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ABSTRACT: The circularly polarized design of a 350° sectoral microstrip antenna is proposed. Orthogonal surface current components
at TM10 mode on the sectoral patch provide circularly polarized characteristics. With the substrate thickness of 0.087\.ar, it yields
the simulated axial ratio bandwidth of 18 MHz (1.9%) that lies inside the reflection coefficient bandwidth of 487 MHz (44.66%). A
reduction in the substrate thickness by 0.012\.4 r in the 350° sectoral design is achieved by employing an H-shape ground plane profile.
This design yields the axial ratio bandwidth of 13 MHz (1.45%), which is present inside the reflection coefficient bandwidth of 386 MHz
(36.9%). The antenna using modified ground plane offers peak broadside gain of larger than 6 dBi. On conventional and H-shape
ground plane design, the reconfigurable design of 350° sectoral patch is presented that offers switching between the wideband and
circularly polarized characteristics. For operation at TM3o mode in the Sectoral patch, circularly polarized reconfigurable configuration
for sectoral angle decreasing from 340° to 280° is presented. Over this angle variation, the antenna offers tuning in the center frequency
of axial ratio bandwidth by 367 MHz (20.6%) with a broadside gain of larger than 5 dBi. A design methodology for circularly polarized
antennas functioning at TM 19 and TM3o modes is proposed. It helps in realizing similar configuration as per specific wireless application.
Experimental verifications for all the obtained results are carried out which show close agreement with the simulated results.

1. INTRODUCTION

icrostrip antenna (MSA) finds many applications in wire-

less communication, owing to its numerous advantages
like low profile and planar configuration [1,2]. In wireless
communication, transmitted signal undergoes the effects of
multi-path propagation, which leads to the changes in the di-
rection of polarization of the incident wave. If this direction
does not match with the receiver antenna polarization, a sig-
nal loss is observed. To overcome this, a circularly polarized
(CP) antenna is selected. An important design feature of the
MSA is the ease of generation of CP response, while employ-
ing simple modifications in the radiating patch [1,2]. The CP
response is obtained either by cutting a slot in the radiating ge-
ometry [3-5], or by placing a shorting post [6, 7], or by employ-
ing a modified shape of the radiating patch [8—10], or by cutting
resonant slots inside the MSA [11-15], or by employing a mod-
ified ground plane structure in the form of slots or fractal shape
geometries [16—-19], or by adding parasitic patches in the pla-
nar or stacked layer [5,20-22]. The CP MSAs obtained using
slots and shorting post offer lower axial ratio (AR) bandwidth
(BW) as they are fabricated on a thinner substrate. Modified
patch shape geometries offering CP response either have lower
AR BW due to the thinner substrate or employ complex shape
of the radiating patch which increases the design complexity.
CP designs using resonant slots are the optimum configurations
since they offer 3-6% of AR BW, broadside gain greater than
6-8 dBi, and substrate thickness of > 0.06A.4. In resonant
slot cut designs, the appropriate knowledge of resonant modes
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on the patch is needed for placement of the slot. Also tuning
in slot lengths does not yield tuning in the center frequency
of AR BW, thus not able to cater wider frequency spectrum.
A wideband CP design is needed when multiple wireless ap-
plications occupying nearby frequency bands are to be catered
using a single antenna. A wideband CP design offering AR
BW greater than 15% is obtained either by employing modified
patch shape [23, 24] or modified resonant slot cut design [25]
or by employing parasitic resonators [26—28]. These designs do
offer higher AR BW but show variation in the broadside gain
by 3 dBi. The frequency reconfigurable design using active el-
ements discussed in [29] provides multi-band CP response, but
tuning in those frequency bands is not possible. By incorporat-
ing open circuit stubs, a frequency reconfigurable design pro-
viding more than 30% tuning in the AR BW center frequency
is discussed in [3]. However, this design shows 6 dBi variation
in the broadside gain over the AR BW tuning range. Also, the
addition of multiple rectangular stubs placed on the four edges
adds to the design complexity.

This paper initially presents a proximity fed design of 350°
Sectoral MSA (S-MSA) for CP response. Without incorporat-
ing any of the CP techniques mentioned above, a single sectoral
patch configuration yields CP characteristics due to the pres-
ence of orthogonal surface currents at the fundamental TM;
mode. The 350° S-MSA on substrate thickness of 0.087\.4r
yields simulated AR BW of 18 MHz (1.9%) which lies in-
side the reflection coefficient (S71) BW of 487 MHz (44.66%).
By incorporating suitable modifications in the sectoral patch,
its reconfigurable design is proposed, which offers switching
in between the CP to wideband linearly polarized characteris-
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tics. The reconfigurable CP design offers simulated AR BW
of 22 MHz (2.46%), which is present inside the S1; BW of
453 MHz (41.31%). Across the AR BW antenna offers a peak
gain of 6.7 dBic. The corresponding wideband design offers
an S11; BW of 387 MHz (33.9%) with a broadside peak gain of
9 dBi. Reduction in the substrate thickness in 350° S-MSA is
achieved by using an H-shape ground plane profile. Against the
conventional ground plane design and for substrate thickness
reduction of 0.012\. 4z, H-shape ground plane antenna offers
a simulated AR BW of 13 MHz (1.45%), which is present in-
side S1; BW of 386 MHz (36.9%). Across the AR BW, the
antenna offers the peak gain of more than 5dBic. Reconfig-
urable wideband counterpart using H-shape ground plane of-
fers an S71; BW of 349 MHz (31.38%) with a peak gain of more
than 6 dBi. A reconfigurable design of S-MSA for sectoral an-
gle reducing from 340° to 280° is proposed. The reduction in
sectoral angle increases the TM3y mode resonance frequency
of sectoral patch that yields tunable CP characteristics. With
decrease in angle from 340° to 280°, center frequency of the
AR BW increases from 1414 to 1781 MHz, thereby providing
367 MHz (20.6%) of frequency tuning. Across the complete
range, the S-MSA operating at TM3y mode provides a broad-
side gain of larger than 5 dBic. The design methodology to re-
alize CP response in 350° S-MSA around the specific center
frequency of the AR BW and tunable CP response in 340°—
280° S-MSAs to cover specific wireless application spectrum is
presented, which yields similar results. Thus, 350° S-MSA will
help to cater to specific wireless application centered around the
given frequency, and tunable CP antenna will cater to a com-
plete range up to 20%. Without using the techniques of slot,
stub, resonant slot, and by changing one of the patch param-
eters, tunable CP response is achieved in the present design.
The novelty in the proposed work against the reported config-
uration is presented ahead in the paper. It shows that in terms
of technique employed in the proposed design, against the tun-
able AR BW and gain achieved, the proposed designs offer op-
timum performance. The MSAs presented in this paper were
initially optimized using CST simulations employing time do-
main solver [31], followed by the experimental verifications in-
side the Antenna laboratory, using instruments namely, ZVH-8,
SMB 100A, and FSC 6. In all the designs, a close agreement is
obtained between the simulated and measured results.

