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Abstract

This paper presents a comprehensive review of symmetrically shaped antennas in terms of
antenna size, dielectric materials, resonating band, peak gain, radiation pattern, simulating
tools, and their applications. In this article, flower shape, leaf shape, tree shape, fan shape, Pi
shape, butterfly shape, bat shape, wearable, multiband, monopole, and fractal antennas are dis-
cussed. Further, a survey of previously reported bandwidth enhancement techniques of micro-
strip patch antenna like introduction of thick and lower permittivity substrate, multilayer
substrate, parasitic elements, slots and notches, shorting wall, shorting pin, defected ground
structure, metamaterial-based split ring resonator structure, fractal geometry, and composite
right-hand/left-handed transmission line approach is presented. The physics of these techniques
has been discussed in detail which is supported by circuit theory model approach.

Introduction

The research on microstrip antennas has taken a leap in the past few decades and is still a sur-
viving and continuously progressing subject because of its low profile, ease in fabrication, and
low-cost behavior. Microstrip antenna is one of the most important classes of antenna. The
development in various analysis methods and models helps in designing new radiating patches
which can be fabricated and tested for use in numerous applications. The numerical techni-
ques such as MoM, FEM, SDT, and FDTD have become more affordable due to advancement
in computational power of the computers which has opened new dimensions in performing
parametric analysis of the designed antennas [1]. The analytic techniques not only allow
the designers to design patch antennas that operate in free space but also extend to meet
new specifications for newer applications with new challenges. Microstrip antenna researches
were originally driven by the defense sector but now have become increasingly oriented toward
telecommunications, automotive, aerospace, and biomedical applications [2]. Satellite and
radar communication and wide area communication networks are just a few of communica-
tion systems that have benefitted from microstrip antenna design advancements.

With the advancement in technology and great demand for the design of compact planar
multiband antennas with simpler geometry for wireless devices [3], the miniaturized and mul-
tiband antennas are highly desired. Several techniques for miniaturization are meandering,
bending, folding, wrapping, etc. The goal of multiband operation is achieved by ground
plane and radiating patch modifications using fixed slots, reconfigurable slots, defected ground
and notches, ground strip, etc. [4]. The resonating behavior of microstrip patch antenna can be
predicted with the knowledge of physical dimensions of antenna structure. The geometry of
the antenna is intuitively conceived and can be designed for specific band of applications.

However, this article is confined to the symmetrical shapes of antenna only and asymmet-
rical antenna structure is omitted as it will make the paper more voluminous. A simple and
general geometry of each type of antenna shape has been considered for discussion. The
study of antenna shapes, bandwidth enhancement techniques, and antenna parameters such
as resonating band, bandwidth, gain, dimensions, and materials suitable for various applica-
tions is presented in the proceeding sections.

Flower shape antennas

The performance of natural flower-shaped (compare Fig. 1) antennas [5-11] with planar size
has been tabulated in Table 1. Most of the flower-shaped antennas of Table 1 are designed
using FR4 epoxy substrate whereas antenna reported in [10] is designed using air and copper
substrates. The antennas mentioned in [5, 6, 8-10] operate at single resonating band; the
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antenna mentioned in [11] operates at dual band whereas five-
band behavior is observed in rose shape antenna [7] which is hav-
ing a minimum area of 144 mm” amongst the antennas reported
in Table 1. The antenna reported in [11] has the largest planar
area (8100 mm®). It is interesting to observe that in flower-shaped
antennas, the antenna with maximum and minimum planar area
exhibits a bandwidth in the vicinity of 500 MHz, which is suggest-
ive of the fact that area of the flower-shaped antennas in case of
[7, 11] hardly affects the bandwidth performance of the antenna.
However, both the antennas have been designed using different
principles; therefore, an exact correlation between size and band-
width of the two antennas reported in [7, 11] cannot be made.

A maximum simulated peak gain 7.1 dBi and measured peak
gain 7.4 dBi are observed in [8, 10], respectively. Flower shape
antennas find its applications in the frequency range of 1.03-
13.46 GHz. The maximum bandwidth (11 GHz) is observed in
the antenna mentioned in [8]. The smallest size (12 x 12 mm?)
antenna is reported in [7]. The radiation pattern of flower
shape antenna shows almost bidirectional behavior in E-plane
and omnidirectional behavior in H-plane.

In column 1 of Table 1, it is observed that the flower shape
geometry can be designed after creating distinct small segments
on the boundary of radiating patch. This leads to an increase in
the overall perimeter (P) of the designed radiating patch and
finally increases the current length path [5]. The increased current
length path generates higher resonance frequencies. Therefore,
flower shape antenna is a more suitable candidate for wideband
applications as compared to conventional antenna.

Leaf shape antennas

The overview of leaf shape (compare Fig. 2) antennas [12-17]
along with their characteristics and applications has been pre-
sented in Table 2. Two antennas [14, 15] have been designed
using FR4 epoxy substrate material and are resonating at single
band and have same smallest antenna dimension (25 x 16 and
20 x 20 mm?) whereas the antenna reported in [13] has the max-
imum planar area. The antenna with maximum planar area
attains the highest bandwidth of 28.4 GHz and the antennas
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Fig. 1. (a) Flower shape antenna geometry. (b)
Fabricated photograph of flower shape fabricated
(b) antenna; reprint with permission from [5].

with minimum planar areas [14, 15] exhibit bandwidths of 3
and 4 GHz, respectively. In leaf shape antennas, we observe that
the large planar area and change in dielectric constant from 4.4
(FR4 epoxy) to 3.5 yield a higher bandwidth of 28.4 GHz.

The ratio of bandwidth of antenna with the largest area [13] to
the antenna with minimum area [14] is 7.1:1 whereas the ratio of
maximum area to minimum area of the antenna is 16:1. It can be
easily inferred that with the increase in antenna area, the band-
width increases. A simulated and measured gain of 6 and 5.9
dBi, respectively, is reported in [12] and the leaf of rose shape
antenna [16]. The radiation pattern of leaf shape antenna shows
daunt shape pattern, omnidirectional pattern, asymmetrical and
unidirectional pattern, and broadside pattern.

Tree shape antennas

The performance of natural tree shape (compare Fig. 3) antennas
[18-24] is presented in Table 3, which are designed over many
different substrates (FR4 epoxy, Teflon, Nylon, and air).
Antennas reported in Pythagoras shape antenna [19, 20] are mul-
tiband and reconfigurable, respectively, whereas the rest antennas
[18, 21-24] are single-band antenna. The antenna reported in
[24] has the largest area (150 x 150 mm?>) whereas antenna
reported in [22] has smaller size among the reported antenna
in [18-24]. The antennas mentioned in [21, 22] have smaller
patch area and they also yield higher bandwidth of the order of
17.3 GHz [21] and 11.2 GHz [22] whereas antenna [24] yields a
very low impedance bandwidth (0.7 GHz) in penalty of large size.
The simulated antenna gains are reported in Table 3 by the
authors. The antenna [24] shows the maximum peak gain of 18.4
dBi but it is not suitable for small devices due to its large size.
Antenna [22] has a very small area of 9.2 x 18.5 mm® and can be
used in mobile, radio, and satellite applications. The antennas with
large planar areas [18, 24] exhibit a smaller fractional bandwidth
but exact co-relation cannot be derived as both are fabricated on dif-
ferent substrate materials. The radiation pattern of tree shape antenna
shows half-wave dipole-like pattern and omnidirectional pattern.
Owing to the analysis of tree shape antennas, it is observed
that most of the antennas [18, 19, 22, 23] in [18-24] come into
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Table 1. Comparative analysis of flower shape antennas

Brijesh Mishra et al.

