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ABSTRACT: The wideband gap-coupled configuration of an E-shape microstrip antenna, with two C-shape microstrip patches and loaded
with a parasitic printed rectangular loop element, is proposed. In 1200 MHz frequency range and on a substrate thickness of 0.11),
with an optimum inter-spacing between the frequencies of TM1o and TMy2 resonant modes of the rectangular patch along with TM2o
resonant mode frequencies on the parasitic C-shape and printed rectangular loop element, the maximum reflection coefficient bandwidth
of 945 MHz (68.11%) is achieved. The gap-coupled antenna offers broadside radiation characteristics across the complete bandwidth
with a peak broadside gain of 9 dBi. Design methodology to realize wideband gap-coupled configuration in different frequency ranges is
presented which yields similar result. The antenna response is experimentally verified which yields close agreement against the simulated

result.

1. INTRODUCTION

wing to the numerous advantages like low profile planar

configuration, microstrip antenna (MSA) finds wide appli-
cations in wireless systems [1]. In the initial days, MSAs were
considered as a narrow bandwidth (BW) and smaller gain ele-
ments [1], but over the last four—five decades different tech-
niques have been evolved to enhance the above-mentioned
MSA characteristics. A basic technique that achieves BW in-
crement is a modified feed design on a thicker substrate [2-
4]. Amongst various modified feed techniques, proximity feed-
ing is the simplest one to be used. Another relatively simple
technique that achieves a BW and gain increment is the multi-
resonator gap-coupled design, in which parasitic patches of un-
equal dimensions are coupled to the fed patch [5—8]. However,
this technique increases the antenna dimensions. By employ-
ing a dual edge shorted patch or using the combination of gap-
coupled shorted patches or shorted patch combined with a dif-
ferential feeding, wider BW designs are obtained [9-13]. To
enhance the BW, shorted microstrip line feeding technique has
also been used which provides a second order mode frequency
suppression [14]. Amongst the different feeding techniques re-
alized in MSA, aperture coupling yields maximum BW [1].
Using the same, wideband gap-coupled design of rectangular
patches is presented in [15] that employs a U-shape feeding
stub. A balance differential feeding technique yields BW im-
provement as discussed for the gap-coupled patches presented
in [16]. However, differential feed requires a power divider
to provide equal amplitude anti-parallel signals. By employ-
ing the combination of multiple patches in the gap-coupled and
stacked layer wideband high gain antennas are obtained [1, 17].
They provide the gain larger than 10 dBi but requires larger an-
tenna volume. Modified shape design employing a rectangular
patch is discussed in [18] which provides 5% BW on a thin-
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ner substrate. By optimally utilizing the vacant space around
the fed patch, wideband gap-coupled designs are reported [19—
22,32]. In these designs, the addition of every parasitic res-
onator around the fed patch adds to the BW but at the cost of
increment in the patch size. By cutting the resonant slots inside
the MSA fed using a coaxial or differential feed, or a differen-
tial fed MSA employing the combinations of slots and short-
ing post, wider BW designs are reported [23—29]. The resonant
slots cut wideband design requires a thicker substrate. A design
of slots cut MSA is reported in [30] which achieves a wide-
band response on a thinner substrate. By employing a mod-
ified ground plane profile in the form of slot or patch, wider
BW designs are realized [31]. Thus, amongst various wide-
band techniques, gap-coupling method is the simplest of all.
The resonant slots cut or modified ground plane designs main-
tain the low profile nature of the antenna, but they are complex
in design. The later has smaller gain attributed to the modified
ground plane profile. In gap-coupled MSAs, when empty space
around fed patch is used, achieved BW is more than 50%, but
for further increment in the BW when additional resonators are
employed, the antenna size increases.

In this paper, a multi-resonator gap-coupled design of the E-
shape MSA with two parasitic C-shape MSAs and loaded with
a printed rectangular loop resonator is presented for a wideband
response. The configurations are presented on a suspended FR4
substrate of thickness ~ 0.11)4, in 1200 MHz frequency band.
Initially proximity fed design of a Rectangular Microstrip An-
tenna (RMSA) is discussed that achieves simulated impedance
BW of 428 MHz (33.46%) with a broadside gain larger than
7dBi. An increase in the BW of RMSA is achieved by gap-
coupling the RMSA with two C-shape MSAs those were placed
in the adjoining area of the fed RMSA. This gap-coupled de-
sign achieves reflection coefficient (S1;) < —10dB BW of
743 MHz (57.31%) with a peak broadside gain of 8 dBi. To
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FIGURE 1. (a), (b) Proximity fed E-shape MSA gap-coupled with C-shape MSAs and loaded with printed rectangular loop resonator, (c) various

resonant mode directions on the gap-coupled antenna.