2. RECONFIGURABLE 350° S-MSA FOR CP RE-
SPONSE

The S-MSA is a variation of circular MSA, and the wideband
design of S-MSA against varying sectoral angle ‘0’ has been
reported in the literature [35]. In these designs, towards the
band start frequencies of the S1; BW; because of the orthogo-
nal surface current variation at the fundamental mode on the
patch, cross-polar radiation is higher [35]. To suppress this
modal contribution, a shorted and slot cut wideband design of
S-MSA is discussed in [36]. However, with the two shorting
edges, this antenna offers maximum of the radiation pattern in
the direction away from the broadside one, with a higher cross-
polar radiation level. A circularly polarized design of shorted
S-MSA employing a rectangular slot is discussed in [37]. With
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a shorting edge and slot contributing to the AR BW, the ra-
diation pattern is tilted from the broadside direction. In this
paper, without employing additional slot or shorting post, but
by observing the modal current distribution at the fundamen-
tal mode on the sectoral patch against the sectoral angle, a CP
design is presented as shown in Figs. 1(a) and (b). The sec-
toral patch of angle ‘0’ is excited using the proximity feed as
mentioned in the figure. The S-MSA is fabricated on an FR4
substrate (¢, = 4.3, h = 0.16 cm), which is suspended above
the ground plane using an air gap of h, cm. The air-suspended
substrate configuration improves the antenna efficiency, while
using a low cost lossy substrate. Also, it provides the reliability
in the antenna results against the substrate parameter variations.
For h, = 2.3 cm, initially equivalent circular patch radius is
selected such that its fundamental TM;; mode frequency is
around 1100 MHz. The radius ‘r’ is found to be 5.5 cm. For this
patch radius, various angle S-MSAs are realized as shown in
Fig. 1(a). The parametric variations are carried out to study the
excitation of resonant modes. Corresponding AR value varia-
tion resonance curve and AR plots for the same are shown in
Figs. 1(c)—(D).

For the proximity feed at x; = 2.7 cm and total substrate
thickness of 2.46cm, for each sectoral angle, two resonant
modes are observed in the resonance curve. The surface cur-
rent distributions were studied at the two peaks for every an-
gle and are shown in Figs. 1(c), (d) for § = 350°. At the
first mode, surface currents show one half wavelength varia-
tion along the patch perimeter. With this distribution, reso-
nant mode is referred to as TMjg. In the sectoral geometry,
fields will vary along two orthogonal dimensions of the patch,
i.e., patch perimeter and radius. Thus in the modal identifi-
cation, the first index refers to the number of half wavelength
variations along patch perimeter, and the second refers to the
number of half wavelength variation along radius. The second
peak is due to TMsg mode as two half wavelength variations
are present along patch perimeter. This mode is similar to the
TM1; mode in circular patch. At TM; mode, the nature of sur-
face currents variation leads to the orthogonal components over
the patch. This yields CP radiation from the sectoral patch as
visible from the AR plots, where for higher angles, AR value is
close to 3 dBi. With the decrease in sectoral angle, this current
orthogonality is not maintained which increases the AR value
near the TM ;¢ mode frequency. The AR <3 dB is obtained for
6 = 355°, but an input impedance at the same is lower. This
does not yield S1; BW for < —10dB. Against the feed point
variation, an impedance matching for 355° S-MSA is achieved,
but AR BW is not realized. As noted from the resonance curve
plot shown in Fig. 1(e), impedance is higher at TM;¢ mode for
350° S-MSA, but the AR value is more than 3 dB. The AR BW
optimization for § = 350° S-MSA is obtained by increasing
the total substrate thickness to 2.86 cm (h, = 2.7cm). An in-
crease in substrate thickness achieves equal amplitudes of the
orthogonal currents on the patch to realize AR < 3dB and
impedance matching for S7; < —10dB. This design achieves
simulated AR BW of 18 MHz (1.9%) that lies inside the S1;
BW of 487 MHz (44.66%). The total substrate thickness in
terms of the wavelength at the center frequency of AR BW is
0.087\caR.
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FIGURE 1. (a), (b) Proximity fed S-MSA, its (c), (d) surface current distribution at first two modes and (e)—(h) resonance curve and AR plots for

varying Sectoral angle 6.

