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CHAPTER 1 INTRODUCTION

1.1  Introduction

In the recent years, the wireless communicatiohrtelogy has experienced an
amazing growth due to the rapid advances in serdigdor research and increasing
demand for high-data rate services. These high @égademands have motivated the
evolution of ultra-wideband (UWB) technology, whas#gin date back to the late 19th
century. UWB technology refers to the transmissiod reception of ultra-short pulses
over a spectrum of several GigaHertz (GHz). As sulteof this huge spectral
occupancy, it provides unique and attractive festuof ultra-high-speed data rates,
ultra-fine time resolution for precise positioniggranging, multipath immunity and
low probability of interception due to the low pawspectral density. UWB systems
operate at very low power. Because of these g@anpals, UWB technology is being
considered to be used at the physical layer of mgexteration short-range wireless
communications, radar, ad-hoc networking, soundimg positioning systems.

The UWB technology was defined by two differeneages i.e. OSD/DARPA
(Office of the Secretary of Defense, Defense AdeanResearch Projects Agency) and
Federal Communications Commission (FCC). AccordmgOSD/DARPA, the term
ultra-wideband refers to electromagnetic signal efasms having -20 dB fractional
bandwidth greater than 25% with respect to thearefiequency or that occupy 1.5
GHz or more of spectrum. After considering the aot®nstraints, FCC [1] defined
UWSB signal as a signal whose -10 dB fractional &dth is larger than 20% or whose
-10 dB absolute bandwidth is larger than 500 MHt.also allocated the unlicensed
spectrum from 3.1 to 10.6 GHz for UWB applicationgh a maximum Effective

Isotropic Radiated Power (EIRP) of -41.3 dBm/MH4r{W/MHz).
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In the allocated spectrum of UWB applications,esal/narrow frequency bands
used for commercial applications like Wi-Fi/Bluetod2.4-2.484 GHz), WiMAX (3.3-
3.6 GHz), INSAT (4.5-4.8 GHz), lower WLAN (5.15-5%35Hz) and higher WLAN
(5.725-5.825 GHz), IEEE INSAT/super-extended C-bghd-7.1 GHz), X band (7.25-
7.76 GHz), International Telecommunication Unioml) (8.01-8.55 GHz) band and
the Satellite Digital Multimedia Broadcasting (S-BYband (2.63-2.655 GHz) are
covered. This overlapping of UWB frequency spectramd other commercial
applications bands increased the demands for thigrdef antenna structures having
band notch characteristics.

Researchers from both academics and industry tige¢sd several antenna
structures to utilize UWB technology in wirelessroounication systems. Among the
investigated antenna structures like horn, helisplral, magnetic antenna, parabolic
reflector dipole etc., many of them provided uliveleband but failed to get their
application in wireless systems due to their sizé three dimensional structures. For
the integration of antenna structure into compamtiaks, UWB microstrip antenna
structures proved to be the most suitable candid&tee to the exponentially reducing
dimensions of the communication devices, compadarasirip antenna having wide
bandwidth is still a challenging issue for UWB amta designers. These problems are
resolved by investigating planar monopole structureactal structures and dipole
structures.

In light of the above, it was thought useful togalp the topic on ultra-wideband
antenna structure for investigations emphasizingin@ miniaturization and bandwidth
enhancement. Therefore, the author has made aaemdto undertake some of the
problems such as designing miniaturized monopalecttres, miniaturized fractal

structures and miniaturized dipole structures. €guently simulation and experimental
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investigations are taken up, the entire detailsvbich are given in the following
chapters that embody the present thesis.

Before going to the actual problems, an attempgt been made to survey the
available literatures on the topic and consequeatlyrief historical review is presented
in the following section.

12  Historical Review

The main root of ultra-wideband antenna was thgatls gap” technology in
ancient age. In 1893, Hertz][Zonducted the first experiment on UWB by using
wideband loaded dipoles to radiate sparks. Howeiés,type of communication was
abandoned at that time due to non-availability efources to recover the wideband
energy effectively.

It is followed by Lodge's [B(1898) patent in which the concept of “syntony”,
the idea of tuning transmitter and receiver to slaene frequency, to maximize the
received signal was introduced. In the same patentriety of “capacity areas” or
antennas quite familiar to modern eyes were alsoudsed. Several shapes of dipoles
such as spherical dipoles, square plate dipolesnkbal dipoles, and triangular or
“bow-tie” dipoles were also disclosed. The conadphonopole antenna using the earth
as a ground was also introduced.

For next four decades, no research took placéenfield of UWB antennas.
Thereafter, in 1939, Carter [4-Bnproved the Lodge’s original design by incorporat
a tapered feed. It was the first key step of inoapng a broadband transition between
feed line and radiating elements. The biconicakama and conical monopole with
wider bandwidth were discovered, so that they coblel used in television

communication.
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In 1940, Schelkunoff [67proposed elaborated conical waveguides and feed
structures in conjunction with his spherical dipdleat was suggested by Carter.
Unfortunately, this spherical dipole antenna doet appear to have seen much use.
Perhaps, the most prominent UWB antenna of theogerias Lindenblad's [[8coaxial
horn element (1941). The idea of a sleeve dip@emeht was improved by the addition
of a gradual impedance transformation for bandweaithancement. In fact, this coaxial
element symbolized the entire television reseaffdrtg9]. After this coaxial element,
Brillouin [10] explored other more traditional horn designs dytiris period.

King [11] (1942) and Katzin [12(1946) also designed correspondingly conical
and rectangular types of horn. In 1947, Masterg fir®posed an inverted triangular
dipole with parabolic reflector. Significant advaschad also been made in magnetic
UWB antennas. Marie [14n 1962 took the concept of a slot antenna andorgd its
bandwidth by varying the width of the slot line. Morecent developments include a
variety of more sophisticated electric antenna®hiSt{19 proposed the use of
ellipsoidal monopoles and dipoles in 1968. In 198&rmuth [1§ came forward with
another improved magnetic antenna by introducirgy ¢bncept of the large current
radiator. Ideally, this magnetic antenna lookee l& current sheet radiating from both
sides. Antenna designers typically employ a lossyuigd plane to limit undesired
resonances and reflections. Due to this, the efiiy and performance of large current
radiators get limited. Lalezaet al. [17] (in 1989) invented the broadband notch
antenna. Later, Barnes [18]20ioneered a novel UWB slot antenna in 2000. This s
antenna maintained a continuous taper. It was usetthe RadarVision 1000, first
generation through-wall radar of the Time Domaingoation. With proper design of

the slot taper, excellent broadband matching anfreance can be obtained.
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In the upcoming three sections, planar monopaottdl and dipole antenna
structures reported for UWB applications are byidiscussed.
1.2.1 Monopole Antenna

In 1992, Hondat al.[21] presented a monopole UWB antenna by replacing the
wire monopole with a circular disc. Agrawai al. [22] (1998) discovered that planar
elliptical monopoles work well. Thereafter, Evardaimmann [23 (1999) presented a
formula for the dimensions of a trapezoidal monepir a lower cutoff frequency in
the range of 500 MHz to 6 GHz. In the same yegslamar square UWB monopole
antenna was designed and a relation of square patenength with the lower cutoff
frequency was proposed by Ammann [24-:25

In 2003, Wanget al.[26] presented a coaxial probe fed UWB monopole antenna
by integrating a shorted square patch with a moleopad rectangular ground plane.
Daviu et al. [27] proposed a square planar monopole antenna withublel feed by
using a modified feeding structure. Double feedrdegd the polarization properties
and the impedance bandwidth performance of thenaate The bandwidth was
enhanced by beveling the lower corners of the tedjgatch.

In 2004, Suwet al. [28] enhanced the bandwidth of a square monopole aamtenn
fed by a coaxial probe by introducing rectangulaiches at the lower two corners of
the patch. Ammann and Chen [2put forward a method of offsetting the feeding
position from the center of the patch to enhaneelthndwidth of a square monopole
antenna. Due to this asymmetrical feeding, the @glnull reduced and the H-plane
patterns also got slight offsets. On the other,dRikeuta and Kohno [30presented four
configurations of UWB planar monopole antenna byngisdual frequency square

monopole patch. In first configuration, two rectalag patches were connected by a
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shorting pin while in the second configuration, timper patch was replaced by a wire
monopole. In other two configurations, two above ntimmed first antenna
configurations were connected orthogonally whicsuted in the shifting of the lower
resonance towards lower frequency as the antereassincreased.