further increase the BW, additional resonators were not gap-
coupled to the fed patch, but first the pair of slots were embed-
ded on the fed RMSA leading to E-shape design, which was
further loaded with a printed rectangular loop resonator lying
beneath the fed E-shape MSA. The gap-coupled design of E-
shape MSA with two C-shape patches yields simulated BW of
902 MHz (66.13%) whereas the same gap-coupled configura-
tion when being loaded with printed rectangular loop resonator
below the E-shape patch yields simulated BW of 945 MHz
(68.11%). Both these antennas yield broadside radiation pat-
tern with a peak gain of 9dBi. In both the designs, addi-
tional resonators were not externally added but placed below
the patch or realized within the fed patch itself. Hence, the gap-
coupled configuration achieves substantial BW improvement
without further increment in the size of initial gap-coupled de-
sign. To highlight the technical novelty in the proposed study,
detailed comparison against the reported wideband configura-
tions is provided ahead in the paper. It shows that in terms of
antenna volume, gain and S1; BW put together, the proposed
design achieves an optimum performance. A resonant length
formulation and subsequent design methodology to achieve a
similar wideband antenna as per the given frequency spectrum
is presented, which yields similar result. The antenna proposed
in this work is initially optimized using CST software [33], fol-
lowed by the experimental verifications carried out inside the
antenna laboratory, using high frequency instruments namely,
ZVH-8, SMB 100A and FSC 6.

2. MULTI-RESONATOR GAP-COUPLED VARIATIONS
OF E-SHAPE MSA

The gap-coupled design of proximity fed E-shape MSA with
two C-shape MSAs and loaded with a printed rectangular
loop resonator located beneath the E-shape patch is shown in
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Figs. 1(a) and (b). The design is initiated with the proximity
fed RMSA of length L and width W, fabricated on an FR4
substrate (¢, = 4.3, h = 0.16 cm) and suspended above the
ground plane using an air gap thickness of h, cm.

The RMSA length is calculated such that for a total substrate
thickness of 2.56 cm (h, = 2.4 cm), TM1 mode frequency is
1200 MHz, thereby realizing electrical thickness of ~ 0.1),.
For these substrate parameters, RMSA length is found to be
L = 8.6 cm. To realize a smaller size, patch width is selected
as W = 4.5 cm. A square proximity strip of length L is placed
at a distance of z; from the patch center and at a thickness of
hs cm above the ground plane. This proximity feed position
only excites TM1g mode on the patch. By optimizing strip pa-
rameters, RMSA is optimized for the wideband response. For
antenna parameters as L = 8.6, W = 4.5, h, = 2.4, hy = 2.3,
xy = 1.7, Ly = 1.3cm, simulated and measured S;; BWs
are 428 MHz (33.43%) and 427 MHz (33.56%), respectively as
shown in Fig. 2(a). The antenna offers broadside radiation pat-
tern over the S11 BW with a peak gain of larger than 7 dBi.

To increase the BW, additional resonators are added in the
structure. Gap-coupling parasitic C-shape patches with the
proximity fed RMSA add resonant modes in the structure to
achieve increase in the BW, as mentioned in Fig. 1(a). The
C-shape patches are chosen as they occupy the vacant space
around the proximity fed RMSA. Further, the resonant field
distribution for C-shape MSA at first two modes is provided in
Fig. 1(a). The fundamental TM;, mode in C-shape patch ex-
hibits half wavelength variation along the C-shape length. With
this field distribution, the F-plane (E) is directed along y-
axis as shown in Fig. 1(a). At TM;( mode in the proximity fed
RMSA, E-plane is present along the horizontal axis as shown
in Figs. 1(a) and (c). With this, two E-planes are orthogonal
and thus cannot provide wideband linearly polarized (LP) re-
sponse. At second order mode in C-shape patch, the field shows
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FIGURE 2. (a) S11 BW and gain plots for gap-coupled variations of proximity fed RMSA with C-shape MSAs, (b)—(d) vector surface current
distribution at observed resonant modes for the gap-coupled design, and (e) resonance curve plots.

two half wavelength variation along C-shape patch length, and
hence E-plane at the same is along the horizontal axis as shown
in Figs. 1(a) and (c). For this mode, F-plane on the fed and
parasitic patches are in the same direction, and thus the gap-
coupling between them will provide wider BW LP response.
Therefore, the wideband configuration with a gap-coupling of
TM19 mode on RMSA and TMy; mode on C-shape MSA is
presented. To achieve a wider BW, parametric variation for
C-shape MSA length C},, with C, = 10.3, W, = 2.5¢cm, is
carried out. The variations in C, directly alters the resonance
frequency of TMyy mode and tunes it with respect to TMg
mode frequency on RMSA which yields wider BW. Since this
parametric optimization is similar to any gap-coupled design of
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two microstrip resonators, relevant resonance curve plots show-
ing the variation in modal frequencies are not provided here.
The maximum BW in the gap-coupled design of proximity fed
RMSA and C-shape MSAs is obtained for antenna parameters
as, C, = 5.0,C, = 103, W, = 2.5, g = 0.75, L. = 8.6,
W =45, hq =24, hy =23, 2y =25, Ly = 1.3cm, and
their results are provided in Fig. 2(a). The simulated and mea-
sured BWs for the gap-coupled antenna are 743 MHz (57.3%)
and 752 MHz (58.43%), respectively. The antenna offers a
broadside gain larger than 7 dBi over the complete S1; BW with
a peak value close to 8 dBi. The surface current distributions at
TM;19 mode on RMSA and TM3y mode on C-shape MSAs are
shown in Figs. 2(b) and (c). At the two modes which contribute
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to the BW, surface currents are directed along the horizontal di-
rection. This gives broadside radiation pattern across the S1;
BW with cross polar component of radiation lower than 15 dB
as compared with the co-polar component of radiation level.
The dimensions of C-shape MSAs on the two sides of RMSA
are same, thus parasitic patch frequencies are identical. This
achieves symmetric radiation pattern across the S1; BW.