The S-MSA is a variation of circular MSA (CMSA). Prox-
imity fed CMSA for the same substrate thickness will realize
wideband linearly polarized response. To obtain both the re-
sponses together using a single patch, a reconfigurable design
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of 350° S-MSA is proposed as shown in Fig. 2(a). To obtain a
complete circular patch from 350° S-MSA, a small section of
sectoral patch is placed inside the narrow slit in 350° S-MSA,
as shown in Fig. 2(a). A small sectoral portion is connected to
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FIGURE 2. (a) Reconfigurable design of 350° S-MSA for CP and linear polarized wideband response, (b) equivalent circuit for PIN diode in ON and

OFF state.

the 350° S-MSA through the activation of PIN diodes D1-D4.
PIN diode BAR64-06W H6327 is selected. These diodes are
provided with the DC biasing supply using biasing pads (1) &
(2) and by using the series connection of RFC, ELT-3KN131B.
The equivalent circuit of PIN diode is provided in Fig. 2(b). At
the antenna operating frequency, when diode is ON, it offers
forward resistance (rg) of 3.4 2, which is a very small value.
When diode is in OFF state, capacitor C and parallel resistance
rp values are 0.25 pF and 3.2 k2, respectively. The Ly equals
1.4 nH. Thus, when the diodes are OFF, i.e., no DC supply is
connected to points (1) & (2), sectoral patch is disconnected
from 350° S-MSA, and the antenna functions as a circularly
polarized design. When diodes are forward biased by apply-
ing ‘+’ polarity at (1) and ‘—’ at (2), the small sectoral patch
is connected to 350° S-MSA, and a complete circular configu-
ration is obtained. This gives wideband linearly polarized re-
sponse. The optimized reconfigurable design is achieved for
the antenna parameters as, h, = 2.7, h = 0.16, hy = 2.5,
Ly =172y =271 =>55cm.

The results for the reconfigurable design in CP and wide-
band response are shown in Figs. 3(a)—(g) & 4(a)—(e). In the CP
configuration, simulated and measured .S;; BWs are 453 MHz
(41.31%) and 459 MHz (42.05%), respectively as shown in
Fig. 3(c). The AR BWs observed in the simulation and mea-
surement are 22 MHz (2.46%) and 25 MHz (2.8%), respec-
tively. Across the AR BW, peak antenna gain is more than
6 dBic. Radiation pattern plots shown in Figs. 3(e), (f), at the
center frequency of AR BW, are in the broadside direction with
a higher cross polar level of radiation. The higher cross-polar
levels are attributed to the presence of CP radiation from the
antenna. With respect to time and the observer, current vectors
rotate in clockwise direction. But with respect to antenna they
will show anticlockwise rotation, thereby giving left hand CP
(LHCP) response as shown in Figs. 3(g) & 4(a)—(d). Using con-
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version equations and vertical, linear polarization E-field com-
ponents obtained in the pattern measurement, LHCP and right
hand CP (RHCP) components are practically evaluated [34],
which shows close agreement against the simulations. The fab-
ricated antenna setup is shown in Figs. 3(a), (b).

In the broadband design, i.e., when the diodes are forward bi-
ased, the S11 BWs observed in the simulation and measurement
are 387 MHz (33.9%) and 386 MHz (34.06%), respectively as
shown in Fig. 3(d). The antenna offers broadside radiation pat-
tern across the S1; BW with E-plane aligned along ® = 0°.
The peak antenna gain is close to 9dBi. Radiation pattern,
AR BW, and gain were measured inside the antenna labora-
tory as shown in Fig. 4(e). In this, far-field distance calculated
with respect to the highest frequency of S1; BW was main-
tained between the reference Horn antenna and antenna under
test (AUT). For all the measurements in this paper, far-field
distance of 300 cm was maintained between the two antennas.
Around the measurement desk, reflecting metallic objects were
not present. The distance of adjoining walls from the central
measurement desk is more than six times of the wavelength,
calculated with respect to the lowest frequency of measurement.
All these details ensure minimum reflection environment and as
close as possible to the ideal anechoic chamber measurements.
The broadside antenna gain was measured using three-antenna
method for a better accuracy.

Substrate thickness in the reconfigurable circularly polar-
ized 350° S-MSA is 2.86cm, i.e., 0.087 A ar. This value is
calculated with respect to the wavelength (A.4r) at the cen-
ter frequency of AR BW. The reduction in substrate thickness
is achieved by employing an H-shape ground plane profile,
as shown in Figs. 5(a), (b). In this design, a three-layer sus-
pended configuration is selected in which two layers of FR4
substrate are separated by an air gap of h, cm. The optimiza-
tion procedure of H-shape ground plane for wideband and CP

WWwWw.jpier.org



Progress In Electromagnetics Research B, Vol. 110, 73-90, 2025

rPIER B

(a)

) a
. 45111)131&;

w O

\
(o1gIp) wen

[S20E=))

1000 1100 1200 1300 1400
~ Frequency (MHz)

0 |
800 900

0= E co-pol, &0 E x-pol, —0— H co-pol,
o0

180
=891 MHz, simulated

1800
f= 888 MHz, measured

(b)

PIN diode

Patch

[ S11:03simu,(~o)meas,Gain: () simu, () meas

| @ 0 \ \ \ \ T

I

I s

| -10

|

I

| r5\-20

= o

I£30 8 Q
=2

I U

| -40 6Z

' 5

s

| 90010001100 1200 1300 1400 1500

| Frequency (MHz)

= H x-pol HO—]E]eft,§=90° (—0—),Eright,§=00

(L €4) Efeft, =02
(2 '

1800
=891 MHz, simulated

FIGURE 3. (a) S11 BW measurement setup, (b) fabricated antenna, optimum results for (¢) CP and (d) wideband design and (e), (f) radiation pattern
and (g) simulated field polarization plots for reconfigurable design of 350° S-MSA for CP response.

designs is discussed in [38] and hence not presented here. Us-
ing modified ground plane, antenna gain decreases. Hence,
there exists a trade-off between the substrate thickness reduc-
tion achieved against decrement in the gain [38]. Optimum de-
sign is considered the one that provides a peak gain of more
than 6 dBi. This value is selected since it is an appreciably
large gain from the practical applications. As per this condi-
tion, optimum design using H-shape ground plane profile is ob-
tained for h, = 2.2 cm, i.e., for the total substrate thickness of
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2.52 cm, with all the other sectoral patch parameters remaining
unchanged. Results for this design are shown in Figs. 5 & 6.
In the broadband design using H-shape ground plane, the S11
BWs observed in the simulation and measurement are 349 MHz
(31.48%) and 367 MHz (33.01%), respectively. The antenna
offers broadside radiation pattern with E-plane aligned along
® = 0° and peak antenna gain of more than 6 dBi. In the circu-
larly polarized configuration, simulated and measured S7; BWs
are 386 MHz (36.9%) and 391 MHz (37.61%), respectively.
The AR BWs observed in the simulation and measurement are
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FIGURE 4. (a)—(d) Time varying surface current distribution at the center frequency of AR BW and (e) gain measurement setup for reconfigurable
design of 350° S-MSA for CP and wideband response.