Liang et al. [31] investigated the effect of variation in the feexp gand ground
plane width on the UWB performance of circular dmonopole antenna. A circular
disc monopole with square ground plane and anatligr rectangular ground plane
having narrower width were designed. Kerkhoff andgL[32] loaded a wideband
square patch antenna with an inverted U slot tmdhice band-notch characteristics
without degrading the wide band operation. A planaerted cone antenna (PICA) with
a perpendicular ground plane was presented byeSah[33]. It had a radiation pattern
similar to monopole disk antennas along with anadgnce bandwidth of 10:1 and
monopole type omnidirectional pattern over 4:1 lveidth. The higher edge frequency
of the bandwidth was increased by loading the tadjgpatch with two circular holes.
This slot loading improved the pattern bandwidtfYtb. Lianget al. [34-35 presented
a microstrip line-fed printed circular disc UWB napole antenna and carried out its
time domain analysis by using the first-order Reyleulse.

In 2005, on the other side, an investigation an effect of varying the patch
width, feedline width and feed gap on the impedarmedwidth of a rectangular patch
antenna was presented by John and Ammanh [Z& et al. [37] designed a coaxial
probe fed planar monopole antenna fed by a coariatbe with dual band notched
functions, achieved by loading the radiating patith three U-shaped slots.

Later in 2005, a CPW-fed inverted triangular UWBmpole antenna was
proposed by Liu and Kao [B8An ultra-wideband performance was achieved by

loading the rectangular ground planes with rectirgwtches.
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Lin et al. [39-4( designed a planar triangular UWB monopole antefihay
studied the effect of various source pulses (brsier Rayleigh pulses wiih of 20, 30,
and 50 ps) on the radiated power density spectRIDS] shaping. Solis and Aguilar
[41] designed an UWB antenna with wider bandwidth byebeg the lower corners of
a rectangular monopole instead of a square monggaiteh. Qiuet al. [42] enhanced
the bandwidth of a square monopole antenna by mgpheveling technique to all four
corners of the patch symmetrically. Liamg al. [43] derived a circular-ring UWB
monopole antenna by removing the central partrofir disc monopole antenna |35

Later on, Padhit al. [44] investigated the effect of tapered feedline on the
performance of a circular disc monopole antennacadlar ring monopole antenna as
compared to the circular disc monopole antenna eathventional rectangular feedline.
After this, a circular ring and a square-ring with semi-circular base antenna
configuration were investigated by the same autfidB. Su et al. [46] introduced
single band notch characteristic in a coaxial prigaebeveled square monopole UWB
antenna by loading the patch with a half-wavelerigtrerted U-shaped slot. This is
followed by Lianget al.s [47 planar tapered-CPW-fed UWB monopole antenna
comprising a circular radiating patch and a trafjeezi ground plane. On the other
hand, Choet al. [48] presented a microstrip line fed half-bowtie UWB mopole
antenna with 5 GHz band-rejection filter, achievgdoading the radiating patch with
U-shaped slot. The bandwidth was enhanced by wsmigcase-shape at the edges of
half-bowtie radiating patch to excite several freaey resonances, two slits near the
feedline for the impedance matching improvement andnodified ground plane
structure with its both side edges constructediioutar shape to reduce the beam

tilting.
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In the same year, Kimat al. [49] designed a microstrip line fed inverse bell
shaped UWB monopole antenna. A good impedance mgtdver a wider bandwidth
is achieved by using partial ground plane with i 3lhe band-notch function was
realized by introducing a ring-shaped parasiticlpa the bottom layer of the substrate.
Junget al.[50] achieved a wider impedance bandwidth by embedalipgir of notches
at the two lower corners of the microstrip line fedtangular patch and a notch in the
truncated ground plane. Kiet al.[51] enhanced the impedance bandwidth by utilizing
the ball shape & three steps in the radiating patcincrease the effective electrical
length at lower frequency and a partial ground @larwo tilted parasitic patches gap-
coupled to the radiating element were utilizedrntimoduce band-notch function. Later,
Kim et al. [52] designed a CPW-fed UWB monopole antenna by usiege@c
Algorithm to determine the radiator shape and a®lyit by using the finite-difference
time-domain (FDTD) method.

In the same year, Jureg al. [53] widened the bandwidth of a microstrip-fed
monopole antenna by cutting two L-shaped notchesbgnappending two stubs to the
radiating patch. The L-shaped notches improveditiy@edance matching at middle
frequencies within the bandwidth by affecting thece#omagnetic coupling between the
lower edge of the rectangular patch and the trencgtound plane. The appended stubs
improved impedance matching at higher frequencidmnget al. [54] investigated a
CPW-fed U-shaped UWB monopole antenna with finreugd plane.

At the end of same year, Chen al. [55] added two sleeves to the CPW-fed
monopole to excite two resonant modes with goodetapce matching to achieve a
wide impedance bandwidth. Liareg al. [56] designed a CPW-fed circular disc UWB

monopole antenna. The bandwidth was found to be semsitive to the changes in feed
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gap, width of ground plane and diameter of the.d@tunget al. [57] enhanced the
bandwidth of a microstrip line fed UWB rectangufaonopole by introducing a narrow
slit on the radiator. A band notch function for-5.9 GHz was achieved by loading the
patch with a tilted inverted U-shaped slot.

In 2006, Cheret al. [58] presented a CPW fed heart shaped UWB monopole
antenna. Raet al. [59] investigated two UWB monopole configurations ieewire
mesh of radius of a circular disc monopole (CDMihwaeripheral solid copper rim and
an annular ring. These configurations solved tlablem of weight and wind loading
associated with circular disc monopole. letel.[60] presented eight configurations of
dual band notch characteristic antenna by usingiphlu, n and inverted-L shaped
slots in a coaxial probe fed monopole. Izquieetal. [61] presented a dual-layer UWB
monopole antenna comprising a circular disc pabeldeéd with a circular notch at its
upper edge and fed by a shielded strip-line. Thislding of strip line supported non-
dispersive TEM mode propagation and reduced thélgms of feed cross-talk and
losses. Quet al. [62] achieved single band notch function by embeddingpmpact
coplanar waveguide (CPW) resonant cell (CCRC) itW&/B monopole antenna.

Gao et al. [63] introduced band-notch characteristics for freqyehand
centered at 5.55 GHz by embedding a quarter-wagtietuning stub in the circular
ring monopole. Nikolaoet al. [64] enhanced the bandwidth of two CPW-fed elliptical
monopole UWB antennas by tapering the feed linenfrove the matching between the
transmission line and elliptical radiator. The WLAMNd notched characteristic was
introduced by loading the radiating patch with ha¢velength U-shaped and C-shaped
slots. Jaret al. [65] designed a CPW-fed monopole antenna by utilizingvastep

monopole radiator and a symmetrical four-step stppend plane.
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Eldeket al.[66] enhanced the impedance bandwidth of an UWB tapopuie
antenna by adding the slit in one side of the mofefo excite an additional resonance,
by using a tapered transition from feedline tont@nopole for reduction in reflections
resulting from sudden change at the feed point mrastep staircase notch in the
ground plane to modify the capacitance betweerptiteh & the ground plane. They
introduced band-notch characteristics for WLAN bamdund 5.5 GHz by loading the
radiating patch with an inverted U-slot. Same argl{67] used finite-difference time
domain (FDTD) method to carry out the numericallgsia of this antenna [§6

Following it, Ray and Ranga [p8designed a modified vertex fed planar
equilateral triangular monopole antenna (PETMA)chgpping off the sharp vertex of
the PETMA to resolve the problem of large impedavaration between various modes
and to enhance the bandwidth due to shifting ofiinmpedance loop towards the left
side closer to the centre of the Smith chart. Ligbal. [69] presented a CPW-fed
rectangular monopole with a tapered feed and tagakground planes.