(Resonating band)/ Peak
Antenna Substrate bandwidth (GHz) at gain Radiation pattern in Tools used/
Shape [Reference] size (mm?) materials —10dB scale (dBi) E-plane/H-plane applications
28x41.8 FR4 epoxy (2.2-10.6)/8.4 M 5M Bidirectional/ HFSS/wireless,
omnidirectional microwave imaging
system
Reprint with
permission from [5]
34x39.1 FR4 epoxy (2.1-11)/8.9M 5.03 S Bidirectional/ HFSS/broadband
omnidirectional
Reprint with
permission from [6]
12x12 FR4 epoxy (0.705-1.32)/0.62 M 295S Bidirectional/ NR/IEEE802.11/GSM/
(4.29-4.85)/0.56 M Omnidirectional WLAN/IEEE802.16/
(7.97-8.58)/0.61 M Wi-MAX applications
(13.16-13.68)/0.52 M
(16.89-17.41)/0.52 M
Reprint with
permission from [7]
43 x51 FR4 epoxy (2.46-13.46)/11 M 718 Monopole like/ HFSS/UWB radio
omnidirectional systems, military
applications
Reprint with
permission from [8]
= 35x38 FR4 epoxy (2.11-7.84)/5.73M 5.95S Asymmetry/ HFSS/WLAN, WiMAX
omnidirectional
Reprint with
permission from [9]
NR Air, copper (3.875-7.45)/3.57 M 74M NR IE3D/NR
[10]
90 %90 FR4 epoxy (2.2-2.44)/0.44 S 1.84 S NR HFSS/NR

(11]

(4-4.5)/0.5 S

M, measured result; S, simulated result; NR, not reported; NB, notch band.
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the category of fractal antenna. Fractal antenna increases the
effective current length path on the radiating surface after filling
the blank space with conducting material. Therefore, in wideband
applications, tree shape geometry can be replaced with fractal
geometry and vice-versa.

Fan shape antennas

Fan shape (compare Fig. 4) antennas [25-31] listed in Table 4
have been designed only for single-band applications. The smal-
lest size antenna has been reported in [28] with maximum mea-
sured bandwidth (14.6 GHz) and can be used for ultra-wide band
applications. The antenna with the largest planar area of 125 x
125 mm? is reported in [26] with a very small bandwidth (simu-
lated) of 0.49 GHz.

However, it is difficult to deduce a direct relation between the
area and the bandwidth, as only the simulated bandwidth of the
antenna with maximum area [26] is reported. A maximum simu-
lated gain of 6 dBi and measured gain of 4.4 dBi is observed in
[26, 29] respectively. The radiation pattern of fan shape antenna
shows omnidirectional pattern, bidirectional pattern, and dipole-
like pattern.

Pi shape antennas

Table 5 depicts an overview of Pi shape antennas [32-34] (com-
pare Fig. 5). Pi shape antennas [32, 33] show dual resonating
behavior while the antenna mentioned in [34] resonates at single
frequency. A minimum/maximum measured bandwidth of 0.114/
10.7 GHz is observed in [32, 34], respectively. The antenna
reported in [32] shows dual- and single-band characteristics
with shorting pin and without shorting-pin, respectively. The
antenna mentioned in [32] is modified for three band (605,
920, and 1420 MHz) applications and reported in [35]. The reson-
ating band of antenna [35] has changed from dual band to triple
band with proper adjustment of feed position.

The antenna mentioned in [32, 33] has smaller size (15 x 15 mm?)
and larger size (30 x 40 mm?), respectively, as compared to anten-
nas reported in [32-34]. The operating frequency of Pi shape
antenna can alter and makes it suitable for wideband/multiband
applications after increasing the current length path. From
Table 5, it is concluded that the Pi shape antenna is compact in
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Fig. 2. (a) Leaf shape antenna geometry. (b) Fabricated
photograph of leaf shape antenna; reprint with per-
mission from [15].

(b)

size due to its simple structure and suitable for low-frequency
applications. Physical resonant length of Pi shape antenna for
TM, can be approximated as derived in [35].

Lo = 2<L72> +2{W1 - (W)} + L +2<%) .

(eY)

We observe a higher impedance bandwidth when RT-Duroid
is used as substrate material and a minimum bandwidth when
Teflon is used as substrate material. A maximum 6.52 dBi mea-
sured peak gain is observed in antenna [32] which is useful in
WLAN applications.

Butterfly shape antennas

The performance of butterfly-shaped antennas [36-38] is presented
in Table 6. The butterfly shape antenna is rarely reported in litera-
ture, but the authors searched in literature and found only single-
band butterfly shape antenna. A measured bandwidth of 2.21, 6.7,
and 145GHz is observed in antennas [36-38], respectively.
Operating band of these antennas is varying between 2.6 and 9.3
GHz. Butterfly shape antennas [36, 38] have been designed for low-
frequency applications but these are not practically integrable in
small devices due to large structure size (>27 x 34 mm?).

Resonance frequency of the butterfly shape antenna can be
controlled with the removal of small circles in the left and right
arms (compare Fig. 6) of the butterfly shape geometry. Feed pos-
ition of the butterfly shape antenna can adjust the impedance
matching and magnitude of return loss. The antenna mentioned
in [38] has a maximum peak gain of 8.8 dBi as compared to the
gain reported in the antenna mentioned in [36] (8.3 dBi) and [37]
(5 dBi).

Bat shape antennas

The performance of bat shape antennas [39-41] in terms of size,
substrate, resonating band/bandwidth, peak gain radiation pattern,
and tools used/applications is presented in Table 7. The geometry
of bat shape antenna and fabricated photograph are portrayed in
Figs 7(a) and 7(b) respectively. The geometry of bat shape antenna
is basically a modified version of ellipse shape geometry. The major
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Table 2. Comparative analysis of leaf shape antennas
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Antenna (Resonating band)/ Peak
size Substrate bandwidth (GHz) at gain Radiation pattern in Tools used/
Shape [Reference] (mm?) materials —10dB scale (dBi) E-plane/H-plane applications
30.5x35.5 RT/Duroid (3-14)/11 M 6S Daunt shape/ HFSS, CST/
(5-6) NB omnidirectional uwB
application
Reproduced courtesy of The
Electromagnetics Academy
[12]
80 x 80 €,=3.5, (1.3-29.7)/28.4 M 4M Monopole-type CST/L, C, X and
h=15 omnidirectional Ku band
pattern application
[13]
25x 16 FR4 epoxy (9.2-13.2)/4 M NR Asymmetrical and HFSS/X-band
unidirectional application
20x20 FR4 epoxy (4.2-7.2)/3M 3.05M Omnidirectional HFSS/wireless
Band rejection band rejection
Reprint with permission from
[15]
25x%25 Air, foam (4.3-8.3)/4M 59M Broadside radiation HFSS/high
patterns speed wireless
computer
network
[16]
(Continued)
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Table 2. (Continued.)
Antenna (Resonating band)/ Peak
size Substrate bandwidth (GHz) at gain Radiation pattern in Tools used/
Shape [Reference] (mm?) materials —10dB scale (dBi) E-plane/H-plane applications
47.6 x50 FR4 epoxy Antenna resonates at NR Omni-directional for HFSS/Wi-Fi,
0.54, 3.04 and 3.87 GHz lower frequency and WLAN, WiMAX

[17]

having 51.7, 11.5, and
10.8% simulated
impedance bandwidth

broadside for higher
frequency

M, measured result; S, simulated result; NR, not reported; NB, notch band.