13 MHz (1.45%) and 18 MHz (2.02%), respectively. Across
the AR BW, peak antenna gain is more than 6 dBic. The radia-
tion pattern at the center frequency of AR BW is shown in Figs.
6(a)—(c). The pattern remains in the broadside direction with
a higher cross-polar component. The antenna offers LHCP re-
sponse over the AR BW. The measured right hand and left hand
CP field components, calculated using the conversion equa-
tions applied to the measured values of horizontal and vertical
polarization E-field values, agree closely with the simulation.
With reference to the wavelength at the center frequency of
AR BW, substrate thickness is 0.075A. 4. In comparison with
the conventional ground plane, H-shape ground plane design
offers 0.012\. 4 reduction in substrate thickness. It should
be noted here that conventional ground plane used above was
square with side length 35 cm, against a 15 cm square ground

plane (L, = W) employed in the H-shape ground plane pro-
file. Using square ground plane of L, = 15cm, 350° sectoral
patch does not offer CP response. But the same was achieved
while realizing H-shape profile. Thus, although reduction in
the substrate thickness is small, and AR BW is reduced by a
small margin, H-shape ground plane profile provides a tech-
nique to achieve CP response in sectoral patch, while using a
small ground plane size. The measurement setup for a small
sized modified ground plane antenna is provided in Fig. 6(d).

3. RECONFIGURABLE FREQUENCY TUNABLE S-MSA

FOR CP RESPONSE

In wireless applications frequency tuning of the AR BW center
frequency is needed so as to cover many adjoining frequency
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spectrums. In the proposed single patch CP S-MSA, with the
decrease in sectoral angle, AR BW is not achieved. In 350°
S-MSA, tuning in the center frequency of AR BW will require
changing the patch radius. Thus while operating at TM;¢ mode
in sectoral patch tuning in the AR BW center frequency can-
not be obtained. In sectoral patch, next two resonant modes
are TMyy and TM3q, at which surface currents exhibit two
and three half wavelength variations along the patch perimeter.
With this distribution, the antenna offers broadside radiation
pattern at two frequencies with E-plane aligned along & = 0°.
Further, as seen from the parametric study given in Figs. 1(e)—
(h), AR value decreases towards the higher frequencies with
the decrease in sectoral angle. This behavior of S-MSA is stud-
ied further for the possible tuning of AR BW center frequency
against the sectoral angle. Forr = 5.5, hq = 2.3, 2y = 2.7cm,
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parametric study is carried out, and resonance curve and AR
plots for sectoral angle decreasing from 355° to 270° are shown
in Figs. 7(a)—(f).

In the resonance curve, the first two resonant modes corre-
spond to TM;g and TMy as described earlier. The next res-
onant mode is TM3o. At this mode, surface currents exhibit
three half wavelength variations in modal currents as mentioned
in Fig. 8(a). Near this resonant mode frequency, AR value
lower than 3 dB is observed. Similar to TM;¢ mode, with three
half wavelength variation in surface currents at TM3o mode,
orthogonality in current vectors is obtained over the sectoral
patch that achieves CP response with AR value less than 3 dB.
With the decrease in sectoral angle, perimeter length of the sec-
toral patch decreases which increases TM3y mode frequency.
With this CP response is obtained in higher frequency region

Www.jpier.org
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0f 350° S-MSA backed by H-shape ground plane.

as reflected in Fig. 7. For § = 340°, CP response is obtained
around 1450 MHz, whereas for § = 280°, it is obtained around
1850 MHz. Thus, the reduction in sectoral angle by 60° yields
tuning in the center frequency of AR BW by 400 MHz. To real-
ize this varying angle sectoral patch so as to achieve frequency
tuning, the reconfigurable design of S-MSA for angle decreas-
ing from 340° to 280° is developed as shown in Fig. 8(b).

In the present case, a reconfigurable design that yields vari-
ous S-MSAs for # = 340°, 320°, 300°, and 280° is proposed.
A step of 20° is considered for achieving each of the recon-
figurable S-MSAs. This step angle is a function of center fre-
quency of the AR BW that needs to be tuned to for every angle
6, and thus it can change as per specific wireless application.
Initially, S-MSA of § = 280° is selected for » = 5.5 cm. Fur-
ther, radii 71, ro, r3 of circular sectoral patches are selected
as 5.0, 5.3, 5.5, respectively, whereas angle 6, for each sec-
tor is taken as 18°. With this selection of sectoral angle and
sectoral patch radius, the air gap of 0.1 cm is maintained be-
tween the individual patches at which PIN diodes D1-D12 are
placed as shown in Fig. 8(b). Each narrow sectoral patch is
connected with a biasing pad through RFC, for providing the
DC supply. When all the diodes are forward biased with the
polarities shown, all the sectoral patches and 280° S-MSA are
inter-connected, which yields 340° S-MSA. When DC supply
is provided at pads (1), (2), and (3) only, 320° S-MSA is real-
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ized, whereas with supply connected at pads (1) and (2), 300°
S-MSA is obtained. When supply is not connected to any of the
DC pads, 280° S-MSA is realized. For h, = 2.3, Ly = 1.4,
x¢ = 2.7 cm, and with suitable excitation of PIN diodes, 340°—
280° S-MSAs are obtained that achieves tuning in the center
frequency of AR BW. The results for all the reconfigurable S-
MSAs are tabulated in Table 1. The plots for 340° and 280° S-
MSAs are provided in Figs. 9 and 10. In all the sectoral MSAs,
the S11 BW of more than 20% is achieved. With reference to
the simulated AR BW, while going from 280° to 340° S-MSA,
center frequency decreases from 1781 to 1414 MHz, thereby
giving 367 MHz (20.6%) of frequency tuning. This frequency
tuning range will help to cover most of the practical wireless
applications using a single antenna. The peak antenna gain is
8.0dBic for 340° S-MSA, whereas it is 5.9 dBic for 280° S-
MSA. The reduction in peak antenna gain in smaller sectoral
angle S-MSA is attributed to the higher contribution of vertical
surface currents. In 280° and 340° S-MSAs, radiation pattern
at the center frequency of AR BW is in the broadside direc-
tion with a higher cross-polar level. The simulated polariza-
tion plot shows the dominance of E-left hand fields, thus giving
LHCP response. Measured left and right hand polarization E-
fields are calculated using the vertical and horizontal polariza-
tion values as obtained in the pattern measurements [34]. The
measured field polarization plot also confirms the presence of
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FIGURE 7. (a)—(f) Resonance curve and AR plots for S-MSA backed by conventional ground plane for decreasing Sectoral angle ‘6°.
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FIGURE 8. (a) Surface current distribution at TM3o mode for S-MSA for = 330° and (b) reconfigurable design of S-MSA for 6 reducing from

