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ABSTRACT: This paper presents the configurations of U-slot cut hexagonal microstrip antennas loaded with shorting posts, which realize
areduction in the center frequency of axial ratio bandwidth as well as the total substrate thickness. Three configurations employing four,
eight, and twelve shorting posts positioned around a hexagonal patch are presented. Shorting posts loading adds to the inductive compo-
nent in the antenna’s input impedance, which yields a reduction in total substrate thickness and the frequency. Among three variations,
U-slot cut hexagonal patch employing eight shorting posts yields the optimum result. It achieves axial ratio bandwidth of 2.23%, for
0.033 ;4R reduction in the substrate thickness and 55 MHz (4.5%) reduction in the center frequency of axial ratio bandwidth. All these
results are for a marginal reduction in peak broadside gain. Against the U-slot cut hexagonal patch on a reduced substrate thickness,
shorting posts loaded antenna achieves higher axial ratio bandwidth with 56 MHz (4.81%) reduction in the center frequency of axial ratio
bandwidth. Considering all these results, the proposed design offers a compact circular polarized solution, while employing a resonant
U-slot. For the obtained antenna characteristics, the proposed designs can find applications in GPS L5 and L2 bands. Experimental
validation for the proposed configurations has been carried out where the measured results show close agreement with simulated ones.

1. INTRODUCTION

Antennas that offer circularly polarized (CP) response are
preferred at the receiver in wireless applications, as they
minimize the signal loss arising from multi-path propagation
effects [1]. To realize CP response, two equal amplitude sig-
nals satisfying the space and phase orthogonality are needed [1].
These conditions are easily achieved in a microstrip antenna
(MSA), while suitable modifications are incorporated in the ra-
diating patch or on the ground plane [2—4]. To obtain a CP
response in MSA, various techniques have been reported in the
literature. They are realized either by single patch excited using
multiple feeds [5], or by embedding narrow slot in the patch and
the placement of stubs on the patch edges [6, 7], or by select-
ing modified shape of the radiating geometry [8, 9], or by using
multiple parasitic resonators in the planar or stacked layer of
the fed patch [10-13], or by selecting resonant slot embedded
inside the patch [14-19], or by embedding slot or fractal shape
geometries on the ground plane [20-22]. Amongst these tech-
niques, the selection of parasitic resonators or multiple resonant
slots embedded inside the patch yields a wider axial ratio (AR)
bandwidth (BW). To minimize the interference across different
operating bands or to cater to multiple frequency bands of a spe-
cific wireless application using a single antenna, a multi-band
CP MSA is required. Multi-band CP response is obtained by
cutting a slot inside the patch, placing stubs on the patch edges,
with the selection of multiple patches around the fed MSA, or
using the reconfigurable antennas [23-28].

Amongst various techniques reported for CP response, reso-
nant slot is an optimum choice, since it gives AR BW of 3—-6%,
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peak gain of 7-9 dBic, while employing an air or air-suspended
substrate. In air suspended variation, a lossy low-cost substrate
can be used. In addition, suspended design makes the antenna
results reliable against the variations in substrate parameters. A
compact MSA is obtained, while positioning shorting posts on
the patch [2,3]. By placing multiple shorting posts at several
positions on the rectangular patch, a CP response has been ob-
tained in [29]. However, unlike the properties of the shorted
patch, this shorted CP design does not offer a compact solution
as it functions around the degenerated second-order resonant
mode frequencies of the rectangular patch and thus has larger
patch dimensions [30]. Therefore, while reported techniques
are considered, methods to reduce the center frequency of AR
BW (f.4r) and the substrate thickness, to obtain a compact CP
MSA, are not discussed.

In this paper, compact CP designs of U-slot cut hexagonal
MSAs (HMSAs), which are loaded with shorting posts posi-
tioned around the patch periphery, are proposed for achieving a
reduction in the center frequency of AR BW as well as the sub-
strate thickness. Initially, in the 1200 MHz frequency range, the
design of a U-slot cut HMSA for CP response is presented. On
a total substrate thickness of 1.82 cm (0.077A.4R), the CP de-
sign yields AR BW of 52 MHz (4.26%) with a broadside peak
gain close to 7 dBic. To achieve a compact CP solution while
offering a reduction in the center frequency of AR BW and the
substrate thickness, configurations of U-slot cut HMSAs loaded
with either four, or eight, or twelve shorting posts are proposed.
The shorting posts loading adds to the inductive reactance in
the antenna’s input impedance, which helps in optimizing U-
slot HMSA on a reduced substrate thickness. For each of the
configurations, a detailed parametric study for assessing the ef-
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fects of shorting posts loading on the center frequency of AR
BW, substrate thickness, and antenna gain (efficiency), is car-
ried out. Amongst the proposed configurations, the design em-
ploying eight shorting posts placed around the patch periphery
yields an optimum result. On a substrate thickness of 1.02 cm
(0.044)\.4R), an eight-shorting-posts-loaded design yields an
AR BW of 26 MHz (2.23%), with a peak broadside gain of
above 6.5 dBic across the AR BW. Against the initial U-slot cut
HMSA, shorting posts loaded MSA achieves 0.033\. 4 g reduc-
tion in the substrate thickness, while realizing 55 MHz (4.5%)
reduction in the center frequency of AR BW. All these results
are obtained for a marginal reduction in the peak broadside gain.
To compare, the original CP configuration of U-slot cut HMSA
is designed on a total substrate thickness 1.02 cm that yields an
AR BW of 24 MHz (1.975%). In comparison, eight shorting
posts loaded U-slot cut HMSA achieves a higher AR BW and
provides 56 MHz (4.81%) reduction in the center frequency of
the AR BW. All these frequency and substrate thickness reduc-
tions are obtained for a marginal decrement in the broadside
antenna gain. Thus, considering the frequency and substrate
thickness reduction together, the proposed design offers a com-
pact CP solution while employing the resonant U-slot embed-
ded inside the patch. In this process, a research gap for resonant
U-slot cut MSAs in terms of higher substrate thickness and re-
duction in the center frequency of AR BW as well as higher
patch size in shorted CP MSA is addressed. Considering these
advances, the proposed design is novel in its research contribu-
tion. The proposed shorting posts loaded U-slot cut HMSAs are
studied using Computer Simulation Technology (CST) simula-
tion software [31], followed by the experimental validations. In
the experimental validations, radio frequency (RF) instruments,
namely, ZVH-8, FSC 6, and SMB 100A, have been used. The
measurements have been carried out inside the Antenna labo-
ratory, and they show a fairly close agreement with the simula-
tions.