In 2007, Zhouet al. [70] presented a swallow-tailed UWB monopole antenna
with semi-elliptical base and investigated the @ffef varying the ellipticity ratio and
the feeding height on the antenna performance. 2b@l. [71] introduced band notch
characteristics for the frequency band around 3& @& the UWB antenna [70] by
loading the radiating patch with inverted U-shamdot and inverted V-shaped slot.

Parallel to this, Ray and Ranga [7@arried out the parametric study of the
planar elliptical UWB monopole antenna by varyihg ellipticity ratio and modified
the formula to calculate the lower edge of the badth. A curve displaying the
relation between the length of the feedline anddlaeer band edge frequency was also

given. Valderat al.[73] proposed an equation to find out the upper cufreffuency
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for a staircase-profile planar monopole antennangaM number of stairs. By using the
proposed equation, four antenna configurations rgagtaircase and tapered profile
were designed.

Liu and Chen [7}hproposed a fork-shaped UWB monopole antenna vetidb
rejection characteristics. A wider impedance badtlwviwas achieved due to two
symmetrical vertical strips, one on each side ef ¢entral strip. Each of the two side
strips was loaded with an inverted L-shaped slisalown corner near the centre strip.
Single band-notch function was realized by extegdire feed line i.e. the middle strip
of the fork-shaped radiating patch. & al. [75] designed an UWB monopole antenna
by using a trident-shaped microstrip feedline hgvivevel on its both sides for
bandwidth enhancement and cross-polarization remuatong with a square patch.

Lee and Sun [76presented a CPW-fed tapered UWB monopole antenna
comprising a semicircle shaped patch and two secnieir ground planes. The band
notch function for 5.1-6.4 GHz had been introdubgdmodifying the U-shaped slot.
Nikolaouet al.[77] designed a CPW-fed elliptical UWB monopole antewita band-
rejection function for WLAN band by connecting twesonating inverted L-shaped
stubs to the elliptical radiator. The reconfiguealidand-rejection property had been
implemented by inserting reconfigurable switché&e IPIN diodes or MEMS between
the stubs and radiator. Bagal.[78] put forward a flexible UWB monopole antenna
comprising a flat monopole radiator for omnidirec@l pattern; stepped CPW feed line
and the declined shape of the ground plane forwitd enhancement. The band notch
function at 5 GHz was achieved by etching two slitghe radiator.

Later on, Chawanonphithak al.[79] proposed a UWB bidirectional elliptical
ring antenna consisting a circular monopole withved slot for 5.8 GHz band rejection

and an elliptical ring for controlling bidirectiongattern and gain improvement.
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In the same year, Kerkhoff and Ling |8vestigated a square shaped UWB
monopole antenna with an inverted U-shaped slotb&ord-rejection function. They
demonstrated that the radiation pattern of a fi@adit band-notched planar monopole
antenna were asymmetric leading to directional epattand limiting the notched
bandwidth. It was also demonstrated that the atimangle of peak gain changes with
the frequency variation in the notched band. Thaityuof the band-notch antenna had
been quantified by calculating the attenuation gled by the antenna relative to the
original antenna without notch. A band-notched ptamonopole antenna having
improved azimuth plane radiation pattern symmetag &lso designed by developing a
GA optimizer, which used a matrix-based chromosdmelescribe the shape of the
planar monopole element. Sob$ al. [81] enhanced the bandwidth of a planar UWB
monopole antenna by utilizing defected microstripucgture (DMS) and beveling
techniques.

On the other side, Kim and Jee [8@esented a CPW-fed LI-shaped UWB
planar monopole antenna comprising an L-shaped p@eand an I-shaped open stub
monopole at the end of feed line. A wide impedabardwidth was achieved by the
superposition of three different current pathsemonances excited due to the L-shaped
monopole and at 5.4 GHz due to I-shaped stub. latetuoet al. [83] proposed an
UWB monopole antenna with an annular coplanar waides feeding structure. Its
bandwidth had been enhanced by introducing a nrge feeding structure. Dual band
notch functions were realized by inserting two @erawavelength tuning stubs into the
proposed feeding ring and radiating ring, respebtiv

In the same year, i al.[84] presented a U-shaped UWB monopole antenna to

be used as an internal antenna in universal dar&a(USB) dongle applications. It
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comprised a pair of wide-ended radiating arms ai\&el-feed transition. When the
antenna was mounted at the top portion of the guliircuit board (PCB), one end of
the radiating arm was also short-circuited to §ystesn ground plane.

Later, Bao and Ammann [8%nhanced the bandwidth of an UWB planar
monopole antenna by introducing a slit in the gbplane of the rectangular monopole
antenna. Linget al. [86] designed an UWB monopole antenna by using fourtlero
binomial function characterized edge curve. Rawl. [87] presented a printed square
monopole antenna with semicircular base having lama-wide bandwidth ratio of
11.31:1. The semi-circular base was introducechathbiottom of square monopole to
reduce the discontinuity at feed point occurring ¢ abrupt truncation of feed line by
the straight base of square monopole.

Ma and Wu [88 designed a band-notched folded strip UWB monopatenna
consisting a forked-shape radiator and abicrostrip feed line. The strips of fork-
shaped radiator were folded back resulting in & phicoupled lines on the radiator,
which acted as parallel resonators and providedotral-rejection at WLAN bands.
Chunget al. [89] presented a microstrip-fed UWB printed monopoleana consisting
two monopoles of the same size and a small strip Tae length and width of the
monopoles determined the first resonant frequendythe impedance bandwidth of the
lower band respectively. The length of strip bantoolled the WLAN band notch
characteristic.

Kim et al. [90] designed a CPW-fed UWB monopole antenna compriging
rectangular patch with U-slot for producing bandehofrequencies, and two-step
impedance transformer with notch in semi-circulaoumd plane for bandwidth
enhancement. The switchable band-notch operatidnblean achieved by inserting a

PIN diode on the U-slot.
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In 2008, Lin et al. [91] enhanced the bandwidth of conventional planar
triangular monopole antenna by introducing the edigground planes with two
symmetrically hillside-shaped corrugations for sthotansition from the feeding line
to the radiating element and excitation of two #ddal resonant modes. Waeg al.
[92] presented an UWB circular-ring monopole antennth i WLAN band notch
function. The band notch characteristic was obthimg inserting a circular arc slot on
the ring radiator.

Yin et al. [93] designed a CPW-fed UWB U-type monopole antennavals
observed that a small change in the spacing betedgea of ground plane and radiator
affected its impedance matching due to cancelladioits inductance by the extended
reinforced capacitance resulting from the spaciegvben them. Same authors J[94
introduced WLAN band-rejection function in aboveteama structure by loading the
radiating structure with a U-shaped slot. Valdexaal.[95] put forward three staircase
profile monopoles by using the previously presertedcept® and the angular range
concept. Huet al. [96] presented a meander line fed balloon shaped mémaptenna
for UWB-RFID applications. Liet al. [97] introduced WLAN band-notch
characteristics in a hexagonal planar monopolenalatdy loading the radiating patch
with an arc shaped slot. Ahmed and Sebak [@Ssigned a microstrip line fed UWB
monopole antenna consisting of a half circular déscectangular patch with two steps
& a circular slot and partial ground plane. Theyhiaged WLAN band-notch
characteristic by loading the radiating patch vaittimple and narrow arc slot.

Gayathriet al. [99] designed a microstrip-fed planar UWB monopole @amde
comprising an inverted cone as the radiating paiuoth a tapered ground plane. The

bandwidth had been enhanced by engraving a U-shsgettbn in the ground plane.
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The WLAN band-notch function was realized by embedd pair of symmetrically
placed quarter wave slot resonators in the grouandep Liuet al. [100] achieved dual
band-notch characteristics for WIMAX and WLAN bandsy etching one
complementary split-ring resonator (CSRR) insidehtch.