(a)

axis edge of ellipse shape geometry is notched to design a bat shape
antenna. Antennas reported in Table 7 have been designed for
single-band operation over FR4 epoxy and RT-Duroid materials,
respectively. The bat shape antennas reported in [39-42] exhibit
a measured bandwidth of 11.2 GHz [39], 0.26 GHz [40], and
8.73 GHz [41]. A very large bandwidth of 11.2 GHz [39] and a
small bandwidth of 0.26 GHz [40] are observed. The antenna men-
tioned in [39] shows a better absolute bandwidth as compared to
the antennas reported in Table 7.

The size of the antenna mentioned in [39] (17 x 27 mm?) is
also compact as compared to the antennas reported in Table 7.
However, the peak gain (9.72dBi) of antenna [40] has a
maximum value as compared to the antennas listed in Table 7.
The radiation pattern of the antenna mentioned in [39] shows
omnidirectional/quasi omnidirectional and the antenna men-
tioned in [41] shows monopole-like with bidirectional/omnidirec-
tional, respectively. Bat shape antenna is suitable for WLAN,
WiMAX, and UWB applications.

https://doi.org/10.1017/51759078721001148 Published online by Cambridge University Press

Fig. 3. (a) Tree shape antenna geometry. (b)
Fabricated photograph of tree shape antenna; reprint
with permission from [22].

Owing to the bat shape antenna, it is observed that the notches
are used on the ellipse-shaped geometry to enlarge the perimeter
(P) of bat shape antenna which alters the low resonance frequency
and finally increases the impedance bandwidth. This argument is
validated with the well-known fact that the maximum current
distribution appears on the edges rather than the center of the
radiating patch.

The resonance frequency (L) of bat shape, flower shape, leaf
shape, and fan shape antenna is given by equation (2) as reported
in [39, 41].

300

L= , (2)
f P /ey
where
g +1
Eeff 4 > 3)
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Table 3. Comparative analysis of tree shape antennas

Antenna (Resonating band)/ Peak
size Substrate bandwidth (GHz) at gain Radiation pattern Tools used/
Shape [Reference] (mm?) materials —10dB scale (dBi) in E-plane/H-plane applications
50 x 80 FR4 epoxy (0.92-1.06)/0.14 M NR Like half-wave HFSS/RFID
dipole antenna
[18]
50 x 50 FR4 epoxy (2.278-2.332)/0.054 S 6.59 S NR HFSS/S and
(3.93-4.08)/0.15 S 857 S C-band
(4.543-4.662)/0.12 S 5.17 S applications
(7.022-7.23)/0.21 S 834 S

(19]

50 x 60 FR4 epoxy (1.64-9) M NR NR HFSS/WLAN,
reconfigurable WiMAX

28 %35 FR4 epoxy (2.2-19.5)/17.3 M 758 Monopole/ HFSS/WLAN,
(3.3-3.7)/0.4 NB omnidirectional WiMAX, UWB
(5.15-5.85)/0.7 NB

9.2x185 FR4 epoxy (4.3-15.5)/11.2M 451 S Omnidirectional/ HFSS, CST/
dipole like pattern mobile, radio,
defense,
satellite
20 %30 FR4 epoxy (2.8-6.2)/3.4M 27S Dipole like HFSS/
radiation pattern MB-OFDM
Reprint with permission from [23]
(Continued)
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Table 3. (Continued.)
Antenna (Resonating band)/ Peak Radiation pattern
size Substrate bandwidth (GHz) at gain in E-plane/H-plane Tools used/
Shape [Reference] (mm?) materials —10dB scale (dBi) applications
150 x 150 Teflon, (5.5-6.2)/0.7 M 184 S NR Competitive
Nylon, air algorithm/NR

[24]

M, measured result; S, simulated result; NR, not reported; NB, notch bands.

(a)

The resonance frequency of the bat shape antenna can be
controlled with alteration in perimeter length (P) which is in
conformity with equation (2). This argument is not only
applicable for bat shape antenna but also used in nature-
inspired different types of antenna designs such as flower
shape [5, 6], leaf shape [12], fan shape [31], and butterfly
shape [38]. These structures also increase the patch periphery
without changing the actual patch size which causes the reson-
ance frequency shift toward the lower frequency and vice-versa.
Moreover, they enhance the antenna bandwidth due to the
generation of higher modes by different boundary segments
of the patch [5].

Wearable antennas

The performance of wearable antennas [42-46] with different
geometry (compare column 1 of Table 8) has been presented in
Table 8. The reported wearable antennas have been fabricated
over jeans fabric. The wearable antennas [42, 46] have been

https://doi.org/10.1017/51759078721001148 Published online by Cambridge University Press

Fig. 4. (a) Fan shape antenna geometry. (b) Fabricated
photograph of Fan shape antenna; reprint with per-
(b) mission from [29].

designed for single ultra-wide band applications with a bandwidth
of 13.08 and 8.64 GHz, respectively, while the antenna mentioned
in [43] has been designed for dual ultra-wide band applications
with a bandwidth of 2.29 and 4.23 GHz band. However, the
concept of partial ground has been introduced in the antenna men-
tioned in [43]. The antennas mentioned in [44, 45] show circularly
polarized behavior after using defected ground structure (DGS). The
antenna mentioned in [44] operates in a single band (bandwidth of
4.2 GHz) whereas the antenna mentioned in [45] operates in triple
bands (bandwidth of 0.9, 3.7, and 3.8 GHz).

The size of the antennas mentioned in [45, 46] is same and
have smaller planer area (25 x 25 mm®) as compared to the anten-
nas reported in Table 8. A minimum peak gain of 3.8 dBi of the
antenna mentioned in [42] and a maximum peak gain of 5.7 dBi
of the antenna mentioned in [43] have been reported.
Omnidirectional radiation pattern behavior of the antennas
reported in [42, 43, 45, 46] and bidirectional/omnidirectional
radiation pattern of the antenna reported in [44] in E-plane/
H-plane are observed. Wearable antennas reported in Table 8
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Table 4. Comparative analysis of fan shape antennas

Brijesh Mishra et al.