2. U-SLOT CUT HMSA LOADED WITH SHORTING
POSTS FOR CP RESPONSE

The design of coaxially fed HMSA embedded with unequal
length U-slot is shown in Figs. 1(a) and 1(b). In the proposed
design, a three-layer suspended configuration is employed. It
consists of two layers of low-cost FR4 substrate (¢, = 4.3, h =
0.16 cm), separated by an air gap of thickness h, cm. In this
paper, a hexagonal patch and U-slot dimensions are optimized
such that they address the frequencies around the GPS L5 and
L2 bands. Therefore, initially for h, = 1.5 cm, HMSA radius
‘r’ is optimized using the simulations such that TM;; mode
frequency is around 1250 MHz. For this frequency and sub-
strate parameters, HMSA radius is found to be 5.1 cm. On the
hexagonal patch, the U-slot of dimension, Ly, X L, X Lp1 X w,,
(incm) is cut as shown in Fig. 1(a). While employing the
parametric optimization for the U-slot dimensions, an optimum
CP response in the U-slot cut HMSA is achieved. The un-
equal lengths in U-slot degenerate the fundamental TM1; mode
into diagonal orthogonal TM$; and TM}35 resonant modes,
and an optimum inter-spacing between them achieves a CP re-
sponse [19]. The optimization process for the U-slot cut CP
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FIGURE 1. (a), (b) U-slot cut HMSA for CP response loaded with short-
ing posts, (antenna dimensions in cm), (¢), (d) surface current distribu-
tion at degenerated modes in the CP design of the U-slot cut HMSA.

HMSA is similar to that present in U-slot cut cmSA, as ex-
plained in [19], and hence respective plots for the paramet-
ric optimization for U-slot cut CP HMSA are not shown. For
the antenna dimensions as h, = 1.5, L, = 3.0, Ly, = 3.2,
Lyy = 1.8, zy = 0.6cm, the U-slot cut HMSA realizes a
dual-band response. In the first band, HMSA offers a simu-
lated reflection coefficient (S1;) BW of 128 MHz (10.74%),
which includes a simulated AR BW of 52 MHz (4.26%). For
the above U-slot and feed position, impedance matching is not
achieved in the second band, as shown in Fig. 2(a); hence, the
BW is not specified here. Across the first band, the antenna
offers a broadside radiation pattern with a maximum gain of
7 dBic across the AR BW. In terms of the wavelength (Acar)
at the center frequency of AR BW, the substrate thickness in
this CP design is 0.077A.ar. The substrate thickness can be
lowered, while ground plane modifications are employed [32].
However, these modifications increase the MSA radiation in
the back lobe, which affects the broadside gain. Instead of
ground plane modifications, shorting posts are employed in the
antenna cavity. The shorting posts will add to the inductive re-
actance in the input impedance of the antenna. This increased
inductive component in the antenna’s input impedance can be
reduced while lowering the total substrate thickness, i.e., by re-
ducing the air gap in the three-layer suspended variation. In
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FIGURE 2. (a) Smith charts, (b) AR, and (c) resonance curve plots for U-slot cut HMSA and its shorting posts loaded variation against varying total

substrate thickness.

this manner, the design will be realized on a reduced substrate
thickness. The selection of the shorting posts position is an im-
portant design criterion, as they should minimally affect the an-
tenna gain. If the shorting posts are positioned within the patch
boundary, they will affect the resonant boundary conditions for
the half wavelength U-slot cut hexagonal patch resonator and
will affect its gain. Therefore, the shorting posts are positioned
outside the patch boundary, near the diagonal points as shown
in Figs. 1(a) and 1(b). This position is chosen since in the de-
generated orthogonal modes in U-slot cut HMSA, currents vary
along the two diagonal axes as shown in Figs. 1(c) and 1(d).
The shorting posts, each of 0.1 cm in diameter, are placed
on a square metallic patch of length [, = 0.2 cm. The shorting
posts are placed in a close vicinity to the hexagonal patch, while
maintaining a 0.1 cm air gap with respect to the patch edge. To
assess the effects of shorting posts, initially, the study is carried
out using four shorting posts positioned around the patch diago-
nal vertex points indicated by position ‘1°, as shown in Fig. 1(a).
In this study, the dimensions of the HMSA loaded with U-slot
are kept the same. The Smith chart, resonance curve, and AR
plots for this variation are provided in Figs. 2(a)-2(c). As men-
tioned above, the unequal length U-slot cut HMSAS on the to-
tal substrate thickness (h;) of 1.82 cm achieves CP response
around the frequency of 1220 MHz, as shown in Fig. 2(b).
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Observing the resonance curve and AR plots, AR BW is
obtained around TM}$® mode frequency, due to its optimum
spacing with respect to TM$} mode frequency. With the place-
ment of four shorting posts, the inductive reactance in the in-
put impedance of the antenna cavity increases, which makes
the impedance locus positioned in the higher inductive region
in the Smith chart, as observed from Fig. 2(a). This loading
of shorting posts also increases the input impedance at TM}3°
mode. With this S1; < —10dB BW is not obtained, which
does not support the realization of CP response even for AR
to be less than 3 dB, as observed from Fig. 2(b). It should
be noted from Fig. 2(b) that the center frequency of AR BW
(fear) decreases with the shorting posts loading. In order to re-
duce the inductive reactance from the antenna input impedance,
substrate thickness is reduced by lowering the air gap thickness
ha. The reduction in h, (h:) from 1.5 (1.82) to 1.1 (1.42) cm
lowers the inductance due to the probe length, which optimizes
the impedance locus inside VSWR = 2 circle in the Smith chart
as mentioned in Fig. 2(a). The reduction in h; affects the AR
value, which is not optimized for less than 3 dB, to achieve a CP
response, as observed from Fig. 2(b). With further optimization
in U-slot dimensions here, optimum CP response is achieved,
while four shorting posts are employed. Using this procedure,
the optimum CP response for a lower value of h; supported with
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a reduction in f.4p is obtained, by loading the shorting posts
around the hexagonal patch periphery. Therefore, by using a
simpler technique of shorting posts loading, antenna response is
optimized on a reduced total substrate thickness. The optimiza-
tion of the U-slot dimension on reduced substrate thickness so
as to achieve optimum AR BW is a similar process, as present
in the initial design of the U-slot cut HMSA. Hence, plots for
those parametric optimizations are not provided here. Thus, by
employing four shorting posts, an optimum AR BW is achieved
for h, = 1.1cm. It is noted in the parametric study that with
a further reduction in h, below 1.1 cm, impedance locus does
remain inside VSWR = 2 circle, but the input impedance at
the orthogonal TM$; and TM1%®> modes decreases, which does
not support AR < 3dB for the CP response. Therefore, for
the configuration employing four shorting posts, an optimum
response is obtained for the antenna parameters as » = 5.1,
h = 016, h, = 1.1, L, = 3.0, L, = 3.2, Ly = 1.1,
w, = 0.6, zy = 0.8cm, and results for the same are shown
in Figs. 3 and 4.
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FIGURE 3. Optimum results for four shorting posts loaded U-slot cut
HMSA.