Zakeret al.[101] presented a modified microstrip-fed UWB planar omsle
antenna comprised of a rectangular patch with kifrequency WLAN band-notch
characteristic. A wider impedance bandwidth hachkezhieved by loading the ground
plane with two slots on both sides of the feedimg Iresulting in defected ground
structure. The band-notch characteristics had laetieved by placing the H-shaped
conductor-backed plane symmetrical to the longitablidirection under the radiating
patch. Kshetrimayum and Pillalamarri [J02nhanced the bandwidth of a planar
monopole antenna by utilizing three broadband teglas i.e. modification of the
circular monopole, introduction of cross-slot, @hd triangular tapered microstrip feed
line. Wu et al. [103] proposed a microstrip line fed UWB monopole havingdified
feeding structure composed of a trident-shapedp s& a tapered impedance
transformer, ground plane and radiating patch obégidth.

Cui et al. [104] proposed a microstrip line-fed UWB monopole angnn
comprising a rectangular monopole and a rectanggiaund plane with a tapered
notch. The band notch function for 5 GHz WLAN aitPERLAN/2 frequency band
was achieved by loading the radiating patch with EBashaped slot. Yang and
Sheng[10}p combined the micro-genetic algorithm (MGA) and #BTD method to
design a band-notch UWB monopole antenna compdsadtepped U-type monopole
loaded with an U-type slot for band notch-charasties. Yanget al. [106] utilized the

combination of the Jumping Genes (JG) genetic apesad the non-dominated sorting
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genetic algorithm Il (NSGA-Il) to design an UWB pkr multiple-trapezoidal
monopole antenna with the rectangular/rounded-cgreaind plane.

Abbosh and Bialkowski [1d7designed planar UWB elliptical and circular
monopole antenna by using a planar conducting caiffarmed by the intersection of
either two ellipses or two circles in a two-sidendoctor-coated substrate. Their
complementary counter parts were also analyzed.

Wanget al.[108] enhanced the bandwidth of a circular monopoleobging the
semi-circular ground plane with an arc shaped natcits top edge. Zhaet al. [109]
designed a CPW-fed UWB monopole antenna comprigifgnomial function based
radiator and a semi-elliptical ground plane. Thadaotch characteristic for WLAN
band was achieved by loading the radiator withnamriitedr-shaped slot.

In 2009, Elsheaktet al[110] presented an UWB planar monopole antenna
having a size of around 27% of the size of a cotiwral rectangular microstrip patch
antenna and an ultra wide bandwidth with discorities in two frequency bands, by
using a semicircular microstrip monopole radiatielgment with circular modified
ground plane. Further improvements in the bandwigiim and size had been achieved
by embedding metallo-EBG structure (MEBG), whicimoved the above mentioned
discontinuities. Ahmadi and Dana [{1designed a planar pentagonal UWB monopole
antenna having radiating element and ground plapemtagonal shape with a tapered
microstrip feed line. The dimensions of the radigtelement and the ground plane were
obtained by using the apex angle of pentagon, aaté&angth and substrate width. The
radiating element was loaded withshaped or V-shaped slots to achieve band notch
characteristics for WLAN band. Zaket al. [112] obtained ultra-wide bandwidth by

loading the ground plane with a pair of variablshiaped slots to excite additional
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resonances. Single band notch characteristic foAM/lband was obtained by using
inverted U-shaped parasitic structures whereastewdork-shaped parasitic structure
was used to achieve dual band notch characteristi®iMAX and C bands.

Karimabadi and Attari[11]3designed a planar UWB elliptical monopole antenna
composed of a small monopole elliptical radiatitegreent and a modified-shape ground
plane. The ultra-wide bandwidth had been achiewedemoving a semielliptical part
from its top edge and by introducing two narrowvtsséit the lower edge of the elliptical
radiating element. Qing and Chen []1ptesented a CPW-fed UWB monopole-like slot
antenna comprising a CPW fork-shaped feeding strecto improve the effective
coupling between the feeding structure and the 3loé WLAN band-notch function
was achieved by adding two grounded open-circigtelds.

Moghadasiet al. [115] presented an UWB planar monopole antenna with a
variable band-notch frequency characteristic. hpased a triangular-shaped antenna
electromagnetically coupled to the feed microsling- on one side of the dielectric
substrate and a triangular radiating element irgtieeind plane which is fed directly by
the same microstrip line through a via hole. Anilegeral triangular slot had been
loaded into the ground plane to achieve a wideredamce bandwidth. Gopikrishied
al. [116] proposed a printed semi-elliptic UWB monopole slatenna comprising a
coplanar waveguide signal strip terminated witheaniselliptic stub and a modified
ground plane.

Li et al. [117] achieved an ultra-wide bandwidth by using a spstgsed
printed planar monopole. Three band-notch charatites were realized by employing
a hook-shaped defected ground structure (DGS) ah essde of the ground plane,
embedding &2-shaped slot on the radiating patch as well asnaddi semi-octagon-

shaped resonant ring on the back side of the aatenn
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Thomas and Sreenivasan []18esigned a planar elliptical disc monopole
antenna for universal mobile communication syst€MTS) and ultra-wideband
(UWB) dual network applications with a shaped gayslane for the stability of
omnidirectional pattern. It composed of an elligticadiating element with ellipticity>1
and a hexagonal ground plane. The radiation pattachbeen improved by modifying
the radiating element with symmetrical wedges auits sides. Ojaroudét al. [119]
improved the polarization properties and enhanded ilmpedance bandwidth of an
UWB monopole antenna by using a truncated grouadephnd a trapezoid slot loaded
radiating patch with two tapered steps. The intobidum of trapezoid slot resulted into a
double fed radiating structure, having a splittetivork connected to two symmetrical
ports on its base. Ojarouel al.[120] achieved an ultra wide bandwidth from a printed
UWB square monopole antenna by using notched grplaree with a T-shaped sleeve,
which improved the electromagnetic coupling effdmsveen the patch and the ground
plane. The variable-frequency band-notch charatiesi were achieved by loading the
stepped square radiating patch with two U-shapets,siwhich acted as half-wave
resonant-structures and perturbed the resonantorresp Ojaroudiet al. [121]
introduced inverted T-shaped slot in truncated gdoplane and two rectangular slots in
the square radiating patch to achieve an ultrabétewidth.

Nikoloau et al. [122] designed two CPW-fed UWB elliptical monopoles with
reconfigurable band rejection characteristics ie tinequency band of 5-6 GHz
(HIPERLAN/2 and WLAN). The band rejection charactties had been achieved by
using a1/2 long U-shaped slot in one antenna and a paly éflong inverted L-shaped
stubs placed symmetrically in second antenna, @qctis resonating elements. The

reconfigurability had been introduced by usingrthiero-electromechanical system
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(MEMS) switches to activate and deactivate thema8ng elements without the need of
DC bias lines. Hongwaest al. [123] achieved band notch characteristics in a miciostri
line fed square ring UWB monopole antenna by intolg a strip bar in the central
slot of the patch.

Khidre et al.[124] enhanced the bandwidth of a rectangular microstnignna
by introducing a slit in the ground plane and tapethe radiating patch from the feed
line for better impedance matching. The reconfigledand-notch characteristics had
been introduced by adding a patch in the back plartech acted as a half-wave
resonator. Ojaroudi [125resented a tapered band notched UWB monopolaramte
The ultra-wide band characteristics were obtaingdapering the ground plane and
radiating patch. The band-notched characteristicsWWLAN band were realized by
embedding a folded trapezoid in an inner hole efttapezoidal patch.

In 2010, Lizziet al.[126] presented a monopole UWB antenna whose geometry
is defined by a spline curve and was generated diggugenetic algorithm. They
introduced band notch characteristics for the fivgd sub-bands of the Unlicensed
National Information Infrastructure (UNII) band.il@NII1 (5.15-5.25 GHz) and UNII2
(5:25-535 GHz), by loading the spline curve geometry wattJ-shaped rectangular
slot.