(Resonating band)/ Peak
Antenna size Substrate bandwidth (GHz) at —10 dB gain Radiation pattern in
Ref. (mm?) materials scale (dBi) E-plane/H-plane Tools used/applications
[25] 50 x 50 FR4 epoxy (1.976-2.056)/0.08 M 1.4M NR HFSS/mobile
(2.000-2.060)/0.06 M 1.04M communication
[26] 125x%125 RT/Duroid, FR4 (1.12-1.61)/0.49 S 6S NR NR/L-band GPS satellite
epoxy, foam communication
[27] 36.5 %20 h=0.5mm, (3.1-10.6)/7.5 S NR Omnidirectional HFSS/UWB suppression
€,=2.65 Three notch bands with WiMAX, WLAN RFID
[28] 12x18 FR4 epoxy (2.8-17.4)/14.6 M, (5-6) NB, NR Bidirectional pattern/ HFSS/UWB
(7.25-7.75) NB, (8.02-8.4) NB omnidirectional
[29] 30x35 FR4 epoxy (3.1-10.6)/7.5M 44M Omnidirectional/dipole HFSS/UWB applications
[30] 20x37.6 g,= 2.65 (3-10.8)/7.8 M NR Dipole/omni-directional CST/UWB radio
h=0.4 mm
tand=0.001
[31] 50 x 50 FR4 epoxy (1.780-1.817)/0.037 M 15M RHCP is its CST/GSM applications
co-polarization
LHCP is its
cross-polarization
M, measured result; S, simulated result; NR, not reported; NB, notch bands.
Table 5. Comparative analysis of Pi shape antennas
Antenna size Substrate (Resonating band)/bandwidth Peak gain Radiation pattern in Tools used/
Ref. (mm?) materials (GHz) at —10 dB scale (dBi) E-plane/H-plane applications
[32] 15x 15 Teflon (5.147-5.358)/0.211 M 6.52 M NR Microwave studio/
(5.712-5.826)/0.114 M WLAN
[33] 30x40 FR4 epoxy (1.48-1.68)/1.52 M 1.2M Broadside radiation IE3D/NR
(1.87-1.88)/1.81 M 3M
[34] 22.8%26.6 RT/Duroid (1.08-11.8)/10.7 M NR NR HFSS/UWB
(5.07-5.84) NB applications

M, measured result; S, simulated result; NR, not reported; NB, notch bands.

L2

(a)

Fig. 5. (a) Pi shape antenna geometry. (b) Fabricated photograph of Pi shape antenna.
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Table 6. Comparative analysis of butterfly shape antennas
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Antenna size Substrate (Resonating band)/bandwidth Peak gain Radiation pattern in Tools used/
Ref. (mm?) materials (GHz) at —10dB scale (dBi) E-plane/H-plane applications
[36] 80 % 80 Metal, air (4.15-6.36)/2.21 M 83M NR HFSS/RFID, wireless
[37] 300 x 300 PEC material (2.6-9.3)/6.7M 5M NR Zeland software/
radar, wireless
[38] 27 %34 RT/Duroid (6.02-7.47)/1.45 M 8.8M Broadside CST/C-band
5880

M, measured result; S, simulated result; NR, not reported; NB, notch bands.

()

find the applications in biomedicals, sensors, WiMAX, WLAN, C/
X/Ku, and UWB bands.

The designing procedure of wearable antenna is almost same
as the patch antenna. However, wearable antenna uses the flexible
substrates for antenna design due to its practical implantation on
human body. After examining the wearable antennas reported in
Table 8, it is concluded that the wearable antenna plays a very
vital role in medical applications but following issues are yet to
be improved: to reduce the bending effect, make it washable,
reduce electromagnetic interference in human body.

Multiband antennas

The performance of multiband antennas [47-53] up to seven res-
onating bands has been presented in Table 9. The multiband
antennas with simple design are highly desired for wireless appli-
cations as it is integrated into smart devices for multiple applica-
tions with the use of single antenna. The design of multiband
antenna has been achieved in Table 9 after modification on radi-
ating patch and ground plane structure using slots, notches, and
defected ground, etc. [51]. The multiband antennas [47, 48]
have been designed for dual (bandwidth of 0.4 and 2.2 GHz)
and triple bands (bandwidth of 0.05, 0.21, and 0.43 GHz), respect-
ively, while the antennas mentioned in [49] and [50] have been
designed for quad band applications with a bandwidth of 0.32,
0.09, 0.09, 0.04 GHz and 0.25, 0.31, 0.3, 1.04 GHz, respectively.
The penta-band antenna [51] resonates in 3.54-9.78 GHz with
a maximum bandwidth of 0.38 GHz, hexa-band antenna [52]

https://doi.org/10.1017/51759078721001148 Published online by Cambridge University Press
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Fig. 6. (a) Butterfly shape antenna geometry. (b)
Fabricated photograph of butterfly shape antenna;
reprint with permission from [36].

resonates in 11.20-23.55 GHz with a maximum bandwidth of
1.77 GHz, and hepta-band antenna [53] resonates in 1.57-7.91
GHz with a maximum bandwidth of 0.52 GHz. The antennas
mentioned in [47, 49-51] have been designed with partial ground
structure and the antennas mentioned in [48, 52] have been
designed with the introduction of slots and notches on the radi-
ating patch for multiband operations whereas hepta-band
antenna [53] has been designed using multiple substrate layers
with photonic bandgap (PBG) structure to achieve seven band
resonances.

The antennas [47-53] reported in Table 9 have been fabricated
over FR4 epoxy substrate. The antenna mentioned in [47] has
smaller planar area (15 x 20 mm?®) and the antennas mentioned
in [48, 53] have larger planar area (39 x 47.6 mm”) as compared
to the antennas reported in Table 9. A minimum peak gain of
1.2 dBi of the antenna mentioned in [51] and a maximum peak
gain of 8dBi of the antenna mentioned in [49] have been
reported. Omnidirectional radiation pattern behavior of the
antenna mentioned in [49], bidirectional/omnidirectional radi-
ation pattern of the antennas mentioned in [47, 48, 50], dipole-
like/omnidirectional radiation pattern of the antenna mentioned
in [51], and directional radiation pattern behavior of the antenna
mentioned in [52] in E-plane/H-plane are observed.

Monopole antennas

In Table 10, the performances of monopole antennas [13, 15, 17,
29, 37, 38] are presented. The monopole antennas with leaf shape
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Antenna size Substrate (Resonating band)/bandwidth Peak gain Radiation pattern in E-plane/ Tools used/
Ref. (mm?) materials (GHz) at —10dB scale (dBi) H-plane applications
[39] 17x27 FR4 epoxy (2.75-13.98)/11.2 M 4.1M Omnidirectional/quasi HFSS/WLAN,
(3.21-4.02) NB, (4.99-6) NB omnidirectional WiMAX
[40] 35x19 RT/Duroid (14.64-14.90)/0.26 M 9.72M NR Sonnet suites/NR
[41] 27 %19 FR4 epoxy (2.83-11.56)/8.73 M 45M Monopole-like with HFSS/CST
(3.3-4.2) NB bidirectional/omnidirectional
(4.9-6) NB

M, measured result; S, simulated result; NR, not reported; NB, notch bands.

Fig. 7. (a) Bat shape antenna geometry. (b) Fabricated
photograph of bat shape antenna; reprint with permis-
sion from [41].

(a)

geometry have been reported in [13, 15, 17]. A measured band-
width of 28.4 and 3 GHz of antennas reported in [13, 15] is,
respectively, observed. Triple band antenna [17] yields the imped-
ance bandwidth of 51.7, 11.5, and 10.8% at frequencies 0.54, 3.04,
and 3.87 GHz, respectively. A fan shape monopole antenna
reported in [29] resonates in 3.1-10.6 GHz band and yields a
bandwidth of 7.5 GHz. Monopole antennas with butterfly shape
[37] and bat shape [38] resonate in single band with a bandwidth
of 7.5 and 11.2 GHz, respectively.

A measured maximum/minimum bandwidth of 28.4/3 GHz
is observed in [13, 15], respectively. However, the antenna
mentioned in [17] reported only simulated bandwidth wherein a
maximum/minimum bandwidth of 51.7/10.8% is observed. The
antenna mentioned in [15] has smaller planar area (20 x 20
mm?) and the antenna mentioned in [37] has the largest planar
area (300 x 300 mm?) compared to the antennas reported in
Table 10. However, the antenna mentioned in [15] has smaller
bandwidth among the antennas listed in Table 10. The bandwidth
of the antenna mentioned in [13] is larger but the size (80 x 80
mm?) of the antenna is significantly large.