Similar to the original U-slot cut HMSA on substrate thick-
ness of 1.82 cm, the shorting posts loaded U-slot cut HMSA
on the total substrate thickness of 1.42 cm offers dual-band
response. In the simulation, the S1; BW observed in the two
bands is 100 MHz (8.37%) and 55 MHz (3.52%), respectively.
Against this in the measurement, respective S1; BWs observed
in the dual bands are 120 MHz (10%) and 50 MHz (3.23%).
The second band response in the U-slot cut HMSA is attributed
to the second-order modified TMy; mode frequency [19]. In
the first band, the U-slot cut HMSA offers a CP response. It
gives simulated and measured AR BWs of 40 MHz (3.39%)
and 34 MHz (2.92%), respectively. Over the two bands, the
antenna offers a broadside radiation pattern with a peak gain of
larger than 6 dBic over the AR and S1; BW. For a larger length
in the bottom arm of the U-slot, the design offers a right-hand
CP (RHCP) response in the first band. The presence of a U-
slot on the hexagonal patch modifies the surface current dis-
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tribution at TM2; mode and aligns the surface current compo-
nents along the horizontal direction [19]. This yields broadside
radiation at the modified TMy; mode and thus in the second
band. Considering the simulated result, the center frequency
of AR BW (f.ar) is 1177 MHz, and the substrate thickness
in terms of wavelength at the f.ar is 0.059\.4r (1.42 cm).
In comparison to the initial U-slot cut HMSA on the substrate
thickness of 1.82 cm, four shorting posts loaded design offers
a reduction in f.4r by 42MHz (3.44%). In addition, loading
shorting posts offers 0.018 A\, 4 g reduction in the electrical sub-
strate thickness. For further comparative assessment, the U-slot
cut HMSA without loading the shorting posts is designed on
the total substrate thickness of 1.42cm. It gives a simulated
AR BW of 41 MHz (3.34%). In comparison, shorting posts
loaded design offers nearly the same AR BW but offers 48 MHz
(4.07%) reduction in the f.ar. Thus, loading four shorting
posts achieves a reduction in the substrate thickness, as well
as the frequency, thereby realizing a compact CP solution.

To achieve a further reduction in the substrate thickness and
frequency, additional shorting posts are located at the position
‘2’ as mentioned in Fig. 1(a). While positioning these addi-
tional four shorting posts, the spacing of 0.5 and 0.1 cm with
respect to the initially located shorting posts and with respect
to the patch edge, respectively, is maintained. The Smith chart,
resonance curve, and AR plots, for the positioning of additional
four shorting posts on the four shorting posts loaded U-slot cut
HMSA for hy = 1.42 cm, are shown in Figs. 5(a)-5(c). With
additional shorting posts, i.e., in eight shorting posts loaded de-
sign, input impedance locus becomes inductive in nature. Al-
though AR <3 dB is observed, across the frequencies around the
center frequency of AR BW, impedance matching condition is
not present, so as to obtain S;; < —10dB BW.

The input impedance matching is realized by reducing the
total substrate thickness, which lowers the probe inductance.
This positions the impedance locus inside the VSWR =2 cir-
cle to obtain S71; < —10 dB BW. Next, while optimizing the U-
slot dimension, optimum CP response is obtained in eight short-
ing posts loaded design and antenna parameters in the same are
hoe = 0.7, h = 0.16, L, = 3.0, L, = 3.2, Ly = 0.8, w,, =
0.6, zy = 0.6cm. Results for this configuration are given in
Fig. 6. Eight shorting posts loaded U-slot cut HMSA on the to-
tal substrate thickness of 1.02 cm offers a dual-band response.
In the simulation, 571 BW observed in the two bands is 92 MHz
(7.75%) and 69 MHz (4.15%), respectively. Against this in the
measurement, respective S1; BW observed in the dual bands
is 114 MHz (9.5%) and 67 MHz (4.05%). In the first band,
U-slot cut HMSA offers CP response. It gives simulated and
measured AR BWs of 26 MHz (2.33%) and 24 MHz (2.08%),
respectively. Over the two bands, antenna offers a broadside
radiation pattern with a peak gain of larger than 6 dBic over the
AR and S7; BW. In the first band, the U-slot cut HMSA of-
fers right-hand circular polarization (RHCP) radiation pattern.
Considering the simulated result, the center frequency of AR
BW (f.ar) is 1164 MHz, and the substrate thickness in terms
of wavelength at the f.sr 15 0.044\ .4 (1.02 cm). In compar-
ison to the initial U-slot cut HMSA on the substrate thickness
of 1.82 cm, the eight shorting posts loaded design offers a re-
duction in f.4r by 55 MHz (4.5%). In addition, shorting posts
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FIGURE 4. Radiation pattern at the center frequency of (a) (b) first and (c) (d) second band for four shorting posts loaded design of U-slot cut HMSA.