Hu et al.[127] developed a passive chipless UWB-radio frequedentification
(UWB-RFID) localization system based on electronegnbackscattering to transfer
data from the tag to the reader. Six passive cbspldVB-RFID tags were derived from
the UWB-RFID monopole [96by replacing its microstrip line feed with a CP\aeél
line. Cuiet al. [128] presented a microstrip-fed slot antenna with dwaid-notched

characteristics, obtained by loading the circultcp with two U-shaped slots.
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Zou et al.[129 achieved band notch characteristics for 5.5 GHinbgrting a
Z-shaped slot on the fan-shaped radiating elenfempointed UWB monopole antenna.
Zeng [13(Q designed a CPW fed UWB monopole-like slot antewith band notch
characteristics for 5-6 GHz, achieved by embeddipgrlines onto the fork-shaped
feeding stubs. Zeng and Zhao []13designed a printed UWB monopole antenna by
using a slit semicircular patch and a tapered caplavaveguide (CPW). A band notch
function for 4.9-5.9 GHz had been realized by lagdhe patch with an arc shaped slot.
Zhaoet al.[132] presented a microstrip-line fed planar UWB monepaitenna made
up of a beveled and slotted rectangular patch aweled ground plane. The WLAN
band-notch characteristic was achieved by embeddingrtical tuning stub in the
radiating patch.

On the other side, Fattadt al. [133] designed an UWB monopole antenna
composed of an irregular pentagon monopole stredtigection with a microstrip
feeding structure. Suet al. [134] investigated a circular UWB monopole antenna
consisting a circular radiating patch with a defecground structure. The bandwidth
had been enhanced by etching a square patch dgoptside of the ground plane. Dual
band notch functions were realized by loading therostrip feedline with a U-shaped
slot and the ground plane with a pair of L-shagdetss

Zhou et al[135] enhanced the bandwidth of UWB monopole antenna
comprising an elliptical patch and an ellipticabgnd plane, by adding a small arc
segment at the middle of the upper edge of thergrquiane resulting into enlargement
of the ground plane length and more coupling betwine radiator and the ground
plane. They proposed two configurations of triplant-notched UWB monopole

antenna. In first configuration, the band notchctions were realized by loading the
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patch with split-ring slots and etching the compgetary electromagnetic band gap
(CEBG) at the both sides of the feed line. In aeptonfiguration, the patch was loaded
with two split ring slots and a ring was etchedtbe ground plane. Feit al[136]
proposed a CPW-fed UWB antenna comprising a fingeaped radiator. A wide
impedance bandwidth was achieved due to the eixcitaif additional resonances
overlapping with the existing resonances.

In the same year, Ma and Tsai []13ovided a solution to the problems of
unsatisfactory impedance matching at both UWB lomt high bands, necessity of via
holes resulting in higher fabrication cost and iydringing fields leading to nearby
coupling limiting the practical applications, assded with vertically placed folded-
strip resonators. The solution was consisting @fciplg two folded-strip resonators
(interior and exterior) horizontally on the top éayof substrate, to improve the
impedance matching and simplify the measuremenipséte to less concentration of
the fringing fields along the coupling edges of timiplanar folded strip, with a
connection between their open ends by a shortdewtion, to provide an additional
current path for improving the coupling between #ugacent resonators leading to an
improvement in band rejection for 5-6 GHz.

Abdollahvandet al[138] enhanced the bandwidth of a microstrip line fed
rectangular monopole antenna by inserting two pedanotches on both sides of the
microstrip feed line in the partial ground planehieh resulted into excitation of
additional resonances. Two frequency bands weeztegy by embedding a pair bf
shaped stubs in the radiation patch and a mod@iediot defected ground structure in
the feeding line. Liet al.[139] presented an UWB monopole antenna with band notch
characteristic for the frequency band of 5.12-638z. The band notch characteristic

had been achieved by introducing a vertical cogpdimip in a square slot patch.
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This was followed by Eshtiaglet al.'§140] work in which the bandwidth of a
microstrip line fed semi-elliptical radiating antenis enhanced by carving two sectors
at the bottom of another semi-elliptical parasitatch, electromagnetically coupled to
the main radiator. They achieved band-notch chariatic by introducing an additional
inverted semi-elliptical patch, acting as a filleonnected to the radiating patch. Liu and
Yang [14] presented a miniature hook-shaped UWB monopokenaatcomposed of a
multi-branch radiator resulting into the generatafnvarious resonant modes suitable
for broadband operation.

Subsequently, Sheikhaet al. [142] transformed a microstrip line fed
rectangular monopole antenna into an UWB monopaolerema by incorporating a
ladder-shape resonant structure on its back plreconductor backed ladder structure
was electromagnetically coupled to the radiatingcipaand was perturbing the
monopole’s resonance responses. Surl. [143] miniaturized the size of a beveled
UWB monopole antenna by removing its left half paimice the current distribution on
left and right half were identical due to the eatidn of an even mode by CPW-feed
and the acting of the mirror symmetry as an opesutti

Ghazi et al. [144] enhanced the bandwidth of a microstrip line fedasg
monopole antenna by loading the patch with T-shaglet$ and introducing a pair of
rectangular sleeve on the ground plane with a Ppatiaconductor-backed plane.
Moosazadetet al. [145] designed an UWB monopole antenna, comprising arsqu
patch with square slots and a ground plane trudoatéh two mirror L-shaped notches.
Wau et al.[146] presented an UWB band notch antenna having asfoaped resonator,
for wide bandwidth, and rectangular ground planéhe TWLAN band-notch
characteristics were achieved by introducing amagw composed of an open-looped

resonator and two tapped lines, at the centrediitar.
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Movahedinia and Azarmanesh [14@nhanced the bandwidth of a printed
monopole antenna by using a beveled shape rectangaich, a trident-shaped feeding
structure and a truncated ground plane. The triddvatped feeding structure was
realized by loading the patch with two trapezoidlts. This feeding structure was
made up of a splitting network having three pottha base, which ensure the presence
of dominant vertical current modes and preventeakeitation of horizontal currents.
They realized band notch characteristic by insgréinsemi-octagonal parasitic strip in
the antenna.

Deenet al.[148] proposed an UWB elliptical monopole antenna wathrfoand-
notched characteristics (3.4-3.69 GHz, 5.15-5.82,3.5-9.5 GHz and 12-13 GHz).
A wider bandwidth was achieved by inserting a seliptical slit into the ground
plane. The band notch characteristics for two feagy bands were achieved by
embedding two U-shaped slots into the ellipticatliating patch. Band rejection
functions for remaining two bands were realizedetphing two U-shaped slots into the
ground plane. Routet al. [149] achieved an ultra-wide bandwidth from a microstrip
line fed UWB square monopole antenna by loadinggtwind plane with T-shaped
slots to excite additional resonances. The bandhndtinction was realized by
introducing a modified T-shaped conductor-backean@! Yazdanifarcet al. [150]
enhanced the bandwidth of a printed UWB monopoterara by using a ground plane
with rectangular sleeve and a pair of L-shapednaw to adjust the electromagnetic
coupling effects between the patch and the grouadep The variable band notch
characteristics for two sub bands of WLAN frequebeynd were achieved by cutting a
modified W-shaped slot with variable dimensionseostepped square radiating patch.
Zhanget al. [15]] introduced band-notch characteristics for WLAN dbam a circular

UWB monopole antenna by dividing the radiator ithtaee parts.
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Mardaniet al. [152] introduced dual band notch characteristics by gi$imo
shorting pins for establishing the connection betwthe inverted L-shaped stubs on the
bottom of the substrate and the patch. Zaker andipdor [153 enhanced the
bandwidth of a microstrip line fed rectangular mpole antenna by introducing three
sequential notches at the two corners of the g@sire patch to balance the vertical
and horizontal surface currents on the patch seffiacstable radiation pattern.

Later on, Xiaoet al. [154] enhanced the bandwidth of a microstrip-fed UWB
printed circular-ring monopole antenna by etchingltiple steps on the rectangular
ground plane. This was followed by L&t al's [159 work in which a key-shaped
CPW-fed monopole UWB antenna was designed by usioghotches at the bottom of
the radiating patch and etching a slit on it. Glubled al. [156] presented a monopole
antenna having UWB characteristics introduced bpesiding two shorted rectangular
quarter wavelength resonators, which acted as iparagsonators and excited
additional resonances. The WLAN band notch chariatiewas achieved by using two
other L-shaped quarter-wavelength resonators cdugle the radiating patch.