A minimum/maximum peak gain of 3.05/5 dBi is observed in
[15, 37], respectively. A maximum peak gain of 5 dBi is offered in
the antenna mentioned in [37] but practically not suitable for
small devices due to its large antenna size. Radiation pattern of
the monopole antennas is almost omnidirectional in nature.
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A brief survey on bandwidth enhancement techniques

There are several bandwidth enhancement techniques such as
introduction of thick and lower permittivity substrate, multilayer
substrate, parasitic elements, slots and notches, shorting wall,
shorting pin, DGS, metamaterial-based split ring resonator
(SRR) structure, fractal geometry, and composite right-hand/left-
hand transmission line (CRLH-TL) approach that have been
tabulated in Table 11. Thick and low permittivity substrate
antenna is reported here for wideband applications (35% band-
width) [54]. Stacked microstrip patch antennas [55-59] consist
of different layers of dielectric material along with patch and para-
sitic patch that are electronically coupled to the feed line. The
stack antenna increases the overall height and back radiation of
the MSAs which is not desirable for conformal applications.
However, stacked broadband MSAs improve the gain of the
antenna with negligible degradation in radiation pattern over
the entire bandwidth as compared to the single-layer antenna.
Gap coupled microstrip patch antenna is the most popular
technique in practice that is used to enhance the bandwidth
where two patches are separated by a suitable gap length. In
this, one patch is directly excited by feed (fed patch) and other
is radiated by fed patch (parasitic patch) [60-62]. Electronically
coupled (stacked antenna), aperture coupled, and gap coupled
antenna are known as multi resonating antennas that yield
broad bandwidth but their large size and volume make them
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(Resonating band)/ Peak
Antenna Substrate bandwidth (GHz) at gain Radiation pattern in Tools used/
Shape [Reference] size (mm?) materials —10dB scale (dBi) E-plane/H-plane applications
60 x 60 Jeans fabric (8.87-21.95)/13.08 S 38S Overall omnidirectional CST/WiMAX
|
Reprint with
permission from [42]
40 x 40 Jeans fabric (3.01-5.3)/2.29 M 57S Overall omnidirectional CST/WiMAX/
(8.12-12.35)/4.23 M WLAN/X-band
[43]
43.5%42 Jeans fabric (4.8-9)/4.2M 5.19M Bidirectional/ CST/WLAN/
omnidirectional HIPER LAN/2/
C-band
[44]
25x25 Jeans fabric (3.4-4.3)/0.9M 4.85M Overall omni-directional CST/WLAN,
(4.7-8.4)/3.7M pattern C-band and X/
(10.3-14.1)/3.8 M Ku-band
[45]
25x25 Jeans fabric (2.96-11.6)/8.64 M 5.47TM Quasi-omnidirectional/ CST/UWB
omnidirectional patterns
[46]

M, measured result; S, simulated result; NR, not reported; NB, notch bands.

unsuitable for the antenna array element [1]. A maximum of
44.9% bandwidth is achieved in stacked antennas [56] and up
to 30% improved bandwidth is reported by [62] in all gap coupled
antennas. Dual (14.08/13.32%) and wideband (25.09%) multilayer
antenna with improved gain for WLAN/WiMAX applications is
reported [55].

The shorting wall and shorting pin loaded antennas [63-71]
have been reported in Table 11. A maximum bandwidth
(98.22%) is achieved by using a folded patch and shorting pin
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techniques [65] where a shorting copper pin is used to connect
the upper patch and ground plane. Antenna layer shorted by a
conducting wall or folded wall to achieve the broad bandwidth
up to 28.1% impedance bandwidth is reported by Li et al. [68].
The slot on the radiating patch creates another resonance in add-
ition to the patch resonance thereby increasing the bandwidth at
the expense of increasing back radiation but it suffers from poor
gain and degradation of radiation pattern [1, 72, 73, 74].
Introduction of slot on the patches has led to an impedance
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(Resonating band)/

Antenna Substrate bandwidth (GHz) at Radiation pattern in Tools used/
Ref. size (mm?) materials —10dB scale Peak gain (dBi) E-plane/H-plane applications
[47] 15x%20 FR4 epoxy (2.8-3.2)/0.4M 2S Bidirectional/ CST/S-band, WiMAX
(4.0-6.2)/2.2M omnidirectional radiation and Wi-Fi bands
pattern
[48] 39x47.6 FR4 epoxy (1.30-1.35)/0.05 M 3.29S Bidirectional/ IE3D/L-band and
(1.94-2.15)/0.21 M 3.085348S omnidirectional radiation Bluetooth
(2.46-2.89)/0.43 M pattern applications
[49] 25x 25 FR4 epoxy (3.25-3.57)/0.32 M 8S Nearly omnidirectional HFSS/WLAN and
(4.20-4.29)/0.09 M radiation pattern WiMAX applications
(5.41-5.50)/0.09 M
(5.73-5.77)/0.04 M
[50] 24x16.4 FR4 epoxy (1.64-1.89)/0.25 M 1.7S Bidirectional and Keysight ADS/WiMAX,
(2.39-2.70)/0.31 M 1.8S omnidirectional radiation WLAN and GSM
(3.40-3.70)/0.30 M 2.61S pattern applications
(5.15-6.19) /1.04 M 286 S
[51] 32x32 FR4 epoxy (3.54-3.61)/0.07 M 1.2M Dipole-like and almost HFSS/WLAN, WiMAX,
(5.88-6.09)/0.19 M 1.6 M omnidirectional-like pattern Satellite TV and
(6.68-6.80)/0.12 M 2.1M X-band
(8.36-8.74)/0.38 M 25M
(9.40-9.78)/0.38 M 2.7M
[52] 30x30 FR4 epoxy (11.20-11.99)/0.79 M 739S Directional radiation pattern HFSS/X, Ku and K
(13.45-15.22)/1.77M 2255 6.65S
(16.87-17.70)/0.83 M 5.83S6.02 S
(19.01-20.19)/1.18 M 7318
(20.77-21.53)/0.76 M
(22.17-23.55)/1.38 M
[53] 39x47.6 FR4 epoxy 1.57-1.70)/0.13 M 7.16 S 5.08 S NR IE3D/L, S and C-band
2.18-2.45)/0.27 M 45356328 applications
3.70-3.90)/0.20 M 4.55S 474 S
6.04 S

5.51-5.66)/0.15 M
6.18-6.70)/0.52 M

( )
( )
( )
(4.64-5.11)/0.47 M
( )
( )
(7.78-7.91)/0.13 M

M, measured result; S, simulated result; NR, not reported; NB, notch bands.

(Zs= R, + jX,) parallel to the input impedance of the antenna.
The slot impedance consists of radiation resistance (R,) and the
reactive component (X.) in series that alters the total input
impedance of the patch antenna [75]. Enhanced bandwidth up
to 25.09% [55] and 48.8% [73] is achieved in slot loaded antenna.