loading offers 0.033\. 4 reduction in the electrical substrate
thickness. The U-slot cut HMSA without the shorting posts
loading is designed on the total substrate thickness of 1.02 cm.
It gives simulated AR BW of 24 MHz (1.97%). In comparison,
eight shorting posts loaded design offers higher AR BW with
56 MHz (4.81%) reduction in f.4r. The CP response in the
U-slot cut HMSA in the first band is attributed to the degen-
eration of the fundamental mode into dual orthogonal diago-
nally directed resonant modes. The modal degeneration is pos-
sible as modal surface currents exhibit half-wavelength varia-
tion along the patch resonant dimension [19]. At second-order
TMs2; mode, two-half-wavelength variation in modal currents
is present that does not achieve mode degeneration with U-slot.
Hence, the CP response is not present in the second band, to
achieve a dual-band CP antenna.

Antenna measurement setup along with the fabricated pro-
totype is shown in Fig. 7. The S1; BW measurement is car-
ried out using ZVH-8 VNA. All the far-field measurements are
carried out inside the Antenna laboratory. In this wideband,
high-gain reference horn antennas are used. The pattern mea-
surement is carried out using the automated pattern measure-
ment setup, whereas broadside gain is measured using the three-
antenna method. This method provides better accuracy, for the
measurements inside the Antenna laboratory. The distance be-
tween the horn antenna and the antenna under test (AUT) is
kept to be more than the minimum far-field distance, calculated
with respect to the highest frequency of S1; BW in the respec-
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tive band. However, for all the measurements in this paper, a
far-field distance of 380 cm is chosen that satisfies the above
condition in all the bands. In the laboratory setup, metallic ob-
jects are minimum in number around the central measurement
desk. In addition, the distance of the surrounding wall from the
central measuring desk is more than seven times the wavelength
calculated with respect to the lowest frequency of S1; BW in the
first band. All these details ensure minimum reflections from
the surrounding objects in the far-field measurements and thus
provide good agreement with the simulated results. For calcu-
lating the right-hand and left-hand CP components, the mea-
surement of E-field in the two polarizations of the antenna is
carried out, and then by using conversion equations, right- and
left-hand field components are evaluated [33].

Circularly polarized radiation from the antenna is investi-
gated by studying the time varying surface current distribution
at the center frequency of AR BW and by using the far-field
probes placed in the simulation. Respective surface currents,
orthogonal E-fields, and phase plots are shown in Figs. 7(c)—
7(f) and 8(a). With reference to the antenna, current vectors are
rotated in clockwise direction. Near the CP frequency range,
orthogonal radiated fields (E, and F,) are equal in magnitude.
Here, the phase component ¢, is leading ,, by 90°. With refer-
ence to the antenna as a radiator and in the direction of propaga-
tion, surface currents, E-field magnitude, and its phase condi-
tions, along with pattern plots shown above, confirm the clock-
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FIGURE 5. (a) Smith chart, (b) AR, and (c) resonance curve plots for U-slot cut HMSA loaded with four and eight shorting posts against varying

total substrate thickness.

wise or RHCP radiated signal from the shorting posts loaded
HMSA.

Further reduction in substrate thickness and the center fre-
quency of AR BW is obtained while additional four shorting
posts are placed at position ‘3’, of the eight shorting posts
loaded U-slot cut HMSA, as shown in Fig. 1(a). The position
‘3’ is selected, since the same position is located around the
patch diagonal vertex points of HMSA. This creates a cluster
of shorting posts around the vertex points compared to being
placed away from the patch diagonal points along the edge of
the hexagonal patch. Similar to the four and eight shorting posts
loaded U-slot cut HMSAs, parametric study is initiated from the
eight shorting posts loaded HMSA. The corresponding Smith
chart, resonance curve, and AR plots were studied to arrive at an
optimum design using twelve shorting posts for offering max-
imum possible AR BW with a reduction in the total substrate
thickness and f.4 . This is obtained for h, = 0.5 cm, and var-
ious antenna parameters in the optimum design are A = 0.16,
L,=30,Ly =32, Ly =0.5,w, =0.6, 2y = 0.5cm. Re-
sults for twelve shorting posts loaded configuration are given
in Figs. 8(b) and 9. Twelve shorting posts loaded U-slot cut
HMSA on the total substrate thickness of 0.82 cm also offers a

102

dual-band response. In the simulation, the S1; BW observed in
the two bands is 69 MHz (5.91%) and 49 MHz (2.99%)), respec-
tively. Against this in the measurement, S1; BW observed in
the dual bands is 71 MHz (6.11%) and 58 MHz (3.56%). In
the first band, the U-slot cut HMSA offers CP response. It
gives simulated and measured AR BWs of 20 MHz (1.74%) and
21 MHz (1.84%), respectively. Over the two bands, the antenna
offers a broadside radiation pattern with a peak gain of larger
than 5 dBic over the AR and S;; BW.