Ebrahimian and Ojaroudi [15#&nhanced the bandwidth of a square monopole
antenna by introducing L-shaped sleeves on thengrplane and loading the patch with
T-shaped slots. The L-shaped sleeves improved ldotr@nagnetic coupling between
the lower edge of the patch and the ground plahe. ilitroduction of T-shaped slots
improved the impedance matching at higher freqsnioy changing the surface current
path. Ojaroudiet al. [158 enhanced the bandwidth of a conventional rectamgul
monopole antenna by using two pairs of slot andveleone on patch and another on
ground plane respectively, based on Babinet's Edence Principle and self-

complementary structure in feed gap distance.
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Eshtiaghiet al. [159] enhanced the bandwidth of a microstrip line fethise
elliptical monopole by carving two sectors on tagesof it and by using curved ground
plane. The band rejection function for WLAN bandswaalized by loading the patch
with two arc shaped slot. Zharegg al[160] enhanced the bandwidth of an elliptical
UWB monopole by loading the radiator with two seatliptical slots along its edges
and by using asymmetric feeding. The band notchioprmee was also designed by
incorporating a switch between the two slots onside.

In 2011, Teiraket al. [161] improved the return loss performance of a CPW-fed
disc monopole antenna by using a tapered co-plaageguide transmission line. Lak
et al. [162] presented an UWB antenna comprising an invertage#oidal radiating
patch, having length of its smaller parallel sidgia to the feedline width for smooth
transition resulting into bandwidth enhancementl anmodified rectangular ground
plane. Single band notch function was realizeddayling the ground plane with two L-
shaped quarter waveguide resonators shunt connextdte radiating patch by two
shorting tracks.

Sarbaziet al.[163] presented a planar rectangular UWB monopole aateiitin
variable frequency band-notch characteristic. Thea-wideband characteristic had
been achieved by using two L-shaped strips on tipe edge of the ground plane
whereas band-notch characteristic was achievednilyedding two L-shaped slits on
the ground plane. Yazdi and Komjani []6itroduced band-rejection characteristic
around 5.5 GHz in an UWB circular monopole antebgausing a mushroom-like
electromagnetic band-gap (EBG) structure. Agitral. [165] enhanced the bandwidth
of a microstrip line fed square monopole antenndolagling the partial ground plane

with multiple slots on its upper edge to make itetle for UWB applications.
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Liu et al.[166] derived a CPW-fed UWB monopole antenna from aaregpilar
patch antenna. Its radiating patch was derived feomectangular patch antenna by
loading it with an open end circular ring slot aamd inverted U-shaped slot along with
two horizontal slots on the CPW ground plane. Dudhie introduction of parasitic
patch and the embedded ground slots, dual resenadés got excited resulting into
overall impedance bandwidth enhancement. Elshetkh[167] proposed a microstrip
line fed UWB monopole antenna composed of V-shdped plate, parallel V-shaped
patches and newly designed EBG structures for aine\width enhancement. Mited al.
[168] designed a planar UWB monopole antenna with daatinotch characteristics.
The band notch characteristics had been introdbgedserting a strip and metallic ring
above and below the substrate.

Peng and Ruan [1§@sed conventional mushroom-type EBG and edgeéddcat
vias mushroom-type EBG structure to introduce baotdh function for wireless local-
area network interference bands (5.2-and 5.8-GHzl$jain the passband of an UWB
elliptical planar monopole antenna. let al. [170] presented an elliptical UWB
monopole antenna with minimized ground plane e$fedt good impedance matching
had been achieved by tapering the microstrip feesinear the elliptical radiator. The
ground plane effects had been miniaturized by luathe ground plane with slots on its
top edge which had changed the current distribution

Mishra et al. [171] proposed a parallel metal-plated tuning fork sklapeni-
directional antenna for UWB application. The omiredtional radiation bandwidth had
been increased by using rectangular strips on adbs of a semi annular ring
monopole antenna. The cross polarization had bedaoced by using metal plated

circular and annular ring radiator.
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Mishra et al. [172] designed a microstrip line fed dual band antenoa f
Bluetooth and UWB applications by introducing ataegular monopole in the central
portion of U-shaped monopole antenna, designedldging two rectangular strips at
the top of the two arms of a semi annular ringelsonate over Bluetooth band leading
to tuning fork shaped dual band monopole antenha.3and notch characteristics for
the WLAN band had been achieved by loading thearegilar ground plane with two
L-shaped slots and two symmetrical step slots tit bdges and a rectangular slot at the
center. Koohestaret al. [173] presented a microstrip line fed UWB planar monepol
antenna comprising a dome-topped, bowl-shaped patdha truncated ground plane
structure with its upper edge tapered and includingptch below the feed-line in the
vicinity of the patch. Azarmanesét al. [174] achieved single and dual band notch
characteristics for the WLAN, C and WiMAX bandsanCPW fed rectangular UWB
monopole antenna by loading the five stepped stsércadiator with two symmetric and
asymmetric quarter wavelength spiral slits.

Ojaroudiet al. [175] enhanced the bandwidth of a microstrip line fedasg
monopole antenna by loading the patch with an bede-shaped slot and adding an
inverted T-shaped conductor-backed plane in thairgtoplane to excite additional
resonances. Lt al.[176] enhanced the bandwidth and reduced the size afrastrip
line fed UWB monopole antenna by loading the spestiaped radiation patch with
straight & cross gaps and the ground plane withombination of rectangular &
triangular slots replacing the triangular slotghw initial UWB antenna. Same authors
[177] introduced dual band notched characteristics inUB monopole antenna
comprising a trapezoidal ground plane loaded witlecangle slot, by loading the Y-
shaped monopole radiator with modified complemgnteo-directional split ring

resonator (SRR).
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In parallel to this, Thomast al. [178] designed a CPW fed UWB beveled
monopole antenna for portable devices. The sizehef antenna was reduced by
beveling the monopole & ground plane edges anddoiring a rectangular notch in the
ground plane beneath the feed monopole transitbou et al. [179] introduced dual
band notch characteristics in an UWB annular rirapapole antenna by adding a pair
of Y-shaped strips to the annular ring, and etclanginvertedQ-shaped slot on the
patch. Srifiet al. [180 investigated two configurations of an UWB circuldisc
monopole antenna i.e. with single transition andibd® transitions between the
microstrip feed line and the radiator. Ojaroatial.[181] presented an UWB monopole
antenna with single band notch function. It was enag of a square-ring radiating patch
with a pair of T-shaped strips protruded inside #®guare ring, for band notch
generation, and a coupleeshaped strip and a ground plane with a protrutiga $or a
wide usable fractional bandwidth. Liet al. [182] studied a wideband antenna
composed of a trapezoid ground plane and an ebibthonopole patch which is fed by
a modified tapered CPW line for wideband perfornganc

Nouri and Dadashzadeh [18Bresented an UWB printed monopole antenna
with filtering characteristics for Dedicated Sh&#&nge Communication (DSRC)
systems and WLAN bands. It comprised a radiatingtpavith arc-shaped step, for
stable H-plane radiation patterns at high frequeneind wide impedance bandwidth,
notched by removing two squares at the bottomotopensate the effect of minimizing
the size of the antenna on the lowest frequenay,aamodified shovel-shaped defected
ground structure (DGS). Ghaderi and Mohajeri [1Bresented a microstrip-fed wide-
slot antenna composed of an elliptical patch cotmaketo a trapezoid one and ground
plane with a hexagonal slot etched on it. The wagiebmatching had been provided by

using a smoothly tapered line between the radigtatgh and microstrip feed line.
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Peng and Ruan [185ntroduced band notch characteristics in UWB amehy
using mushroom-type electromagnetic bandgap (EBfGctsire. Mishraet al. [186]
introduced dual band characteristics in an UWB npof® antenna by using a fork-
shaped radiating patch and a rectangular grourmiephanet al.[187] introduced dual
band notch characteristics in a microstrip-fedastideband antenna by etching a pair
of L-shaped slots in the ground plane for WiMAX aamd eccentric ring & a stub with
an arc structure for WLAN. Lotfiaet al. [188] introduced triple band notch
characteristics in a microstrip fed tapered mone@rid a CPW fed tapered monopole
by loading the patch with three brok@rshaped slots. Akbaeit al.[189] enhanced the
bandwidth of a square monopole by using three igades: (i) steps on the patch and
ground plane proportionately; (i) a partially gralplane; and (iii) a single square-
shaped notch on the ground plane.