340° to 280°.

TABLE 1. Results for reconfigurable 280 to 340 S-MSAs.

Simu. BW Meas. BW Simu. BW Meas. BW .
fear Peak Gain

MSA S11 < —10dB S11 < —10dB AR < 3dB AR < 3dB s B

z ic
(MHz, %) (MHz, %) (MHz, %) (MHz, %)

340° S-MSA 304, 20.29 323,21.98 68, 4.8 72,5.14 1414 8.0
320° S-MSA 361,23.72 378, 24.08 141,9.2 145,9.4 1532 6.5
300° S-MSA 384,24.12 395, 24.56 174,10.31 181, 10.7 1687 6.2
280° S-MSA 394,23.67 403, 24.32 134,7.52 132, 7.46 1781 5.9

LHCP radiation. Similar radiation pattern characteristics are
obtained in 300° and 320° S-MSAs.

The simulated CST model for the reconfigurable antenna and
orthogonal F-fields amplitude and phase plots generated us-
ing CST simulations for orthogonal probes placed in the far-
field region, for all the reconfigurable S-MSAs are provided in
Figs. 11 and 12.

In all the reconfigurable designs, near the respective AR BW
range, IV, and F, values are nearly equal. The phase compo-
nent ¢, either leads ¢, by 90° or lags by 270° in all the designs.
With respect to antenna as a radiator, this phase difference con-
firms the presence of LHCP radiation from the S-MSAs.

In the two S-MSAs, CP response is obtained around the fun-
damental TM; and third order TM3y5 modes. Unlike the or-
thogonal resonant modes present in the generation of CP re-
sponse, in the proposed design, only a single mode yields the
CP characteristics. In the literature on slot cut MSA, an expla-
nation can be found related to the presence of orthogonal mode
currents on the patch that achieves the CP characteristics [12].
The CP characteristics are further proven with the help of time
varying surface current distribution at a point on the patch [12].
A similar theory is drawn here to explain the CP response in
S-MSA. The surface current distributions at TM;y mode on
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350° and 330° S-MSAs are shown in Figs. 13(a), (b). Reso-
nant field/surface current follows one half wavelength variation
along the patch perimeter length. The current and E-field mag-
nitude plots at TM;y mode from point A to B are provided in
Fig. 13(c). Over the field/current variation length, for a phase
point ‘0’ around 45° along the respective waveforms, there ex-
ists an equal magnitude, opposite field polarity (same current
amplitude) point on the waveform, which is spaced by phase
difference of 7/2¢, i.e. around 135°. As seen from the cur-
rent direction plots for 350° S-MSA, these two equal magni-
tude field/current points lie on the directions J1 and J2 vectors,
which are orthogonal to each other. On the sectoral patch there
will be such a pair of points for these ‘0’ combinations. This
realizes equal magnitude current vector/E-field points, which
are orthogonal in direction and separated by 7/2¢ in phase.
This condition of current vectors/E-field points on the sectoral
patch for 350° S-MSA satisfies the CP radiation requirements.
Against this, on 330° S-MSA, effective J1 and J2 current vec-
tors are not orthogonal in direction, and thus even if magnitudes
of pairs of current vectors are the same, they do not meet all the
requirements for CP radiation. Hence at TM;¢ mode, 350° S-
MSA only gives CP characteristics. The time varying current
distribution, shown in Figs. 4(a)—(d), confirms the CP findings.
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FIGURE 9. (a) S11 BW measurement setup and (b) fabricated prototype for reconfigurable design of S-MSA for CP response around TM3( mode,
optimum response for reconfigurable (¢) 280° and (d) 340° S-MSA, and (e), (f) radiation pattern and (g) simulated field polarization plots for 280°
S-MSA.

Similar explanation is drawn at TM3( resonant mode. Over the currents/fields are orthogonally placed in space on the sectoral
sectoral patch, three half wavelength variation in currents/F- patch, and at a phase angle of 6 and 6 4+ 7/2¢, with an equal
field exists. For this effective surface current directions are J1, magnitude, thus satisfying the requirements for the CP radia-
J2, and J3 as shown in Fig. 13(d). Based on these three current tion. Thus similar to slot cut MSA, orthogonal current vectors
vectors, effective orthogonal current vectors Jx and Jy are de- provide CP response, on the sectoral patch.

rived. On these vector directions, a pair of points exists at which
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FIGURE 11. (a) CST mode for reconfigurable antenna, and (b) E-fields amplitude and phase plots for 340° S-MSAs.

4. DESIGN METHODOLOGY FOR 350° S-MSA AND
RECONFIGURABLE S-MSAS

In 350° sectoral patch, resonant length at fundamental TM;
mode is formulated by using Equation (1). To realize this equa-
tion, surface current paths at TM;g mode are studied as shown
in Fig. 13(a). While arriving at the equation, average of the
two path lengths, 1 & 2, as mentioned in Fig. 13(a), is consid-
ered. As the currents along path 1 are not completely follow-
ing the full perimeter length in the sector, weighting factor as
mentioned in Equation (1) for path 1 contribution is considered.
The resonance frequency at TM1y mode is calculated by us-

ing Equation (2). An effective dielectric constant (£,..) for the
suspended substrate is calculated by using Equation (3). For
the above patch parameters, calculated frequency using Equa-
tion (2) is 875 MHz that matches closely with the simulated
value of 866 MHz.