In the first band, the U-slot cut HMSA offers an RHCP ra-
diation pattern. Considering the simulated result, the center
frequency of AR BW (f.ar) is 1147 MHz, and the substrate
thickness in terms of wavelength at the f.apr is 0.036A. 4R
(0.82cm). In comparison to the initial U-slot cut HMSA
on the substrate thickness of 1.82 cm, twelve shorting posts
loaded design offers a reduction in f. 4z by 72 MHz (5.9%) and
0.041 )\ 4 r reduction in the electrical substrate thickness. The
U-slot cut HMSA without loading the shorting posts is designed
on a substrate with a total thickness of 0.82 cm. It gives a simu-
lated AR BW of 18 MHz (1.5%). In comparison, twelve short-
ing posts loaded design offers a higher AR BW with 52 MHz
(4.53%) reduction in the f.4r. To analyze the effects of short-
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HMSA loaded with eight shorting posts.

ing posts loading on the efficiency of the antenna, plots of an-
tenna efficiency in four different configurations starting with
the design of the U-slot cut HMSA are studied, and they are

provided in Fig. 10(a).

As can be seen from the plots, against the design of U-slot
cut HMSA without the loading of shorting posts, a marginal re-
duction in efficiency is noted in four and eight shorting posts

loaded designs, whereas using a twelve shorting posts loaded
design, the efficiency is decreased to around 60%, which re-

103

WWwWw.jpier.org



PIER C

Deshmukh, Tawde, and Deshmukh

AUT
horting VNA

..............

rrrrrrrrr

CCTN
S

]