To increase the BW further, similar to the reported gap-
coupled designs, additional resonators lying in the vicinity of
fed RMSA can be added, but this will increase the antenna size.
In the present work, resonant modes are added in the structure
without considering additional parasitic elements. To achieve
this, the initial tuning of higher order modes of fed RMSA or
C-shape MSAs is considered. While the higher order modes are
tuned, the polarization of additional modes needs to be the same
as that of modes of RMSA and gap-coupled C-shape patches
which contribute to the BW. Thus, to explore the higher or-
der modes in the gap-coupled design, impedance behavior of
gap-coupled antenna is studied over a higher frequency range
as shown in Fig. 2(e). The next resonant mode observed in the
impedance curve is TMy2 mode on the fed RMSA, as confirmed
from its surface current distribution provided in Fig. 2(d). The
tuning of this mode in addition to the reorientation of sur-
face current components along the patch length is achieved by
adding a pair of rectangular slots in the RMSA leading to the
design of an E-shape MSA, as shown in Fig. 1(a). The pair of
slots, which realizes the E-shape structure tunes the TMy2 mode
frequency on RMSA with respect to TM;9 and TMyy modes
to yield maximum possible BW as shown in Fig. 2(e). With
the slots, the polarization of modified TM(s mode is along the
patch length as shown in Fig. 1(c). The parametric optimiza-
tion process for E-shape MSA is well described in the litera-
ture [26,27], hence not discussed here. The optimum results
are obtained for antenna parameters as, C, = 5.0, C, = 10.3,
W.=25,9g=075,L=86,W =4.5,L; =27, W, =04,
y=20,hg =26h; =22, 2, =-27 Ly =19cm, and
their results are given in Fig. 3. The proximity feed position x ¢
is present on the other side of the patch central point as shown
in Fig. 1, hence the value mentioned is negative. This feed po-
sition ensures optimum coupling to the resonant modes present
for the maximum BW [27].

For S11 < —10dB, the BW observed in the simulation is
902 MHz (66.13%), and that in the measurement is 925 MHz
(67.84%). The antenna offers a broadside gain of more than
7 dBi across the BW with a peak value larger than 8 dBi. The
radiation pattern across the S7; BW is in the broadside direction
with E-plane aligned along ® = 0°. The cross polar compo-
nent of radiation is lower than 10 dB as compared with the co-
polar radiation level over a complete S1; BW thereby ensuring
LP response. The experimental setup to measure the S1; BW
is mentioned in Fig. 3(b).

To increase the BW further, additional slots can be cut in-
side the E-shape MSA. However, the optimization process be-
comes difficult as multiple resonant modes are involved in the
same radiating patch. Hence, optimizing the impedance at
modified modes together is then a complex procedure. Also
because of the geometry of C-shape MSA, its higher order
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modes are in higher frequency range. Further, they do not have
the same E-field polarization as against the modes present in
the gap-coupled design. Therefore, a new method is adapted
here that involves the placement of a printed resonant rectan-
gular loop outside the boundaries of the E-shape MSA. Thus,
a gap-coupled design of E-shape MSA with C-shape MSAs
and loaded with printed rectangular loop resonator is shown in
Fig. 1(a). The rectangular loop is placed on the other side of
the substrate and below the E-shape MSA. A detailed dimen-
sional description of the resonant loop structure is provided in
Fig. 4(a). The lengths ‘R;’ and Ry’ form the horizontal and
vertical lengths of the rectangular loop, whereas the position
‘P’ is from the patch center point. W, is the width of the rect-
angular loop, which remains the same in its horizontal and ver-
tical sections. The parametric study was carried out to analyze
the effects of the resonant mode introduced by the rectangular
loop structure, and the resonance curve plots for the variation
in ‘P’ and ‘R;’ & ‘Ry’ are shown in Figs. 4(b) and (c).