In 2012, Koohestani and Moghadasi [128ed three techniques for bandwidth
enhancement i.e. (i) a slot on the patch, (ii)apezium ground plane to the CPW line,
and (iii) an inverted triangular transition junctidbetween the CPW feed line and
radiation element, to design an UWB antenna conmgrist loop shaped radiating
element. Rahinet al. [191] proposed a microstrip line fed asymmetric shap&dBU
monopole antenna with circular polarization (CP).

Lu and Yeh [19R achieved UWB characteristics in a monopole antdsyngap
coupling a rectangular parasitic patch to arc-stiapéiating patch. Kerarti and Seriah
[193] designed an UWB monopole antenna by using diansbaged patch along with
partial ground and stepped transformation on pateRia et al. [194] presented an
UWB planar monopole antenna comprising a trapetqdech with semi-circular load

and four discontinuities at the feed end, steppedasstrip feed line and a ground plane
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on the bottom of the substrate. ket al. [195] used the concept of strong coupling
between the slot modes and ground coupling modesate the characteristics modes
insensitive to the dimensional changes in the giloplane and proposed two UWB

monopole antennas with slots on their ground plaiést antenna comprised an

elliptical radiator and rectangular-shaped groutah@ whereas the second antenna
consisted a swan-shape radiator and rectangulgediground plane.

Majidzadehet al. [196] designed a microstrip-fed UWB monopole antenna
composed of a quasi-square radiating patch withetimotches and a modified ground
plane with a rectangular slot to achieve wider idgree bandwidth. Zhareg al.[197)
achieved WLAN band notch in an UWB CPW coupled dédigtical monopole antenna
by etching an arc slot on the radiating patch. Yengl. [198] designed a ring shaped
monopole antenna having a quarter wavelength tusing, to avoid the interference
with WLAN network, a pair of two steps impedancansformed CPW-feed line and an
arc slot in the ground for covering the UWB freqeyemange. Rostamzadeh [199
designed an UWB monopole antenna composed of pestesquare radiating patch, two
rod shaped parasitic structures in the ground pfanéand-notch function at 5.1/5.9
GHz and a notched ground plane with two novel Vpsldaslots for a wide impedance
bandwidth.

Foudaziet al. [200] integrated GPS, GSM and WLAN bands in an UWB
monopole antenna by removing the central part ef drmamond shaped patch and
inserting several quarter wavelength narrow stiipsthe notched region without
affecting the UWB behavior and the dimensions efdahtenna. Mehranpoat al.[201]]
introduced dual band characteristics in an UWB npoit® antenna by loading the
square radiating patch with a pair of L-shapeds,skind an E-shaped slot. Its ground

plane had a V-shaped protruded strip for a widdledaactional bandwidth.
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Tilantheet al.[202] presented a printed UWB monopole antenna with daadtl
notch characteristics, introduced by using an imeefl’ shaped slot & ‘J’ shaped slot
in the stepped rectangular patch for 3.4 GHz bajection and ‘U’ shaped slot on
radiating patch & a spur line filter in the micnogt feed line for non-radiating
characteristics at 5.5 GHz. Koohestahial. [203] achieved band-notch characteristics
for 5GHz WLAN and 8GHz ITU bands by loading the ghatwith a padding patch
printed on a small single-layer piece of commersidistrate.

Jiang et al. [204] achieved dual band notch characteristics by egclmo
complementary split ring resonator (CSRR) strucdwa the inner patch of an UWB
monopole antenna. Darvigt al. [205] designed a CPW-fed UWB monopole antenna
with multiple band notch characteristics, obtaibgdising multiple modified U-shaped
(MU) slots on the beveled rectangular radiating-paBoudaghiet al. [206] achieved
frequency reconfigurability in a monopole antenaafive frequency bands by using a
switchable slotted structure, composed of four Bibdes along with DC blocking
capacitors, on the ground plane. Dengl. [207] designed a flexible triple band UWB
monopole antenna for WBAN by using a miniascape-Igtrip composed of an S-
shaped strip, a U-shaped strip, and an I-shapgd $tre bandwidth had been enhanced
by loading the ground plane with quarter-circlechas. Sung [2(8designed a circular
shaped UWB antenna with two short-circuited foldelpped impedance resonators
(SIRs) for dual band rejection function realization

Mishraet al.[209 introduced dual band notches by embedding C-shslpedn
the circular patch and a pair of L-shaped slottherrectangular ground plane. Mahdavi
et al. [210] presented a CPW fed UWB circular monopole antecomsisting a

rectangular patch and a quarter of disc. By u#fiege circles in shaping the radiating



INTRODUCTION, | 32

element, a smooth curved structure is formed. Atldt al. [211] designed an ultra-
wideband (UWB) microstrip monopole antenna withord@ggurable multiband function
by using GaAs field effect transistor (FET) switsh® connect multiple stubs of
different lengths to the main feed line of the muoole.

Fei et al. [212] presented a CPW-fed UWB monopole antenna and an
asymmetric coplanar strip (ACS) -fed half monopmhtenna. The introduction of ACS
feeding miniaturized the antenna size by 50%. Famr ACS-fed antenna, quasi-
omnidirectional patterns were obtained in H-pland distorted radiation patterns in the
E-plane especially at higher frequencies which may due to its inherent
unsymmetrical structure. Suet al. [213] investigated the performance of different
UWB monopole antennas for body-centric wirelesswoets by using liquid-body
phantom. They put forward a conclusion that the algexal radiator had better
performance than elliptical antenna in term of agerpeak gain and efficiency.

Moghadaskt al.[214] proposed another configuration of an UWB slot ang&e
Its VSWR performance was improved by using a tepimicomprising of open-end
stubs at the periphery of the ground-plane in teewy of the feed-line. The WLAN
band notch was generated by using an effective umiod backed plane structure.
Reddyet al. [215] proposed an edge feed printed elliptical anterordiguration. The
partial ground plane was used to improve the gamiopmance which on another hand
led to the generation of surface waves, which ahudestructive interference and
increased the cross-polar component at higher émcjas. To provide an in-phase
excitation the parasitic patches had been intratlocethe partial ground plane.

In 2013, Karimabadi and Attari [21l&nhanced the bandwidth of a CPW-fed

circular disc monopole antenna by etching a sehmtell notch at the ground plane.
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They introduced the band rejection characteristecsWLAN band by loading the
modified ground plane with two U-shaped slots. Marahd Das [21]7introduced band
notch for WLAN band in a microstrip-line fed UWBgoue monopole antenna by
loading the radiating patch with inverted U-shajm sr [1-shape slot oA-shape slot.
Two other band notch functions for WiMAX (3.25-3.@51z) and down link of X-band
satellite communication system (7.25-7.75 GHz) wesdized by introducing two half
wavelength U-shaped slots in the radiating patch.

Sung [218 embedded a modified H-shaped resonator with aitiawial outer
line beside the microstrip feedline to generatedo@ject function for WiMAX, WLAN
and the X-band satellite communication bands irriatgd microstrip-fed monopole
ultra-wideband (UWB) antenna. Kiet al.[219] proposed a triple band-notched UWB
elliptical monopole antenna. Band rejection for WAKI and ITU bands were realized
by using a spiral resonator whereas for WLAN bandomplementary split ring
resonator (CSRR) structure had been utilized. Yandi Komjani [22] obtained dual
band-notch characteristics for WiMAX and WLAN banilg inserting a pair of two
slots in the ground plane as well as adding a @faarc-shaped parasitic strips around
the radiating element.