s

s

S
o

St
Sty

\“\
\‘;5—‘

e
e e e e n A A AR 4

T

:}\
IR

~~~~~~ -

Toan Vi
LRI Ty
Taas WYhyly
AR LNy
IR ‘“”‘v
IR N
T A~ \ iié
T YA - \'{
D T
VAR AN
LERIRY \\“;‘\‘:‘:&. 2% RS "ﬂ‘
RN i /-»::‘\1('
IEREER e \\‘;'l
PRI A L) \\i\‘v
RPPEE nd W
(AANANN PSRN
1YL Ay
AL B B Y RN |
(c)t=0
IR LR :
Ly sy~~~ >y¥YyS¥Y¥H% L i
L b % wwm o dam-—— MY MY RN L
Yy Y
'l“?‘: ‘\\Lt:an
Lvwwaa ‘g
by o= s \‘A“}A
Ly =a R
A4
Ly v e
. \;:%E‘
R ) By
Lvow \\‘A
I \\:A
N o e :%v\ll
NN S X EEnAY
I 1'\\3(';
TS \\‘A
fuy >~y
TR SR
I S I A
. a

44444444444444444444

(e)t=172

,,,,,,, rrr ey
oy I
YEEIRR 2 \?} it ":Jl.'",
rerrrorr :'\{1‘11,,:
vrrey R )
vy r;‘é fy ‘i‘}‘ "",'}i"'t'é
vprv‘}‘ ) “.‘\”!‘1.:“’1',-
vy g
Vo G gg v "'r,:{:,’l
IR LY Cri L ldububidgl by ity
IRER] :“k ddj ’?5“/»‘
””‘\\--~.-u .4},‘;'"%;'
PN Sa v d b ;ﬂ h3
,,,”‘\\‘\\»114 " ’}éj,},{'
\ RN/ /[/ 74
ATEIeE: P
LA B T N Sl AR B AN AN | -s s s s s
R I N e
F o rr s s s s s e s s aa s
(f)t:3T/4

FIGURE 7. (a) S11 BW, (b) broadside gain, measurement setups, and (c)—(f) time varying surface current distribution at center frequency of AR BW

for U-slot cut HMSA loaded with eight shorting posts.

duces the broadside gain as seen in Fig. 8(b). The efficiency
appears to be improving in the second band. For understanding
this improvement, broadside gain in the design of the U-slot cut
HMSA without shorting posts loading, for h; = 1.82 cm, is also
analyzed. The peak gain here is around 6 dBi, which increases
to nearly 7 dBi with the loading of shorting posts. To arrive
at the explanation for this gain improvement, average and vec-
tor surface current distributions in the second band were studied
without and with shorting posts loading, as shown in Figs. 10(b)
and 10(c). It is noted that the surface current variation in mag-
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nitude and direction gets stronger along the horizontal direc-
tion over the antenna aperture. This effect dominantly leads to
the gain improvement in the second band, while shorting posts
are placed around the patch periphery. The design employing
shorting posts positioned at (1) and (3), as shown in Fig. 1(a),
is also studied. In this design, the reduction in the broadside
gain below 6 dBic is noted across the AR BW. At the degener-
ated resonant modes, the maximum of the resonant fields exists
near the HMSA vertex points. Due to the placement of shorting
posts here, the antenna efficiency decreases to around 60% over
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FIGURE 8. (a) Orthogonal E-field and phase plots for U-slot cut HMSA loaded with eight shorting posts, (b) S11, AR BW and gain plots for U-slot

cut HMSA loaded with twelve shorting posts.

the AR BW. In twelve shorting posts design also, the cluster of
shorting posts is loaded near the patch vertex points. Due to the
close proximity of shorting posts with patch vertex points, the
efficiency and gain of the CP antenna decrease.

Hexagonal geometry has a similar resonant mode distribu-
tion to that of a circular patch. Thus, they offer suppres-
sion to the harmonic frequencies as supplied by the input RF
source. However, compared to the circular edge in circular
MSA, hexagonal geometry has a straight patch edge that en-
ables the appropriate coupling/loading of shorting posts with
the degenerated resonant modes of the U-slot cut patch. Thus,
hexagonal geometry is selected in the present work.

3. DESIGN METHODOLOGY FOR SHORTING POSTS
LOADED U-SLOT CUT HMSA

This section describes the design methodology for eight short-
ing posts loaded U-slot cut HMSA for CP response. Initially,
resonant length formulations at various U-slot cut hexagonal
patch modes are proposed. As seen from the resonance curve
plots in the parametric study for the U-slot cut HMSA, loading
shorting posts reduces the resonance frequencies of fundamen-
tal degenerated TM;; modes. In the equivalent circuit model,
loading shorting posts adds an inductor in the equivalent cir-
cuit of the MSA, which reduces the resonance frequency. In the
present approach, instead of a circuit model, the effects of short-
ing posts loading on the reduction in the resonance frequency
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are accounted for with an additional length, in addition to the
length that contributes to the effects of U-slot on HMSA res-
onant modes. Beginning with the design of U-slot cut HMSA
on the total substrate thickness of 1.02 cm, the resonant length
formulation is proposed. For the antenna dimensions in the op-
timum design of eight shorting posts loaded HMSA, an effec-
tive hexagonal patch radius, without loading shorting posts and
U-slot, is given by using Equation (1). The effective dielectric
constant (g, ) in the three-layer suspended design involving an
FR4 substrate is calculated by using Equation (2), and the res-
onance frequency of TM1; mode is calculated by using Equa-
tion (3). For the antenna parameters mentioned above, calcu-
lated TM1; mode frequency is 1319 MHz, which agrees closely
with the simulated frequency of 1320 MHz.

re =1+ 0.73h¢ (1
€2 (2h + hy,)

re — - 2

c 2he, + hae2 @)

f11 = 8.791/re\/Zre 3)

The positioning of U-slot vertical length ‘L,,” is not at the patch
center, and hence, it offers a smaller reduction in HMSA’s
TM;; mode frequency. Therefore, effects of increment in equal
lengths of horizontal U-slot length L;, along with length L,, are
formulated together, and the effective patch radius accounting
for both the lengths is given by using Equation (4). The reso-
nance frequency of modified TM;; mode is calculated by using
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FIGURE 9. Radiation pattern at the center frequency of (a), (b) first and (c), (d) second band, and (e) S11 BW measurement setup showing the
fabricated prototype for the U-slot cut HMSA loaded with twelve shorting posts.

Equation (3) for r, = r.p. For the above antenna parameters,
the calculated TM; mode frequency is found to be 1167 MHz
compared to the simulated value of 1166 MHz.

Ten =1+ 0.73hs + (Ly/25) + (Ln/5) “)

An unequal length L1’ in the bottom arm of U-slot degener-
ates TM1; mode frequency into orthogonal and diagonal TM13
and TM}3° mode frequencies. With an increment in L1, TM3;
mode frequency decreases. An effective patch radius (rep1)
that accounts for this frequency reduction is formulated by us-
ing Equation (5), and the frequency is calculated by using Equa-
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tion (3) for r. = rep1. The calculated frequency is found to be
1085 MHz against the simulated value of 1088 MHz.

Tent =7+ 0.73hs + (Ly/25) + (Lp/5) + (Lp1/1.6)  (5)

Using these formulations, the design methodology to realize
eight shorting posts loaded U-slot cut HMSA is proposed. The
CP response in the U-slot cut patch is attributed to the optimum
inter-spacing between degenerated fundamental mode frequen-
cies of the HMSA. Thus, a reduction in these frequencies with
reference to the TM; mode frequency of HMSA without a slot
is also required to be maintained specifically, to realize an opti-
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mum CP response on a thinner substrate. Therefore, in addition
to the above formulations, various frequency relations between
modified resonant mode frequencies with reference to the cen-
ter frequency of AR BW, present in the above optimum design,
are selected in the design methodology. The methodology is
initiated by specifying the center frequency of the desired AR
BW, f.ar. The total substrate thickness for the antenna is eval-