With the addition of printed rectangular loop, resonant mode
distribution of the gap-coupled antenna changes. Surface cur-
rent distributions at the observed resonant modes for P = 1.9,
Ry = 3.7, Ry = 1.6cm are provided in Figs. 5(a)—(d). The
first two modes correspond to TM;( mode in E-shape MSA and
TM3p mode in C-shape patch. The fourth mode corresponds to
the modified TMg2 mode in E-shape patch. As noted from the
surface current distribution at third mode shown in Fig. 5(c),
surface currents exhibit two half-wavelength variations over a
rectangular loop length. Hence, corresponding mode is referred
to as TMaq,.. Here ‘r’ represents the mode on printed rectangu-
lar loop. For this current distribution, the polarization of TMs,
mode is along horizontal direction as shown in Fig. 1(c). As
currents are circulating over the entire vertical and horizontal
section of the rectangular loop, changes in rectangular loop di-
mensions R; and Ry alter its resonance frequency. This effect
is confirmed from their resonance curve plots shown. This re-
duction in frequency holds true for the increase in Ry or Ra,
with other dimensions remaining constant. With the variation
in ‘P’, the mutual coupling is changed between resonant modes
on the patch and the printed loop. It was observed in the para-
metric study that, when the rectangular loop is placed below and
near the pair of slots in E-shape MSA, i.¢., left side of the patch
center, the coupling to the resonant loop is not observed, and
the relevant resonant peak is absent. The coupling is present
only when the rectangular loop is present on the right side, i.e.,
away from the pair of slots. As per the current distribution for
the loop resonant mode, maximum field is present towards the
open circuit edges of the printed rectangular loop. For the loop
orientation as shown in Fig. 1(a), when the loop is placed be-
low the pair of slots, the maximum resonant field (open cir-
cuit edge) on E-shape patch coincides with the minimum field
point on the loop, which results in poor gap-coupling. Against
this when printed rectangular loop is placed on the other side of
proximity feed or the pair of slots, the position of maximum of
fields on E-shape patch and printed rectangular loop matches
that result in stronger coupling between the two. Hence, in the
optimum design, the position of rectangular loop is present on
the other side of the pair of slots. Thus, by employing a rect-
angular printed loop without altering the frequencies of the E-
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shape and C-shape patch modes, additional resonant mode is
introduced that enhances the BW.

Using the parametric optimization for ‘P’ and ‘R;’ & ‘Rs’,
an optimum response is realized, and the antenna dimensions
for the same are, P = 1.9, Ry = 3.7, R2=1.6,9g = wr = 0.5,
Ly = 1.7, x5 —2.7, hy = 2.2cm. The simulated and
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measured BWs for S1; < —10dB are 945 MHz (68.1%) and
969 MHz (69.83%), respectively as shown in Fig. 6(a). The
antenna offers the broadside gain of more than 7 dBi over the
S11 BW with maximum value larger than 8 dBi. The S1; BW
measurement setup and the fabricated antenna are given in
Fig. 6(b). The radiation pattern across the S1; BW, as shown
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FIGURE 7. Radiation pattern and gain measurement setup.

in Figs. 6(c)—(h), is in the broadside direction with E-plane
aligned along ® = 0°. The cross polar component of radia-
tion is lower than 10 dB as compared with the co-polar radi-
ation level over complete BW thereby ensuring LP response.
In the proposed gap-coupled designs, towards the higher fre-
quencies of the BW, MSA gain decreases to around 7 dBi. The
reduction in the gain towards the higher frequencies of BW is
attributed to the modified TMy2 mode on E-shape MSA and
TMsq,- mode on the resonant loop structure, which is placed
below the fed patch. Due to these two modes, vertical contribu-
tion of surface currents is excited on the patch that reduces the
broadside gain towards those frequencies. However, over the
complete bandwidth it remains above 6—7 dBi, which is an ap-
preciably large value from the practical applications. Radiation
pattern and gain are measured inside the antenna laboratory as
shown in Fig. 7. Reference wideband high gain horn antennas
were used in the measurement. A minimum far-field distance is
maintained between the antenna under test (AUT) and the horn
antenna.

The far-field distance is calculated with respect to the high-
est frequency of measurement. To achieve a better accuracy in
the lab measurement, three-antenna method is used in the gain
measurement. Thus, unlike the reported multi-resonator anten-
nas wherein multiple additional resonators are used to increase
the BW, in this work while using a single pair of parasitic res-
onators and by exploiting the resonant modes of the fed patch
and resonator lying beneath it, BW of the gap-coupled antenna
is increased. With these additional resonators, antenna size is
not further increased.

3. DESIGNING METHODOLOGY FOR WIDEBAND GAP-
COUPLED VARIATION OF E-SHAPE MSA

The gap-coupled design of E-shape MSA with two C-shape
patches loaded with a resonant printed rectangular loop yields
optimum result for BW and gain. For this wideband design, this
section presents a design methodology to realize a similar gap-
coupled antenna in a different frequency range. Initially based
on the above wideband design, resonant length formulations at
all the resonant modes are presented. To formulate the length,
variations in the surface current directions against the variation
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in respective patch and slot parameters are extensively studied.
The resonant length at TM;( mode in proximity fed RMSA is
obtained by using Equation (1), and the frequency is calculated
using (2). Here, h; represents the total substrate thickness that
equals h + h,. The effective dielectric constant (g,.) is calcu-
lated by using Equation (3). For RMSA of dimension, L = 8.6,
W = 4.5, hy, = 2.4, h = 0.16 cm on FR4 substrate, the fre-
quency calculated using (2) is 1195 MHz that matches closely
with the simulated frequency of 1201 MHz. The antenna di-
mensions mentioned in various equations below are in cm, and
the frequency calculated using them is in GHz.