Lo = 2 ((*360) 7 +1) /2 )

flO = 30/2L810 Ere (2)
& (h+ha)

Ere = m 3)
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The design methodology for 350° S-MSA is initiated by speci-
fying the center frequency of AR BW, f.ar. The TM;1¢ mode
frequency in 350° S-MSA is calculated by using this frequency
as mentioned in (4). The substrate thickness for the patch is se-
lected as given in Equation (5). The value of substrate thickness
and the frequency relation between f.4r and fi are the same
as that present in the original 350° S-MSA discussed above.
At the new frequency f1¢, as air gap thickness is not available,
the value of ¢, is unknown to begin with. Hence, an initial
approximation of 1.055 is taken. This approximation is based
on the value of ¢, as present in the above optimum design.
Using the calculated value of h; and for FR4 substrate, A, is
selected, which is an integer and practically realizable num-
ber. Using these substrate parameters, €, is recalculated us-
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ing Equation (3), and it is retained in all further calculations.
The resonant length at TM;¢ mode in 350° S-MSA is calcu-
lated by using Equation (6), whereas patch radius is obtained
using (7). Equation (7) is realized from Equation (1). The
proximity strip parameters are calculated as hy = 0.0745\ 104,
L = 0.051A104, vy = 0.491r. Here, A1qg4 is the wavelength at
TM;1 mode in 350° S-MSA, as calculated using Equation (8).
In all the equations discussed in this section, frequency is men-
tioned in GHz, and antenna dimension is calculated in cm.
Using the above methodology, the 350° S-MSA is designed
for foar = 1176 MHz in the GPS L5 band. Various calcu-
lated antenna parameters are h = 0.16, h, = 2.1, 7 = 4.0,
hs = 19, Ly = 1.5, xy = 2.0cm. This antenna offers
simulated and measured S1; BWs of 581 MHz (41.22%) and
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FIGURE 13. Surface current distribution at TM1o mode in (a) 350° and (b) 330° S-MSA, (c) current and E-field plots on Sectoral patch, and (d)

surface current distribution at TM3o mode for 330° S-MSA.

599 MHz (42.03%), respectively. The AR BWs observed in the
simulation and measurement are 24 MHz (2.08%) and 28 MHz
(2.6%), respectively. Across the AR BW, the antenna offers a
peak gain of 6 dBic. The center frequency of AR BW in the
simulation is 1149 MHz, which is very close to the desired fre-
quency of GPS L5 band.

fio = feary o @)
he = 0.09 (3, er0) )
Lao = Ny /o ©)
r = Leog g ™
Mog = g me ®)

In the reconfigurable design of S-MSA that provides the tun-
ing, the center frequency of AR BW is close to TM3y mode
frequency of the Sectoral patch. Initially, the resonant length
formulation at TM 33 mode in 340° S-MSA is realized. For this,
the surface current distribution at TM3y mode is studied, and
based on it formulation is obtained as given in Equations (9)
and (10). In Equation (10), ‘¢’ equals 30. Using an FR4 sub-
strate and for r = 5.5, h, = 2.3, h = 0.16 cm, the calculated
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frequency is 1498 MHz, which is very close to the simulated
frequency of 1510 MHz.

Lego = 0.9r ((340/360) 277) )

f30 = 3C/2Le30 Ere (10)

Using the above formulation for 340° S-MSA, frequency re-
configurable design of S-MSA is realized to cover GPS L
bands. In GPS L band, L5 (1176 MHz), L2 (1227 MHz), L3
(1381 MHz), and L1 (1575 MHz) bands exist. To completely
cover the L-band, the frequency tuning of 399 MHz (25.33%),
as calculated with respect to L1 band frequency, is needed. The
proposed frequency reconfigurable S-MSA yields frequency
tuning of 20.6%, and thus the entire L band cannot be ad-
dressed. Hence, the frequency reconfigurable design is pre-
sented to cover L5, L2, and L3 bands. For this, frequency tun-
ing of 205 MHz (14.84%) is needed, which is offered by the
proposed design. Initially, 340° S-MSA is designed for GPS
L5 band. For this band, foar = f30 = 1176 MHz. The sub-
strate thickness at this frequency is calculated by using Equa-
tion (11). As the initial value of &, is not available, €,.. is se-
lected to be 1.045 in the initial calculation. Based on this, h;
is obtained, and for FR4 substrate, h,, is selected, which is an
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TABLE 2. Results for reconfigurable S-MSA to cover GPS L5, L2 and L3 band.

Simu. BW Meas. BW Simu. BW Meas. BW .
fear Peak Gain

MSA S11 < —10dB S11 < —10dB AR < 3dB AR < 3dB (MHz) (dBic)

z ic
(MHz, %) (MHz, %) (MHz, %) (MHz, %)

340° S-MSA, L5 band 236, 18.65 242, 19.05 32,2.74 35,29 1167 6.7
330° S-MSA, L2 band 245,19.1 256, 19.8 84,6.9 90, 7.05 1216 6.0
300° S-MSA, L3 band 317,23.87 327,24.02 141, 10.56 147, 10.92 1335 54

integer number. Using these substrate parameters, &,.. is recal-
culated using Equation (3) at TM3o mode. This value is retained
in all further calculations. Resonant length at TM3y mode and
patch radius of 340° S-MSA is calculated using Equations (12)
and (13), respectively. Equation (13) is obtained by rearrang-
ing the terms on two sides of Equation (9). Proximity strip pa-
rameters are selected as hy = 0.1062A304, Ls = 0.055)A30,,
x = 0.1365)A304. Here, A3 is the wavelength at TM3g mode,
calculated using Equation (14).