uated by using Equation (6). In this equation, the value of ¢,
is not available to start with, since the air gap thickness is un-
known. Therefore, the initial approximation of £, = 1.25 is
considered. This approximation depends upon the value of €,
as in the above optimum design for the mentioned substrate pa-
rameters. The calculated value of h; equals 2h + h,, where h
and h, equal FR4 substrate and air gap thickness, respectively.
Using this relation, h, is obtained, which is an integer and prac-
tically realizable number. Next, using Equation (2), €, is re-
calculated for the obtained substrate parameters in a three-layer
suspended design. This value is retained in all further calcula-
tions. The TM;; mode frequency of a hexagonal patch without
U-slot and shorting posts loading bears a frequency relation,
fi1 = 1.134f.aRr, with reference to the center frequency of
AR BW. Using this fundamental mode, the frequency of the
HMSA is obtained. For this frequency, the patch radius ‘r’ is
calculated by using Equation (7).
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hy = 0.044 (30/ fearR\/Ere) (6)
r = (m8.791/ f11/Ere) — 0.73h, %)

The vertical U-slot length, along with equal arms of the hori-
zontal U-slot lengths, reduces the TM; mode frequency. This
frequency bears a relation f11., = 1.003 f.ar with reference
to the center frequency of AR BW. Using this relation and
Equation (8), effective patch radius 7.1, is calculated. Further,
by using Equation (9), length L, is obtained. While realizing
Equation (9), the dimensional relation between U-slot lengths,
as L, = 0.9375Ly, is used, and by simplifying and rearranging
the terms on two sides of Equation (4), Equation (9) is obtained.
The U-slot width is calculated as w,, = 0.1875L,.

Terh = 8.791/ fi1Lhv/Ere (8
Ly = repn — 7 —0.73h:/0.2375 ©)

An unequal length in the bottom arm of U-slot degenerates
TM;; mode frequency, and it further reduces TM3; mode fre-
quency. This frequency bears a relation, f? = 0.9347f.ar,
with reference to the center frequency of AR BW. Using this
relation and Equation (10), the effective patch radius 727, is cal-
culated. By using Equation (11), unequal U-slot length Lj,; is
evaluated. The position of vertical U-slot length from the patch
center is selected as x, = 0.392r, as mentioned in Fig. 1(a),
whereas square ground plane length and coaxial feed position
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TABLE 1. Results for the proposed U-slot cut CP HMSAs loaded with shorting posts.

U-slot cut HMSA Meas. AR BW Peak Gain Substrate thickness
loaded with (MHz, %) (dBic) heldear
0 shorting posts 52,4.26 7.0 0.077
4 shorting posts 34,2.92 6.9 0.059
8 shorting posts 24,2.08 6.6 0.044
12 shorting posts 21,1.84 5.6 0.036
are calculated as Ly = 2.941r, x¢ = 0.1875L},. proposed configuration is novel in research contribution. A tab-
45 45 ular comparison to highlight it is given in Table 2 and elaborated
roi; = 8.791 NG 10
ell {mfll e (10) below. Amongst the proposed designs, the U-slot cut HMSA
Lpy = 1.6 (rety —r — 0.73hy — (Lo /25) — (Ln/5))(11) loaded with eight shorting posts achieves optimum results in

Using these formulations, eight shorting posts loaded U-slot
cut HMSA is designed for foar = 915MHz. Various calcu-
lated antenna parameters are h = 0.16, h, = 1.0, 7 = 5.1,
L, =42, Ly = 1.0, L, = 34, w, = 08, z, = 2.2,
xzy = 1.0, Ly = 19.0 cm. Eight shorting posts of 0.1 cm diam-
eter are placed near the vertex points in the HMSA as shown
in Fig. 1(a). The posts are placed on a square metallic patch
of length L, = 0.2cm. The spacing between the hexagonal
patch and shorting post center is maintained as 0.2 cm, whereas
the spacing between two consecutive posts is maintained as
0.6 cm. The antenna is designed using these parameters, and
the response is experimentally verified. In simulation, respec-
tive S11 BWs observed in the two bands are 74 MHz (7.9%) and
58 MHz (4.43%). Against this in the measurement, S1; BWs
observed in the dual bands are 79 MHz (8.11%) and 62 MHz
(4.71%), respectively. In the first band, the U-slot cut HMSA
yields simulated and measured AR BWs of 21 MHz (2.29%)
and 23 MHz (2.61%), respectively. Over the two bands, the
antenna offers a broadside radiation pattern with a peak gain
of larger than 6 dBic over the AR and S7; BW. The center fre-
quency of AR BW in the first band is 916 MHz, which is very
close to the initially selected frequency. This close agreement
validates the proposed design methodology. Thus, employ-
ing the proposed design methodology, the eight shorting posts
loaded HMSA embedded with a U-slot can be designed around
a specific frequency, as per the given wireless application.

4. RESULTS DISCUSSION AND COMPARATIVE
ANALYSIS

The U-slot cut MSA for CP response is an optimum design in
terms of substrate used against the AR BW and gain realized.
However, it requires a thicker substrate. Further, the employ-
ment of a U-slot does not highlight the reduction in the cen-
ter frequency of AR BW, so as to achieve a compact CP solu-
tion. The study in this paper addresses both these research gaps
and presents various configurations of shorting posts loaded U-
slot cut HMSAs for the CP response. The designs presented
achieve a reduction in the substrate thickness and a reduction
in foar compared to the U-slot cut HMSA without shorting
posts. There have been many configurations presented in the
literature on U-slot cut CP MSAs, but none of them achieves
both these features together, and in terms of these details, the
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terms of substrate thickness and f. 4 g reduction against the AR
BW and broadside gain, as mentioned in Table 1. Therefore,
a comparison between the U-slot cut HMSA loaded with eight
shorting posts and reported CP MSAs is tabulated in Table 2
and is discussed below. The reported configurations have been
optimized in different frequency bands using different substrate
thicknesses. Therefore, patch area and substrate thickness are
normalized with respect to the wavelength at the center fre-
quency of AR BW in each design. Considering the units, the
area is normalized with respect to the square of the wavelength,
whereas the substrate thickness is normalized with respect to
the wavelength.

In the thinner substrate design discussed in [5], multiple feed-
ing ports are employed with the help of a power divider circuit,
which increases the design complexity of the antenna. The nar-
row slits cut design discussed in [6] offers a wide beamwidth
CP response, but the AR BW is lower than 1%. Another thin-
ner substrate design discussed in [7] employs a decoupled offset
feed line, acting as a stub to excite the orthogonal modes on the
patch. However, it also offers an AR BW lower than 1%. A
partial ground plane modified ring-shaped printed antenna dis-
cussed in [8] offers a higher AR BW on a reduced substrate
thickness. However, the antenna gain is smaller and requires
larger patch dimensions than the proposed design. The over-
lapped square patch design (octagon shape) discussed in [9] on
a thinner substrate has narrower AR BW. The multi-resonator
CP MSAs discussed in [10—12] offer a higher AR BW than the
proposed compact design. However, the addition of multiple
resonators in different layers increases the antenna dimensions.
Against this proposed configuration is a single-patch single-slot
solution having a smaller size. The wideband CP MSA pre-
sented in [13] offers an AR BW of greater than 40%. How-
ever, it employs a multi-dielectric design employing multiple