L. = L+2(0.7hy) (1)

fio = %1, o )
e (h+hy)

e = e 3)

For the gap-coupled C-shape patch, the resonant length formu-
lation at TMyp mode (L2q.) is given by using Equation (4). In
this equation, C}, and C', are C-shape patch horizontal and ver-
tical lengths, respectively, whereas W, is the C-shape patch
width as mentioned in Fig. 1(a). This equation considers the
effective current path length along the center of the patch as
shown in Fig. 8(a). The resonance frequency is calculated by
using Equation (5) for the effective dielectric constant value as
calculated by using Equation (3). For the C-shape MSA di-
mensions as, Cj, = 6.3, C,, = 10.3, W, = 2.5, h, = 2.6,
h = 0.16 cm, the calculated frequency using (5) is 1360 MHz.
This agrees closely with the simulated frequency of 1366 MHz,
as observed in the optimum gap-coupled design of C-shape
patches with E-shape MSA.

Lage = 2C(h + Cv — 2w,

30/L2OC VEre

“)
)

f20¢: =

The resonant mode currents on printed rectangular loop ex-
hibit two half wavelength variation along the total length. In
this case, the effective resonant length is obtained by taking
the average of lengths L; and L, as mentioned in Fig. 8(b).
Therefore, with reference to the dimensions shown in Fig. 4(a),
effective resonant length at TMyy mode in printed rectangu-
lar loop is obtained by using Equations (6)—(8). The frequency
is calculated by using Equation (9). ¢, is the effective di-
electric constant for the resonant printed rectangular loop and
is calculated by using Equation (10). The printed rectangular
loop is fabricated below the patch and on the other side of the
FR4 substrate. Considering the fringing fields originating from
the top and bottom side of the loop, some contribution of the
fields is present between the loop and E-shape patch, as shown
in Fig. 8(e). The Fringing fields see an effective dielectric con-
stant as a dielectric constant of the dielectric medium, i.e., &,..
Some percentage of the fringing fields pass through the top di-
electric then through the air before terminating on the ground
plane as mentioned in Fig. 8(¢). These fields see the effective
dielectric constant as that of the suspended dielectric substrate
above the ground plane using finite air gap, i.e., ... Since the
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FIGURE 8. Surface current path for (a) C-shape MSA, (b) printed rectangular loop, (c), (d) TMo2 mode current on E-shape MSA, (e) fringing field

distribution for printed rectangular resonator loop.

fringing fields come across two different effective values of di-
electric constant on two sides, attributed to the patch on one
side and ground plane on the other, effective dielectric con-
stant value for the rectangular loop mode is the average value,
as mentioned in (10). For the rectangular strip and substrate
dimensions as, Ry = 3.7, R, = 1.6, g = 0.5, W,. = 0.5,
hqe = 2.6, h = 0.16 cm, the frequency calculated using Equa-
tion (9) is 1433 MHz, which agrees closely with the simulated
frequency of 1412 MHz.

li = 2Ry +4Ry +g (6)
lo = 2Ry + 4Ry + g — 6w, @)
Lagr = (L +12)p )
Foor = Lo, Era ©)
Erer = (Er TEre)y (10)

The surface current distribution at TM2 mode in proximity fed
RMSA is shown in Fig. 8(c). At this resonant mode, surface
currents are expected to be directed along patch width. How-
ever, there seems to be a variation along the patch length as
well. This is attributed to the patch length being almost double
in dimension against the width. As mentioned above, this di-
mensional ratio between length and width is primarily selected
for the compact size. Because of this variation in currents along
patch length, the formulation in effective patch width at TM9
mode is obtained by using Equation (11), and frequency is cal-
culated by using Equation (12). The calculated frequency is
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2460 MHz against the simulated frequency of 2420 MHz.

W, (11)

w120, + (1)

f02 3O/W€O2 Ere (12)
The pair of slots in E-shape patch perturbs the surface current
length at TMy2 mode as shown in Fig. 8(d). The effect of slot
is formulated as given in Equation (13). The surface currents
at modified TMy, mode are circulating around the pair of slot
lengths, and their effects are accounted by the fourth term on
right hand side of Equation (13). The modified frequency is
calculated by using Equation (12) for W,go = Weg2s. The fre-
quency calculated using Equation (12) is 1710 MHz against the
simulated value of 1702 MHz as observed in the optimum gap-
coupled design of E-shape MSA with C-shape patches, loaded
with printed rectangular loop resonator. Thus, at all the reso-
nant mode frequencies which contribute to the S1; BW, close
prediction in their values using the proposed formulation is ob-
tained. Using these formulations, the design methodology to
realize similar wideband antenna is presented.

