%, whereas the CP design with two 90◦ S-MSAs offers
an AR BW of 34%. Both optimum designs offer broadside pat-
tern characteristics with a gain above 6 dBi across the S11 and
AR BW. To achieve both responses using a single patch, a re-
configurable design involving active elements that offer similar
antenna characteristics is proposed. A design methodology is
presented to achieve a wideband CP response around a specific
frequency band. This approach helps in designing wideband
CP S-MSA as per specific wireless applications. Thus, sim-
pler designs of 90◦ and 45◦ S-MSAs that offer either wideband
linearly polarized or CP response with an option of the recon-
figurable design approach are the new technical contributions
in the present work.
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