he = 0.124 (30/f30@) (11)
Leso = 3%y /e (12)
r = Lesojs 34 (13)
Naog = g mre (14)

Using this methodology, 340° S-MSA is designed for foar =
1176 MHz, and calculated antenna dimensions are h = 0.16,
he = 29,7 =172, hy = 265 oy =34, L, = 1l.4cm.
This design achieves AR BW centered around 1177 MHz as
per the requirements of L5 band. The L2 and L3 bands center
frequencies are 1227 and 1381 MHz, respectively. To address
these two frequency bands, 330° and 300° S-MSAs were sim-
ulated for the above mentioned antenna parameters. They yield
AR BWs centered around 1230 and 1377 MHz. At all these
bands, S-MSA offers AR BW that satisfactorily meets the re-
quirements of each GPS L band for S;; < —10dB. Based on
this reconfigurable design is realized. In the reconfigurable de-
sign, 340°, 330°, and 300° S-MSAs are realized. With refer-
ence to Fig. 8(b), the design will be initiated with 300° S-MSA
for radius 7 = 7.2cm. By ensuring a gap of 0.1 cm, two cir-
cular sectors are placed in an empty area of 300° S-MSA. The
circular sector placed in the immediate vicinity of 300° sectoral
patch has angle 6; = 29, and the circular sector next to it has
an angle of 9. The radius of two circular sectors is selected as
ro = r3 = 6.2 cm. In reconfigurable design, the radius of para-
sitic sectors is selected in the range of 0.85—0.9 r. Here, depend-
ing upon the frequency application, minor parametric optimiza-
tion for r5 and r3 is needed to achieve frequency tuning and AR
BW as per the desired band. The connection of the first sector
to 300° S-MSA through PIN diodes will realize 330° S-MSA,
whereas electrical connection of second sector to this compos-
ite 330° S-MSA will realize 340° S-MSA. As shown in Fig.
8(b), four PIN diodes each is placed to inter-connect each sec-
tor to the initial 300° S-MSA. Thus as against the initial recon-
figurable design shown in Fig. 8(b), for the S-MSA in GPS L
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band, two circular sectors along with 300° S-MSA are needed.
This choice of sectoral angle and number of sectoral patches
purely depends upon the application being targeted. The only
upper limit comes with the maximum tuning of 20.6% possible
with a reconfigurable S-MSA to achieve the broadside pattern
and gain characteristics. For the above mentioned antenna pa-
rameters in the reconfigurable design, 300° S-MSA and circular
sectors supported with the activation of PIN diodes are simu-
lated, and their response is experimentally verified. Results for
the reconfigurable designs are presented in Table 2. In all the
designs, the center frequency of AR BW is near the desired L
band frequency. Also, AR BW obtained in each case covers
the exact L5, L2, and L3 band spectrums with their respective
BW requirements. The peak antenna gain in all the configu-
rations is more than 4.5 dBic, thus satisfying the requirements
of each GPS L band. Therefore, using the proposed methodol-
ogy, frequency reconfigurable tunable CP response is obtained
in S-MSA for the given wireless application.

5. RESULTS DISCUSSION AND COMPARATIVE
ANALYSIS

The CP design of 350° S-MSA offers AR BW of around 2%
whereas varying angle reconfigurable S-MSA gives tunable CP
response offering 20.6% of frequency tuning. Thus in terms of
the range covered, reconfigurable design offers optimum per-
formance. Hence to compare the novelty in the proposed con-
figuration, it is compared against reported CP variations. The
comparison is presented for measured S1; & AR BW and peak
gain against the antenna volume. As the configurations com-
pared in Table 3 are designed over different frequencies and
substrate parameters, the patch area and substrate thickness in
all the designs are normalized with respect to wavelength at the
center frequency of AR BW.

The e-slot cut design discussed in [3], multi-band design us-
ing slots and stubs presented in [4], and slot cut and shorted
design for wider AR beam-width proposed in [5] offer lower
AR BW as they employ thinner but efficient microwave sub-
strate. While employing the shorting post, CP designs are re-
ported in [6, 7], but they offer lower AR BW. Also considering
the shorting post, which of the shorted patch resonant modes
that contribute to the AR BW is not highlighted. Modified
patch shape design using overlapped square patches [8] offers
AR BW lower than 1%. The modified ring shape design dis-
cussed in [9] offers triple band response to cover GPS L5, L2,
and L1 bands, but the antenna gain is lower than 4 dBi in the
three bands. Further, the study presented in [9] does not discuss
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TABLE 3. Comparison for the proposed frequency reconfigurable S-MSA against the reported CP configurations.

MSA shown in Meas. BW AR BW Peak Gain Areza Substrate thickness
(MHz, %) (MHz, %) (dBi) (Ap/XaR) (h¢/Acar)

Fig. 8(b), 340° 323,21.98 72,514 (20.6% 8.0 0.210 0.119
S-MSA frequency tuning)
Ref [3] 75,3.15 40, 1.673 5 0.892 0.02
Ref [4] 121,4.99 13,0.53 7.5 1.512 0.01
Ref [5] 27,1.71 10, 0.63 54 0.14 0.03
Ref [6] 67,2.72 16, 0.653 7.6 0.51 0.04
Ref [7] 350, 6.8 34,1.33 10.3 0.241 0.04
Ref [8] 35,2.2 8,0.5 39 .05 0.02
Ref [9] — 46,3.9 3.45 0.41 0.01
Ref [10] 3600, 62.94 3160, 53.92 3.6 0.457 0.035
Ref[11] 260, 11.2 90, 3.9 9.0 0.12 0.077
Ref[12] 230, 9.27 230,9.27 8.3 0.19 0.08
Ref[14] 810, 35 130, 5.3 9.0 0.21 0.1
Ref [15] 710, 29.64 480, 20.08 11.5 >2.5 0.095
Ref [16] 162,5.71 60,2.14 5.5 0.233 0.02
Ref [18] 30,1.9 6,0.4 23 0.215 0.05
Ref [19] 109, 4.52 26,1.08 4.62 1.035 0.026
Ref [20] 180, 6 100, 3.3 2.7 0.82 0.03
Ref [21] 300, 15.2 160, 8.2 7.0 0.14 0.067
Ref [22] 80, 4.1 30, 1.54 8.4 2.362 0.05
Ref [23] 4200, 82 4100, 80 6.7 0.367 0.338
Ref [24] 2000, 40 1000, 19 7.5 0.65 0.12
Ref [25] 1570, 28.11 1160, 21.05 8.0 0.15 0.183
Ref [26] 330, 9.36 250,7.13 7.75 0.67 0.052
Ref [27] 3080, 63.3 3040, 63.7 17.77 6.2 0.101
Ref [28] 1203, 49.29 488, 20.11 7.5 0.32 0.14