Weozo = W+ 1.2 + (L) + (190 ) (41)  (13)
The design methodology is initiated by specifying the band
start frequency (fs¢) of the S;; BW. In addition to the reso-
nant length formulations given above, frequency and dimen-
sional relations exist amongst the resonant modes, and antenna
parameters of above optimum gap-coupled design are used in
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the design methodology here. For the given fg;, TM1g mode
frequency of proximity fed RMSA is calculated by using the
relation mentioned in (14). The total substrate thickness for the
antenna is calculated by using Equations (15) and (16). For
calculating the wavelength in the air suspended dielectric at
TM;9 mode, the value of ¢,.. is unknown, as h, is not avail-
able. Hence, an initial approximation of €, = 1.05 is consid-
ered. This approximation holds good as substrate thickness is
more than 0.08),.

fio = 1.311f, (14)
Aglo = 3O/f10\/57e (15
he = 0.113)10 (16)

From the calculated value of h;, the value of i, is selected that
is practically realizable as well as an integer number. Using
this value and for FR4 substrate, €,. and A410 are recalculated
using Equations (3) and (15), respectively, and they are used
in all further calculations. The RMSA length at the calculated
TM; mode frequency is obtained by using Equation (17), and
further RMSA width is selected as W = 0.523L.

L= (30/2f10\/£> — 1.4h,

As identified from the resonance curve plots for the optimum
design of E-shape MSA gap-coupled with C-shape patch and
rectangular resonant loop, TMsg mode frequency on C-shape
patch bears a frequency ratio, fog. = 1.493 f,;, with reference
to the band start frequency of the BW. Using this relation, res-
onant length at C-shape patch mode is obtained using Equa-
tion (18). In the design of C-shape patch, three dimensions of
the patch are present, i.e., C,,, Cj, and W,.. The resonance fre-
quency in C-shape patch is governed by each of these param-
eters. Hence to simplify the process, a similar design of C-
shape MSA in terms of patch dimension ratio as that selected
in the above mentioned design is considered. Thus, respec-
tive lengths in C-shape MSA are selected as C;, = 0.612C,,,
W, = 0.243C,,. Using these relations and further by rearrang-
ing Equation (4), C-shape MSA vertical length C,, is calculated
as mentioned in (19). Using this value of C,, other C-shape
patch dimensions are calculated. The amount of gap-coupling
between the fed and parasitic patches is a function of substrate
thickness and the frequency. Hence, air gaps g. and g,., as men-
tioned in Fig. 1(a), are taken as 0.109%h; and 0.58h,, respec-
tively.

amn

Le = 30/f200\/5? (18)

0, = (Le = 1.3h)) 1ag (19)

The resonant mode due to the printed rectangular loop resonator
bears a frequency ratio, fao, = 1.543f, with reference to
the band start frequency of the BW. Using this relation, res-
onant length (Lo, ) at the rectangular loop mode is calculated
as given in Equation (20). As mentioned in Equations (6)—(9),
l, depends upon Ry, Rs, g, and w,.. To simplify the process,
dimensional relations like Ry = 2.3125R5, g = 0.2135Rs,
w, = 0.3125Ry are used. Using this and by rearranging the
terms on the two sides of Equation (8), effective resonant length
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is expressed in terms of one of the rectangular loop dimensions,
as given in Equation (21). The effective dielectric constant for
rectangular loop mode is calculated using Equation (10). Thus,
using Equations (20)—(21) and above dimension relations for
the rectangular loop, dimensions of the loop are calculated.

Laoy = 3O/f20m/~€z (20)

Ry = L20r/8 1)

The modified TMy2 resonant mode of the E-shape MSA bears
a frequency ratio, fo2s = 1.86fs¢, with reference to the band
start frequency of the BW. Using it, effective RMSA width,
which includes the effects of pair of rectangular slots, is calcu-
lated as mentioned in Equation (22). By using Equation (23),
a pair of slot length L, is obtained. This equation is obtained
by rearranging the terms on the two sides of Equation (13) and
expressing the same for L,. Further, slot width W, and sepa-
ration between the pair of slots (y) is selected as 0.148 L and
0.444 W, respectively. The proximity feed parameters are se-
lected as Ty = 0.111/\g10, Lf = 0.07)\910, hs = 0.07)\910.