Researchers are also trying to enhance the antenna gain and
they have already proposed several gain enhancement techniques
in last decades such as addition of dielectric substrates over the
primary dielectric substrate [76, 77], up to 4 dBi increased gain
is obtained using metamaterial structure [78]; PBG structure is
also used to increase significant gain [79], electromagnetic band
gap structure has been used to achieve up to 2.9 dBi enhanced
gain [80] and slotted ground plane structure is reported to
enhance the antenna gain up to 3.3 dBi [81].

To design high efficiency antenna, impedance of fed network
and radiating patch impedance should be conjugated to match
perfectly. To overcome the poor radiation efficiency problem of
MSA, a dual feed circularly polarized antenna is chosen to
improve radiation efficiency [82].

Small planar size of antenna is in more demand in advanced
communication technology due to their compatibility with mono-
lithic microwave integrated circuit and array antenna elements.
Several methods have been developed to reduce the antenna struc-
ture size such as low-temperature co-fired ceramic technology
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with only 8 x8x 1.1 mm?> of antenna volume is reported [83],
an effective approach of inductively loading the patch using a
cuboid ridge is presented [84], and a square patch antenna with
loading of slits and truncated corners is reported while 36%
antenna size is reduced as compared to conventional square
patch antenna [85].

Owing to the above study, it is observed that many techni-
ques have been reported in literature to improve the antenna
parameters such as bandwidth, gain, and radiation efficiency.
In this section, only bandwidth enhancement techniques have
been carried out and the techniques for gain and radiation effi-
ciency improvement are omitted as it makes this work more
voluminous.

Effects of thick substrate, stacked substrate, and parasitic
substrate

The thick substrate (S. No. 1 in Table 11) provides high gain and large
bandwidth of microstrip patch antenna but at the same time it makes
antenna more voluminous and limits the applications of microstrip
patch antenna. The alteration in substrate height (h) shifts the reson-
ating frequency toward lower band (with increase in substrate height)
or toward higher frequency band (with decrease in substrate height)
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Peak
Antenna Substrate (Resonating band)/bandwidth (GHz) gain Radiation pattern in E-plane/ Tools used/
Ref. size (mm?) materials at —10dB scale (dBi) H-plane applications
[13] 80 x 80 e,=3.5, (1.3-29.7)/28.4 M 4M Monopole-type CST/L, C, X, Ku
h=15 omnidirectional pattern band application
[15] 20x20 FR4 epoxy (4.2-7.2)/3M 3.05M Omnidirectional HFSS/wireless
Band rejection band rejection
[17] 47.6 x50 FR4 epoxy Antenna resonates at 0.54, 3.04, and NR Omni-directional for lower HFSS/Wi-Fi,
3.87 GHz and having 51.7, 11.5, and frequency and broadside for WLAN, WiMAX
10.8% simulated impedance higher frequency
bandwidth
[29] 30x35 FR4 epoxy (3.1-10.6)/7.5M 44M Omnidirectional/dipole HFSS/UWB
applications
[37] 300 x 300 PEC (2.6-9.3)/6.7TM 5M NR Zeland/radar,
material wireless
[38] 17x27 FR4 epoxy (2.75-13.98)/11.2M 4.1M Omnidirectional/quasi HFSS/WLAN,
(3.21-4.02) NB, (4.99-6) NB omnidirectional WiMAX

M, measured result; S, simulated result; NR, not reported; NB, notch bands.

[86] which is also in conformity with equation (4).

0.3c

"= e

)

where c is speed of light, f is resonating frequency, &, is relative
permittivity of dielectric.

The simplified circuit diagram of thick substrate microstrip
patch antenna is like rectangular microstrip patch antenna as pre-
sented at S. No. 1 in Table 11. The value of electrical circuit ele-
ments can be calculated with the analysis presented in [87-89].
After relating equation (4) and the analysis presented in
[87-89], it may be concluded that there is a decrease in capacitive
effect, quality factor, and resonating frequency of microstrip patch
antenna whereas the inductive effect increases with the increase in
substrate height. However, authors have reported thin substrate
microstrip antenna for improved bandwidth (30%) with a penalty
of spurious radiation and poor gain [90].

In designing microstrip patch antenna, the use of thick sub-
strate (S. No. 1 in Table 11) results in high gain and large band-
width but at the same time it limits its applications by making it
more voluminous.

The multilayer structure consists of two or more substrate
layers with different dielectric constants (S. No. 2 in Table 11)
to increase the bandwidth and gain of the antenna. The stacked
antenna shows a small degradation in radiation pattern over entire
bandwidth as compared to the conventional antenna. The draw-
back of stacked antenna is that it increases the antenna volume
and generates spurious radiation in aperture-coupled stacked
antenna which restricts antenna applications in small devices.
The effect of multilayer structure in terms of effective dielectric
constant, resonating frequency, mutual inductance, and capaci-
tance of stacked and parasitic patches are discussed in reported
works [4, 40, 91].

The gap-coupled structure (S. No. 3 in Table 11) of strip con-
ductor is represented by an equivalent T or © network [62]. The
plate capacitance (C,) is introduced because of field distribution
at the edge of the conductor whereas gap capacitance (C,) arises
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due to the coupling effect of two conductors. Large air gap
between two patches may be ineffective and behave as single
patch antenna due to weak electric field at the edges of conduc-
tors. The resonant frequency decreases exponentially with an
increase in gap length due to the significant shift in zero reactance
point of the antenna. The gap between patches introduces gap
capacitance (C,) and plate capacitance (C,) as illustrated at
S. No. 3 in Table 11 and values can be referred from antennas
reported in [62, 87, 92-94].

Effects of shorting pin and shorting wall

A copper rod is generally used to short the radiating path and
ground via dielectric substrate (compare S. No. 4 in Table 11).
The copper rod comprises of an inductance (Lg,) in parallel to
the patch antenna circuit that is illustrated at S. No. 4 in
Table 11. The inductive effect of shorting copper rod is formu-
lated in equation (5) as stated in [92, 93].

W,L 4
Ly, = 0 popy, I (5)
21c AWPD,/E,

where A = Euler’s constant = 0.5772, D is diameter of the shorting
pin, and 1= 1207.

The shorting wall or metal plate is used to short the two
regions (radiating patch and ground patch) of microstrip patch
antenna (compare S. No. 5 in Table 11) to overcome the surface
wave effects. An introduction of shorting pin between radiation
patch and ground plane leads to control the operating transverse
magnetic (TM) modes, antenna gain, resonance size, and band-
width due to the significant change in current length path on
the radiating surface [74]. Introduction of shorting wall results
in wideband behavior of microstrip patch antenna. Also, parallel
inductive load is introduced due to shorting wall which can be
calculated as [95]:

2h I+t
Ly =0.2h [logm + 0.2235% + 0.5], (6)


https://doi.org/10.1017/S1759078721001148

666 Brijesh Mishra et al.
Table 11. Comparative overview of bandwidth enhancement techniques of MSAs
(=10 dB bandwidth (%))
S. No. Equivalent circuit Techniques [Reference] Antenna structure
1 Thick and low (35) [54]
permittivity
R ¢ =—z¢p substrate
2 The equivalent circuit of stacked antenna is not fixed. Stacking substrate (14.08/13.32) [55], (38.41/
However, it can be predicted with structures used on 44.9) [56], |
different layers (19.3/18.6) [57], (3.42/ 7
4.83) [58], (1/3.1) [59] :
%é Parasitic elements (15.4/25.8) [60], (16.5) ]
e Gm [61], (30) [62] Fed Patch [gap| Parasitic
3 h
Gape.‘fxtbeutﬂnthepakhes
Shorting pin (8) [63], (10) [64], (94.17/
9822) [65], horting Pin
& Lsh Patch Antenna (7.7/13.7) [66], (90) [67] h
5 Shorting wall (28.1) [68], (28) [69], hif Patch
(8/8) 170], (70) [71] g,
h: Fosccar ol
Ls Patch Antenna | !E — Feed
bf T HH  Pach-2 |
6 Loading of slot (25.09) [55], (48.7) [72],
(48.8) [73], (5.4) [75],
Zs Patch Antenna (4.13/8.82) [88]
7 Loading of notch (4.29/8. 59) 9], (9.94/
i 12.99) [96], (1.51/4.29)
[971, (27.89) [98], (13.2)
i [99]
Defected ground (112.4) [100], (54.65) [2]
structure (DGS) (22) [101]
8
A~
RR Split ring resonator (12) [103], (6.6/4.8) [104],
9 (SRR) (11.4) [105], (17.66) [106] _l
- CRR == ___|
N
/1
10

The equivalent circuit of fractal antenna is not fixed.
However, it can be predicted with the knowledge of
fractal geometry

Fractal geometry

Max. 61.38) [7], (113.13)

(
[22], (75.5) [23], (Max. 3.3)
[

108], (30.17) [109], (Max.
13.2) [110], (13.3) [111]
(83.13) [112]

*
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Table 11. (Continued.)
(=10 dB bandwidth (%))
S. No. Equivalent circuit Techniques [Reference] Antenna structure
1 Composite right/ (160) [113], @0
4 Lp BCQ left-handed (max. 170) [114],
transmission line (max. 14.1) [115], (more
(CRLH-TL) approach than 100 MHz) [116],
Lg p=- Cp (max. 2200 MHz)

[117], (max. 100 MHz)
[118]

where, [ =length of shorting wall, ¢ = width of shorting wall, h =
height of substrate.

Effects of slot and notch analysis of notch loaded patch

The introduction of a notch (L, x W,) on the patch (compare
S. No. 7 in Table 11) creates multiple resonance and directs cur-
rent flow in two different ways, normal to the patch and around
the notches. Current length normal to patch is responsible for res-
onance at the designed frequency of the initial patch (L, x W)
whereas current length around the notches generates second res-
onance frequency. Due to this phenomenon, the inductance and
capacitance of equivalent circuit of antenna get replaced with a
series inductance (AL) and a series capacitance AC respectively
which can be calculated as [88].

AL = h'L;OW(L,, JW,)2, 7)
L,
AC = (W) Ce (8)

where uo =47 x 1077 H/m, C, = gap capacitance [79].

Wy
C, = 0.5hQ; exp (— 1.86 —)

h

1+4.0971 0.75 h 9

X . —exp| 0. Wn >
Qi = 0.04598{0.03 + (W,,/h )%}(0.272+ €, 0.07), (10

Q, = 0.107 [% + 9}(Wn/h)3‘23
W\ [1.540.3(W/h)

+ 2'09(T> [HT(WM)]’ (11)
Qs = exp (—0.5978) — 0.55, (12)
Q4 =1.23. (13)
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The impedance of notch loaded patch as shown in Table 11 is
given as,

1

Zn = . " > (14
? 7 (1/R) + (1/joL,) + joC, )
where
Ly =AL+1L, (15)
CAC
= > 1
G C+AC (16)

Figure 8 and S. No. 7 in Table 11 show the modified circuit of
antenna after the introduction of notch on the patch with add-
itional coupling impedance Z,, between two resonator circuits
(with notch (Z,,,) and without notch Z,). Impedance Z,, is in ser-
ies with mutual inductance L,, and capacitance C,, and can be
calculated as mentioned in [89]. The equivalent impedance
(Zs) of simple rectangular patch (L,x W,) antenna without
notch is given according to [87].

1
Zip = j0Lyy +

joCy, a7
where
R+ L)+ V(L + L) + 421 - )L L
In = 2(1 - k?) > (18
2 _

o _—Cra+ ¢<c+2cl> —cat-kn) gy
ke (20)

- J/QQ]

[
Q=R T (21)

— Cl
Q =R I (22)
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o

Fig. 8. Equivalent circuit of notch loaded patch antenna.

Analysis of slot loaded patch

The slot on the patch (compare S. No. 6 in Table 11) can be ana-
lyzed by using the duality relationship between the dipole and slot
[82]. Introduction of slot (L x W) on the patches led to an
impedance (Z; =R, + jX,) parallel to the input impedance of the
antenna as shown in Table 11 at S. No. 6 and is given by equation
(23). Further values can be calculated accordingly [91].

Zi =R, +chx (23)

where R, and X, are given as

A+1,(BL) — C;(BL;) +%Sin(BLs){Si(2BLs) — 28i(BLy)}

R, =60 1 BL
+Ecos (BL,) {A +1, ( > 5) + Ci(2BL,) — 2Ci(BL5)}
(24)
28i(BL;) + cos (BL){2S;(BL;) — Si(2BL;)}
X, =30

2
—sin(BL,) {ZG(BLS) — G@BL) -G (Bzvz ) }

(25)

B =2n/A is propagation constant in free space and S; and C; are
defined as:

Six) = J Tsinx (26)
0 X
Cilx) = — j% dx. 27)
0 X

Hence, the total input impedance of slot loaded antenna can
be calculated as:

Z 7,
Zin = R 28
"=z 7 (28)
where
ZnZep
Z. =7 —r 29
¢ wp + Zon + Zop (29)
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Defected ground structure (DGS) and Split ring
resonator (SRR)

The DGS is generally used on ground plane (compare S. No. 8 in
Table 11) to improve the antenna radiation but for some antenna
structures this technique also helps to improve the antenna band-
width [89, 96-99]. The DGS structure changes current length
path and electrical elements value (R1, L1, and C1) of equivalent
circuit of microstrip patch antenna. The DGS increases inductance
value (L1) and reduces capacitance value (C1) of resonant circuit
(compare S. No. 8 in Table 11). This fact results into large band-
width (f—f) (f+f.) of microstrip patch antenna as stated in equa-
tion (32). Extremely high impedance bandwidth (112.4%) is reported
in [100] as compared to the impedance bandwidth of antennas
reported in [2] (54.65%) and [101] (22%). Equivalent circuit model
and elemental values of DGS are given below as formulated in [102].

Rl = 2% SNEY
JW/Isih — Qz.@afc - a/2af)? — 1
L=t (31)
~@af)*cr’
C J (32)

Ry ey e S

SRR structure is a very common structure on ground plane (com-
pare S. No. 9 in Table 11) to change the material properties such as
permeability and magnetic susceptibility in electric field environ-
ment. The SRR structure consists of opposite small gaps in concen-
tric, square, and rectangular nonmagnetic metal-like copper
(compare S. No 9 in Table 11). The small opposite gaps behave as
two parallel plates and produce a large capacitance value which low-
ers the resonating frequency. Also, the small structure of SRR results
in low radiation losses and very high-quality factor. In antenna
design, SRR structure improves the impedance bandwidth as com-
pared to conventional antennas [103-106]. The antenna reported
in [106] has a large impedance bandwidth (17.66%) in comparison
to the bandwidths of 12% in [103], 6.6/4.8% in [104], and 11.4% in
[105]. Equivalent circuit of SRR is depicted in Table 11 (S. No. 9)
and its elemental values can be calculated as in [107].