the design methodology to realize similar modified ring shape
configuration as per any other frequency bands. Modified patch
shape design discussed in [10] offers large AR BW, but antenna
gain is lower. In addition, details about antenna functioning
in terms of patch resonant modes, which contribute to the AR
BW, and design methodology are not presented. Resonant slot
cut designs are the optimum configurations to achieve CP re-
sponse using a single patch [11-15]. However, they do not of-
fer tuning in the center frequency of AR BW. Modified ground
plane configurations employ thinner efficient microwave sub-
strate to achieve CP response [16—19]. This substrate increases
the antenna cost, while modified ground plane increases the
back-lobe radiation that affects the gain. Further, they do not
offer any frequency tuning as offered by the proposed S-MSAs.
While adding parasitic half wavelength or quarter wavelength
resonators in the planar or stacked layer, AR BW greater than
10% is not achieved [20-22]. The co-planar waveguide fed de-
sign discussed in [23] offers substantially large AR BW, but
due to a backing reflecting sheet, overall antenna size is very
large. The multiple slots loaded design discussed in [24] does
not offer CP characteristics in the broadside direction, whereas
wider U-slot loaded design discussed in [25] requires large sub-
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strate thickness. Also in [25], the additional U-slot cut patch
mode that offers increment in the AR BW against the earlier
reported U-slot cut CP design is not mentioned. Orthogonally
coupled multiple patch design discussed in [26] offers AR BW
lesser than 10%, whereas gap-coupled and stacked CP array
design discussed in [27] requires large antenna volume. Gap-
coupled CP design discussed in [28] offers AR BW of 20%, but
the antenna size is higher. The reconfigurable MSA discussed
in [29] offers switching between the dual or triple frequency re-
sponses. However, frequency tuning to scan particular wireless
application is not possible there. Multiple stubs loaded design
discussed in [30] suffers from the variation in broadside gain by
5-6 dBi, over the AR BW. U-slot loaded reconfigurable design
discussed in [32] only offers switching between the broadside
and end-fire radiation characteristics, whereas reconfigurable
modified patch shape design discussed in [33] yields dual band
dual sense CP response, without any frequency tuning.
Against the reported CP designs, proposed reconfigurable
S-MSA offers a single patch solution that achieves tuning in
the center frequency of AR BW and scans a frequency band of
nearly 20%. To achieve this, a slot/stub, modified patch shape,
is not used, but patch sectoral angle is varied that achieves the
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tuning in the frequency of TM3sg resonant mode. The orthog-
onal surface current contribution at TM3y mode achieves the
CP response. With a 20% of tuning range achieved in the pro-
posed design, it can cater to many of the wireless applications,
e.g., a design for GPS L band application, as discussed above.
Over the complete reconfigurable sectoral angle range, the gain
of larger than 5 dBic is achieved, which is an appreciably large
value from the practical application. Thus, a single patch CP
design, which offers tuning in the center frequency of AR BW
by 20% while changing sectoral angle, and without using addi-
tional slot/stub or parasitic patches, is the new contribution in
the proposed work.

Measurements of the fabricated prototype were carried
out inside the antenna laboratory, due to which varia-
tions/uncertainty in the measured antenna parameter exists.
Since the measurement is not conducted inside an anechoic
chamber, exact duplication of the radiation pattern plots as
observed in the simulation is not obtained in the measurement.
The deviation is observed in the shape of the pattern plots,
especially the back-lobe radiation. However, the nature of
the pattern plots remains the same in two cases, thus giving a
good agreement. The air suspended configurations employ-
ing thicker substrate are used, and thus antenna parameters
variation subject to substrate parameters is absent. However,
variations in the bandwidth values and their frequencies are
observed due to the variations in the exact value of the air
gap maintained for patch and proximity strip. Small variation
of the measured gain curve from the simulated gain curve
arises due to the alignment problems of the two antennas
along the vertical and horizontal axis of the measurement, in
the three-antenna method. However, considering all these,
good agreement between the measured and simulated data is
achieved.

6. CONCLUSIONS

Reconfigurable designs of S-MSA to achieve CP response at
sectoral patch TM;g and TM3y modes is proposed. For the de-
sign at TM 19 mode, 350° S-MSA offers optimum performance.
On conventional ground plane, CP design offers 2.5% of AR
BW that lies inside S11 BW of more than 40%. Its wideband
counterpart offers S1; BW of more than 30%. The H-shape
ground plane design backing the reconfigurable 350° S-MSA
is proposed. The modified ground plane technique achieves re-
duction in the substrate thickness by 0.012\. 4 and achieves
a CP response using smaller sized ground plane. The reconfig-
urable design of S-MSA operating at TM3y mode against the
variation in sectoral angle is presented. The variation in angle
alters the frequency of TM3y mode and achieves the tuning in
the center frequency of CP BW. Variation in sectoral angle by
60° achieves AR BW center frequency tuning by 20.6%. This
tuning range helps to cover many of the adjoining wireless ap-
plications, thus providing a single antenna solution. Proposed
reconfigurable design offers a broadside radiation pattern with
a gain of more than 5 dBic over a complete range. A design
methodology is presented for 350° and varying sectoral angle
S-MSA. This helps to design similar configurations as per spe-
cific frequency application.
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