VV()Z&S = (22)

3 foner/Ere

\/(L/G) (Wozes =W = (L) = 1.20,)  23)

Using the above methodology, the gap-coupled design of prox-
imity fed E-shape MSA with two C-shape MSAs and loaded
with printed rectangular loop resonator is designed for fs; =
1100 MHz, and various antenna parameters calculated using
above procedure are h, = 2.1, h = 0.16, L = 6.9, W = 3.6,

L

Ly =23, Wy =03,y =18, Ly = 14, 2z = 2.0,
hs = 18, C, = 85,C, = 52, W, = 2.1, g. = 0.3,
g = 1.3, Ry = 3.1, R, = 1.35, W,. = g = 0.4cm. The

antenna simulated for these parameters and response is experi-
mentally verified. The redesigned antenna offers simulated and
measured BWs for S;; < —10dB of 1190 MHz (69.06%) and
1207 MHz (69.11%), respectively. The antenna offers broad-
side radiation pattern across the complete BW with a peak gain
larger than 8 dBi. The start frequency of the S1; BW is found to
be 1128 MHz, which is closer to the initially selected frequency.
This validates the design methodology for the proposed config-
uration. The BW and gain plots for the redesigned antenna are
similar in nature to the original gap-coupled design discussed
above. Hence to avoid the repeatability, results for redesigned
antenna are not shown again. In the presented design method-
ology, in some of the antenna parameters mentioned above, cal-
culated values are observed to be a non-integer number, which
are rounded off to the nearest possible integer or practically re-
alizable value. Hence in some of the cases, optimum results
show deviation from the expected ones. In such cases, minor
parametric optimization can be employed to realize the opti-
mum BW.

4. RESULTS DISCUSSION AND COMPARATIVE
ANALYSIS

The gap-coupled design of E-shape MSA with two C-shape
MSAs and printed rectangular resonant loop yields maximum
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TABLE 1. Comparison for the proposed wideband MSA against the reported configurations.

MSA Meas. BW Peak Gain Al
Broadband Technique Used h/ ¢
shown in (MHz,%) (dBi) (in cm)
Figs. 1(a), (b) Gap-coupled, slot cut 969, 69.84 9 0.13 6.7
Ref. [6] Gap-coupled 52,4.52 — 0.005 2.63
Ref. [7] Gap-coupled 1200, 12.3 12 0.105 11.535
Ref. [8] Gap-coupled —, 6.3 — 0.068 4.84
Ref. [9] Shorted MSA 730, 13.18 9.7 0.054 2.84
Ref. [10] Parasitic patches, shorting post 810, 13.8 5.0 0.067 2.371
Ref. [11] Parasitic patches, shorting post 270,5.2 4.25 0.042 1.5
Ref. [12] Shorting post, differential feed 20, 1.6 3.1 0.053 0.98
Ref. [13] Gap-coupled, shorting post 6300, 40 10 0.113 1.35
Ref. [14] Gap-coupled, shorting post 660, 11.5 7.07 0.042 3.76
Ref. [15] Gap-coupled, slot, aperture coupling 2340, 41.1 10.0 0.142 >8
Ref. [16] Gap-coupled, differential feeding 2020, 38.4 7.5 0.113 8.06
Ref. [17] Gap-coupled, stacked 1114, 55.7 12.3 0.155 14.7
Ref. [18] Modified patch geometry 350, 6.8 7 0.04 0.741
Ref. [19] Gap-coupled 1500, 27.3 6.4 0.061 1.2
Ref. [20] Gap-coupled, U-slot cut fed patch 1440, 26.2 8.5 0.115 2.78
Ref. [21] Gap-coupled 835, 58.12 8.8 0.125 4.7
Ref. [22] Gap-coupled 490, 20.04 9.5 0.053 10.77
Ref. [23] Rectangular slots 880, 39.82 7.0 0.08 3.1
Ref. [24] Double U-slot 2040, 68 10 0.023 2224
Ref. [25] U-slot, AMC layer 2920, 58.6 12.1 0.07 22
Ref. [26] Rectangular slots 408, 24.82 7.2 0.076 3.74
Modified patch shape, slots,
Ref. [28] 1110, 29.4 9.9 0.079 12.8
shorting post, differential feed
Modified patch shape, slots,
Ref. [29] 620, 26.5 9.9 0.05 6.653
shorting post, differential feed
Rectangular slots,
Ref. [30] 80,9 7 0.04 5.4
modified printed element
Modified patch shape,
Ref. [31] 1960, 30.1 8.0 0.054 2.542
slots, slot cut ground
Ref. [32] Gap-coupled, parasitic strips 728,55 9 0.115 52

BW and a peak gain. Therefore, to present the technical nov-
elty in the proposed work, detailed comparison of the proposed
work against the reported wideband configurations is presented
in Table 1. In the comparison, wideband designs obtained us-
ing multi-resonator configurations, resonant slot cut designs,
MSAs loaded with a shorting post, modified patch shape con-
figurations and slot cut ground plane designs have been consid-
ered. The reported configurations selected in the comparison
are optimized in different frequency bands as well as on differ-
ent substrate thicknesses. Therefore, a normalized total patch
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size and substrate thickness in terms of the guided wavelength
(\¢) at the center frequency of S1; BW are considered in Table
1 for the comparison.