patches, shorting posts, and backed by a metallic cavity. All
these design features increase the antenna substrate thickness as
well as the design complexity. The CP MSAs employing a res-
onant U-slot discussed in [14, 15, 19] or multiple or modified
slots cut CP MSAs discussed in [16, 17] offer the AR BW in
the range of 4-20%. However, in none of these designs, tech-
niques to lower the substrate thickness are discussed, nor are
details provided for the reduction in the center frequency of AR
BW. The wideband E-shape MSA discussed in [18] does offers
a wider AR BW, but it requires a larger patch size attributed

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 179, 97-111, 2026

rPIER C

TABLE 2. Comparison of the proposed U-slot cut CP HMSA against reported CP MSAs.

Refs. Meas. AR BW Peak Gain Patch Area Substrate thickness
(MHz, %) (dBic) (A/N2aR) (ht/Acar)
Fig. 1(a), cight shorting 24,2.08 6.7 0.125 0.044
posts design
[6] 23,0.93 3.9 0.365 0.02
[7] 18,0.72 10 0.06 0.023
[8] 46,3.9 3.45 0.214 0.01
[9] 8,0.5 39 0.442 0.02
[10] 250,7.13 7.75 0.67 0.052
[11] 2090, 38.2 7.0 1.88 0.046
[12] 3040, 63.7 17.77 6.2 0.101
[13] 610,42.8 4.8 0.685 0.189
[14] 90, 3.9 9.0 0.152 0.08
[16] 1000, 19 7.5 0.735 0.12
[17] 1160, 21.05 8.0 0.15 0.183
[19] 34,3.78 83 0.137 0.069
[21] 6,04 23 0.215 0.05
[22] 34,138 52 0.139 0.054
24] 1: 50, 1.02 1: 9.0 580 0.047
2:70,1.26 2: 8.6

[26] 9, 0.4 (band 1) 8.4 0.16 0.036
[27] 710, 28.4 10.1 > 1.65 0.105
[28] 79,2.21 (band 1) 8.01 2.52 0.098
[31] 16, 0.653 7.6 0.51 0.04

to the assembly of multiple E-shape patches used. The modi-
fied ground plane design discussed in [20] has lower gain. The
modified ground plane CP MSAs discussed in [21,22] offer
lower AR BWs and require thicker substrates and higher patch
size than the proposed configuration. The reconfigurable multi-
ple stubs loaded design discussed in [23] offers 33% frequency
tuning range. However, over the same range, it suffers from
the broadside gain variation by 6 dBic. With multiple patches
fed by a long microstrip line, the dual-band design discussed
in [24] requires a larger patch area. The dual-band half U-slot
cut design discussed in [25] requires a larger substrate thick-
ness. The proximity-fed multiple-patch dual-band CP MSA
discussed in [26] offers lower AR BW in the first of its CP
bands. The reconfigurable patch assembly of U-slot cut rect-
angular elements discussed in [27] offers a substantially higher
AR BW but requires a much larger antenna size. The triple-
frequency slot cut and stub-loaded microstrip line and aperture
feed design discussed in [28] requires larger antenna dimen-
sions. While placing multiple shorting posts on a rectangular
patch, CP response has been realized in [29]. However, it offers
alower AR BW than the proposed shorting posts loaded design
and requires a larger patch area. The larger patch area is at-
tributed to the functioning of the configuration reported in [29]
around degenerated second-order patch modes [3]. Against the
design discussed in [29], the proposed design provides CP re-
sponse around fundamental degenerated patch modes and thus
possesses a smaller patch dimension. The U-slot cut MSA dis-
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cussed in [34] only highlights the reduction in frequency com-
pared to the conventional patch. Against this, the proposed
design provides a reduction in substrate thickness in addition
to the frequency. The tuning in the CP band frequency is re-
alized using the reconfigurable approach as discussed in [35].
However, with the activation of PIN diodes, a frequency in the
higher band is selected in [35]. In this regard, the MSA dis-
cussed in [35] does not provide any reduction in the AR BW
center frequency, as provided in the proposed configurations.
To summarize, the proposed work presents designs of U-slot
cut HMSAs for CP response, which are loaded with shorting
posts around the patch periphery. In regard to configuration,
the proposed work does not present a new design, but a simpler
technique of shorting posts loading is selected, using which the
reduction in the center frequency of the AR BW and the total
substrate thickness is achieved, thus providing a resonant U-
slot cut compact CP solution. Amongst all the configurations
proposed, the MSA loaded with eight shorting posts offers opti-
mum results. Eight shorting posts loaded HMSA offers a reduc-
tion in f. 4 g by 55 MHz (4.5%) with a reduction in the electrical
substrate thickness by 0.033)\ 4 r. Further, against the equiva-
lent U-slot cut HMSA design with reduced substrate thickness,
shorting posts loading offers a higher AR BW, with 56 MHz
(4.81%) reduction in the f.ar. In the literature, similar con-
figurations of resonant U-slot or rectangular slots cut MSAs,
which provide a reduction in both these parameters together,
are not discussed, and in terms of these findings, the proposed
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work is novel in its contribution. The loading of shorting posts
shows minimal effect on the broadside gain. The configurations
with the further loading of shorting posts, i.e., beyond twelve,
were also studied. However, they show a reduction in the an-
tenna efficiency and broadside gain. Hence, the present study
is restricted to a twelve-shorting-posts-loaded design.

A small variation in the measured results compared to the
simulation is observed. It is attributed to the errors in the mea-
surement, specifically the air gap present in thinner substrate
designs and a few fabrication tolerances. With a reduction in
substrate thickness, the obtained AR BW is lower than 5%.
Considering the BW, limitations do exist as the proposed de-
sign cannot cover multiple adjoining frequency bands of a given
wireless application. However, for obtained antenna character-
istics, the proposed compact designs can find applications in
addressing specific individual GPS bands, such as L5 and L2.
While maintaining a single-patch single-slot thinner substrate
design, AR BW can be increased by selecting modifications in
the ground plane. However, it will reduce the broadside gain.
Thus, there will exist a trade-off between the BW improvement
and the reduction in broadside gain.

5. CONCLUSIONS

The resonant slot cut CP MSA is an optimum design solu-
tion, considering the air-suspended configuration used against
the obtained AR BW and broadside gain. However, in those
designs, a reduction in the center frequency of AR BW sup-
ported with a substrate thickness reduction is not observed. The
present study addresses this research gap and proposes the con-
figurations of U-slot cut HMSAs loaded with multiple sets of
shorting posts. The loading of shorting posts adds to the in-
ductive reactance in the input impedance of the antenna that
helps in lowering substrate thickness as well as the frequency.
Amongst all the designs, the configuration realized using eight
shorting posts yields optimum results. It offers a reduction in
the center frequency of AR BW by 55 MHz (4.5%), supported
with substrate thickness reduction by 0.033\.4r. Against the
equivalent reduced substrate thickness U-slot cut HMSA de-
sign, shorting posts loading offers 56 MHz (4.81%) reduction
in the center frequency of AR BW. With all these reductions,
broadside gain remains above 6 dBic. With the obtained an-
tenna characteristics, the equivalent of the proposed designs can
find applications in the GPS L5 and L2 frequency bands.
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