Fractal geometry

Initially, the concept of fractal antenna was introduced for the
reduction of antenna size. In order to satisfy the demand of band-
width and compact size of an antenna, researchers are utilizing
the fractal geometry in his research to improve the bandwidth
for advanced technologies. This antenna increases the effective
current length path on the radiating surface after filling the
blank space with conducting material. The fractal geometry intro-
duces an additional virtual reactive inductors and capacitors in
resonance circuit. This behavior of fractal antenna creates multi-
resonance which can be chosen after proper selection of fractal
geometry. Number of iterations can increase the radiation prop-
erty and bandwidth of a fractal antenna.

The fractal antennas [7, 22, 23, 108-112] have been reported at
S. No. 10 in Table 11. The antennas reported in [7, 22, 23, 108-112]
have utilized the fractal geometry with the introduction of other
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reported bandwidth enhancement techniques such as flower shape
antenna [7] used fractal geometry with SRR structure, tree shape
antennas [22, 23] used notch and DGS, respectively, and the anten-
nas reported in [108-112] used SRR, metamaterial, slot, shorting-
pin, and gap coupled structure, respectively. A maximum/minimum
bandwidth of 113.13/3.3% in [22, 108] is observed, respectively,
among reported antennas at S. No. 10 in Table 11. After compari-
son of fractal antennas, this is concluded that the fractal geometry
can optimize both size and bandwidth provided the introduction
of techniques reported in S. No. 1-10 has been used.

Composite right/left-handed transmission line (CRLH-TL)
approach

A miniaturized technique CRLH-TL approach for bandwidth
enhancement is presented at S. No. 11 in Table 11. The antennas
[113-118] reported at S. No. 11 in Table 11 have utilized the
CRLH-TL technique to enhance the bandwidth. The miniaturiza-
tion of monopole antenna has been achieved by using CRLH-TL
unit cells with zeroth-order resonant (ZOR) mode [114]. The
ZOR resonance frequency of the antenna does not depends on its
length, but it depends on the parameters of CRLH-TL unit cells.
Merely ZOR cannot enhance the antenna bandwidth. Therefore,
merging of ZOR modes with CRLH-TL unit cell results an enhance-
ment in bandwidth without decreasing antenna efficiency.

The equivalent circuit model of the basic CRLH-TL unit cell is
represented by series combination of inductance Lp and capaci-
tance Cp and shunt combination of inductance L, and capaci-
tance Cp [113]. In CRLH loading, open circuit and short circuit
resonance of ZOR mode is due to the shunt and series branch
of inductor and capacitor observed, respectively. The resonance
frequencies for the series branches (f, (series)) and shunt branch
(fo (shunp) can be written as given in [115].

1

: =, 33
fo (series) o LPCQ ( )
fe = ! (34)

o (shunt) — Py LQCp .

The antennas reported in [113, 114] have utilized the CRLH-TL
two-unit cell with a bandwidth of 160% between 1.55 and 14.25
GHz for UWB applications and the antennas reported in [115,
116] with four-unit cell have been designed with a maximum band-
width of 173% between 1.0 and 13.6 GHz. However, two-unit cells
of same size for triple band (bandwidth of 200, 500, and 600 MHz)
and three-unit cell of different sizes for quad band (bandwidth more
than 100 MHz for each band) applications have been reported [115,
116]. The antenna [117] utilizes the CPW and stub for circular
polarization (impedance bandwidth of 1770 MHz between 3.78
and 5.55 GHz and ARBW of 1750 MHz between 3.50 and 5.25
GHz) and band notch with slit loaded (impedance bandwidth of
2200 MHz between 3.28 and 5.48 GHz with a band notch from
4.18 to 4.65GHz). The antenna [118] has been designed with
CRLH-TL approach and gap coupled concept results dual-band
characteristic at 4.84 and 5.22 GHz resonance with the impedance
bandwidth of 100 and 50 MHz, respectively.

Conclusions

A comprehensive review of microstrip patch antenna concerning
flower shape, leaf shape, tree shape, fan shape, Pi shape, butterfly
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shape, and bat shape antennas along with bandwidth enhance-
ment techniques has been carried out. The antenna size, dielectric
materials, resonating band, peak gain, radiation efficiency, simu-
lating tools, and their applications have been carefully
investigated.

From the discussions carried out in this review paper, the
following points can be highlighted:

(1) Most of the reported antenna designs are simulated through
the HFSS based on finite element method (FEM) algorithm
and validated well with experimental results. IE3D (MoM-
based program) performs simulation inherently faster (min-
imum time is required per iteration) while HFSS (FEM-based
program) is inherently able to analyze much more general
geometry of antenna. Ansoft HFSS provides very neat and
adaptive mesh refinement while CST allows better handling
of difficult electromagnetic coupling between its different
parts. FEM and finite integration technique (FIT)-based pro-
gram are more suitable than other simulation package for mod-
ern small and compact size of antenna.

(2) The leaf shape antenna [13] exhibits extremely wideband
impedance bandwidth (28.4 GHz) covering L, C, X, and Ku
bands of electromagnetic spectrum. The bandwidth (28.4
GHz) of leaf shape antenna [13] is larger than the antennas
reported in [5-12, 14-41] of Tables 1-5. The simulated
peak gain of 18.4dBi of tree shape antenna [24] and
measured peak gain of 9.72 dBi of bat shape antenna [40]
are larger than the gain reported in [5-23, 25-38].

(3) Antenna size of reported works is in millimeter scale. The
antenna reported in [7] has a very small antenna dimensions
(144 mm?) whereas the antenna reported in [24] and [37] has
very large antenna dimensions 22500 and 90000 mm?,
respectively, as compared to the antennas reported in
Tables 1-10. The compact antenna [7] has been designed
for IEEE802.11, IEEE802.11, GSM, WLAN, and WiMAX
applications. Among several dielectric materials such as FR4
epoxy, RT/Duroid, Foam, Air, Teflon, and Nylon, the FR4
epoxy is mostly used to design microstrip antenna due to
its wide availability and feasible cost.

Owing to the review of different antenna geometry (compare
Tables 1-10) specially flower shape, leaf shape, tree shape, fan
shape, Pi shape, butterfly shape, bat shape, wearable, multiband,
monopole, fractal, and CRLH-TL antennas, it is concluded that
the shapes are notched on the edges of radiating patch to enhance
the perimeter as well as impedance bandwidth of the antenna.

This argument is in conformity with the fact of a maximum
current distribution appears on the edges rather than the center
of the radiating patch.

After examining the wearable antennas reported in Table 8, it
is concluded that the wearable antenna plays a very vital role in
medical applications but following issues are yet to be improved:
to reduce the bending effect, make it washable, reduce electro-
magnetic interference in human body.

(4) A critical review of bandwidth enhancement techniques and
equivalent circuit model of microstrip patch antenna is pre-
sented in Table 11. The circuit theory model concept is
merely taken into consideration for the review of bandwidth
enhancement techniques. From the above discussion, it can
be clearly concluded that the shorting wall, shorting pin,
and loading of slot are various types of inductive loading
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whereas the notch, DGS, gap coupled, SRR, and CRLH-TL
are several types of inductive as well as capacitive loading.
The resonance behavior of microstrip patch antenna depends
on the overall input impedance of the patch antenna and the
input impedance of antenna can be changed by any physical
change in antenna structure with the help of reported techni-
ques listed in Table 11.
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