The gap-coupled design consisting of multiple resonators
does offer nearly 5% BW on a thinner substrate, but the real-
ized gain is small as design is optimized on a thinner lossy sub-
strate [6,8]. The gap-coupled patch antenna presented in [7]
offers large gain, but patch size is large attributed to the offset
placed sectoral patches. The MSAs discussed in [9-12] employ
shorting post, multiple resonators in the form of shorted para-
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sitic patches, and a differential feeding. Those designs offer
lower BW than the proposed configuration. The gap-coupled
design discussed in [13] optimized in 15 GHz spectrum em-
ploys multiple shorted patches gap-coupled with a coaxially fed
rectangular patch. Here in spite of multiple resonators present,
S11 BW is only 40% on an electrically thicker substrate. The
gap-coupled design presented in [ 14] employs parasitic shorted
microstrip line feeding gap-coupled with the fed patch. It offers
lower BW and gain than the proposed design. Further design
guidelines for the shorted microstrip line that adds to the BW
are not discussed. The gap-coupled design discussed in [15]
offers BW > 40% with a peak gain of 10dBi. However, it
employs aperture coupling method which is complex in imple-
mentation. Further, the total antenna dimensions are large. The
differentially fed wideband design discussed in [16] requires
large antenna size as against the proposed optimum configura-
tion. The wideband design discussed in [17] employs parasitic
patches in the planar as well as stacked layer. They do offer
substantially higher BW and gain, but overall antenna dimen-
sion is large. The modified patch shape design discussed in
[18] does have smaller antenna volume, but the realized BW
and gain are also smaller. The wideband designs discussed
in [19-22,32] employs multiple resonators which are placed in
the vacant space around the fed patch. The designs discussed
in [19, 20, 22] offer lower BW than the proposed optimum de-
sign. The wideband designs discussed in [21,32] does offer
higher BW and gain, but they employ three to four parasitic
resonator pairs, thus increasing the design complexity. The
wideband multiple slots loaded design discussed in [23] offers
smaller S1; BW whereas the wideband thinner substrate design
presented in [24] employs differential feeding and offers end-
fire radiation characteristics. The U-slot cut rectangular patch
design offers wideband response with higher gain, attributed to
the used AMC layer [25], but this design requires large antenna
size. The modified patch shape designs discussed in [28,29]
use the combination of modified shape of the geometry, short-
ing post, rectangular slot, and differential feeding, but still they
offer BW less than 30% with higher patch size. A technique to
achieve a wideband response on a thinner substrate while con-
sidering the slot cut design is presented in [30]. This design
offers BW less than 10%. Further detailed guideline to design
printed circuit element which helps in achieving this wideband
response on a thinner substrate is not presented. The modified
ground plane design discussed in [31] employs modifications
in the patch as well as the ground plane. In spite of these mul-
tiple modifications in the antenna geometry, obtained BW is
smaller. Further, with the realized modifications in patch and
ground plane, which of the resonant modes that contribute to
the BW is not discussed.

In contrast to the reported configurations, the proposed de-
sign initially employs simpler gap-coupled technique for the
BW enhancement, in which the design is restricted to one
pair of parasitic resonators, which are placed around the va-
cant space of the fed patch. Further additional resonators are
added in the structure first by using a pair of rectangular slots
which realizes wideband E-shape configuration, and further
loading the structure with a printed resonant loop that lies be-
neath the patch. Thus unlike the reported configurations that
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consider adding multiple resonators around the fed patch or
stacked layer, present configuration employs different meth-
ods for adding multiple resonators which yields BW improve-
ment. Although multiple resonant modes in the form of para-
sitic patch, modes introduced by slots and rectangular loop are
present, the proposed study outlines the design methodology
that helps in realizing similar wideband configuration in differ-
ent frequency bands, which can match as per the given wireless
application. Thus novelty in the proposed configuration lies
first in utilizing simpler gap-coupling technique for BW en-
hancement and further utilizing novel techniques to add mul-
tiple resonant modes which does not add to the antenna size
increment. The optimum gap-coupled design offers BW close
to 70% with a peak gain of larger than 8 dBi. Hence, consider-
ing all the antenna parameters together proposed configuration
provides optimum result for S;; BW, gain against the antenna
volume, while considering all methods of BW improvements.

5. CONCLUSIONS

The proximity fed gap-coupled design of E-shape MSA with
parasitic C-shape MSAs and loaded with resonant printed
rectangular loop is presented. The wideband response is at-
tributed to the optimum inter-spacing between the TM;y mode
of RMSA with reference to the TMyy mode on C-shape MSAs
and rectangular loop and modified TMy, mode of the fed
RMSA. The proposed work utilizes the vacant space around
the fed patch for BW improvement as well as utilizes the slots
and resonators placed beneath the fed patch, thus limiting
the increase in antenna size while considering gap-coupled
technique. The optimum design achieves S1; BW of nearly
70% with a peak broadside gain larger than 8 dBi. The design
methodology is put forward which helps in realizing similar
configurations in different frequency bands as per the given
wireless application.
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