In parallel to this, Gautarat al. [221] designed a CPW fed hexagonal shape
UWB monopole antenna by using a hexagonal radigiaigh obtained by modifying
the shape of a rectangular patch antenna and éxtetiee CPW ground plane on both
sides of the radiator. As the radiator is surrowahiole a metal ground plane for reducing
the antenna area, the small gap between the radiatbthe ground plane is a major
factor to cause over-strong capacitive couplindidBet al. [222] designed an UWB

monopole antenna comprising a trapezoid shapedtnaglipatch with two modified
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L-shaped notches and a partial rectangular grouadep The modified L-shaped
notches affected the electromagnetic coupling betwibe lower edge of the modified
trapezoid-shaped patch and ground plane to bro#ldenmpedance bandwidth by
improving the impedance matching performance atdiaidrequencies within the
operating frequency range.

On the other side, Xet al.[223] presented a CPW fed UWB monopole antenna
comprising a rectangular radiator loaded with seliptical slot and ground plane
connected to two extended open-circuited stubs. Hddgsiet al. [224] presented a
CPW-fed UWB monopole by using a V-shaped radiatefected feedline and defected
ground plane. The impedance bandwidth was enhamgdaading the feedline with a
slot along with an open stub and DGS. The radigtistgh was loaded with rectangular
slot and a slot loaded rectangular backed planeimtesduced to realize the dual band
notch characteristics.

Later, Krishna and Kumar [2P%resented a dual polarized UWB monopole
antenna by using an asymmetrically fed rectanguadéch chamfered at its one corner
and loaded with an hour-glass shaped slot. The ge&gmerturbation, asymmetrically
feeding and slot loading resulted into dual poktian of the antenna structure by
enhancing the cross polarization in the frequeraydbof 4.4-6.6 GHz. Guet al.[226]
enhanced the bandwidth of a microstrip fed UWB npmbe® antenna by loading the
ground plane with two additional slots, resultimgoi the lowering of the lower cutoff
frequency, and introducing mushroom shaped EBGfstre.

Sarkaret al. [227] presented an UWB monopole antenna comprising iatcad
having half ellipse at its lower section with regalar section in the upper section and

a rectangular ground plane having two beveled eldgeed with two semi-circular
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slots at its bottom edge. The beveling of the gdoadges and loading it with semi-
circular slots resulted into the bandwidth enhare@mDual band notch characteristics
were introduced by loading the radiating patch viitle concentric annular slots with
splits in them in opposite side. Kim and Yun [P2&signed an UWB monopole
antenna consisting a C-shaped radiator along witingerted L-shaped coupled strip
extended from the ground plane. The impedance batiivinad been enhanced by
utilizing a loop-type resonant mode and an elecagmetic coupling effect that were
based on a combination of both elements.

Sunet al. [229] presented an UWB antenna consisting an elliptadiator fed
by a microstrip line having three-step staircasesboth sides and a slot loaded
rectangular ground plane. Jeng and Luo [288signed an UWB annular ring monopole
antenna. They introduced dual band notched chaistate by embedding a rectangular
stub in the annular ring radiator and connectirgy réddiator with an elliptical backed
plane radiator by means of a shorting pin. Gautanh lKdanaujia [23]L proposed an
UWB monopole antenna with a modified rectanguladiator and conventional
rectangular ground plane. Dual band notch charatitear were achieved by loading the
radiator with two C-shaped slits symmetrical to theiator centre.

Ojaroudi et al. [232] presented an UWB monopole antenna derived from a
conventional rectangular patch and having an iedefork shaped slit in the partial
rectangular ground plane for the bandwidth enhaecénDual band notched functions
were included by using coupled inverted U-ringpstm the radiating patch. It perturbed
the resonant response and also acted as a paradftiwavelength resonant structure
electrically coupled to the cross-shaped monop®#me authors [233ame forward

with an UWB rectangular monopole antenna whose Wwatild was enhanced by
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loading the partial rectangular ground plane witshiaped slots to excite additional
resonances. They achieved dual band notched ceastics by introducing a W-shaped
conductor back plane and loading the radiating lpatith modified T-shaped slot.
Again the same authors [Z34ntroduced band notch characteristics in an UWB
rectangular monopole antenna by loading the grquade with rectangular slots and
adding protruded’-shaped strips to the radiating patch.

Ojaroudi and Ojaroudi [235designed an UWB monopole antenna with dual
band notch function by loading the ground planéhvaih inverted fork shaped slot for
larger bandwidth and by converting a conventioeatangular monopole radiator to a
G-shaped radiator loaded with a rotaiedhaped slot for band notch functions. Same
authors [23p enhanced the bandwidth of a rectangular UWB moleopatenna by
loading it with inverted T-shaped slot with an ineel T-shaped parasitic element,
which excited additional resonances. They introduteal band notch characteristics by
loading the rectangular radiating patch with ingdrfT-shaped slot surrounded by C-
shaped slot and by the addition of an inverted dpsld parasitic element into the
inverted T-shaped slot on the radiating patch.

Lageset al. [237] presented two elliptical UWB monopole antennacitmes
fed by trapezoidal microstrip feed line. Moghadesial. [238] presented an UWB
monopole antenna whose radiating patch compriseapazoid on top of a rectangle
with a protrusion at its base which inserts neatlp a U-shaped structure that is
connected to a feed-line. The dual band notch fonstfor WLAN & ITU-R bands
were realized by nesting symmetrical meander $tothe shape of and U. Aghdam
and Varkiani [239 designed an UWB monopole antenna with dual bantthno
characteristics by using a balloon shaped radighegh loaded with an inverted U-

shaped slot and two circular ground plane strusturéhe back plane.
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Zhanget al.[240] designed a CPW fed elliptical monopole antennaisting a
trapezoidal patch on other side of substrate tpleotne energy from the feedline to the
elliptical radiator. The elliptical radiator wasalded with one, two, three arc slots to
achieved single, double and triple band notch charistics respectively. Elliset al.
[241] presented a wing-shaped monopole antenna. The shiaged radiator had been
derived by adding two rectangular strips at theeidge of the rectangular patch to form
a stepped structure and then etching a rectangatah from the stepped structure. The
band-rejection function for the frequency rangeéEEE INSAT/super-extended C-band
is achieved by adding a rectangular strip at tHéowoportion of the wing monopole.
Sun et al. [242] introduced reconfigurable band-notch charactessin an elliptical
UWB monopole antenna by etching a meander-defegtewihd-structure (meander-
DGS) on the ground plane underneath the feedlidd@ading the DGS with a varactor
diode.

Aboufoul et al. [243] presented a circular monopole UWB antenna having a
circular radiator and a partial rectangular groptahe with notches at its upper corners.
The pattern reconfigurable property was achievednibgrporating four P-I-N diode
switches and two arc shaped parasitic elementgyaiom partial rectangular ground
plane. Kanget al.[244] introduced WLAN band notch characteristic by |oadihe half
elliptical ring monopole antenna with a U-shapeat.sWu et al. [245 enhanced the
bandwidth of a conventional rectangular monopoléolyging the ground plane with a
lateral L-shaped slot. Reconfigurable quad baridmoharacteristics for the frequency
bands of WIMAX, INSAT, lower WLAN and higher WLAN ere achieved by loading
the radiating patch with four U-shaped slots. Adaotch function could be removed

by shorting the corners of corresponding U-slot.
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Ojaroudi and Ojaroudi [246enhanced the bandwidth of a microstrip line fed
square monopole by loading the ground plane witreriied I'-shaped slit and an
inverted U-ring shaped slot for excitation of agitl resonances. The reconfigurable
band notch function was realized by using a PINddiin U shaped slot of ground
plane. Karimabadi and Attari [2}7enhanced the bandwidth of a CPW-fed disc
monopole antenna by removing semi-elliptical pertioom the top edge of the ground
plane. Band notch characteristic for WLAN band wackieved by loading the ground
plane with two U-shaped slots.

Thwin [24§ designed two UWB monopole antenna structures. dneture
comprised a microstrip line fed circular patch wattpair of three-step staircase notch
and a truncated ground plane with two-step stagrcastches. In the second structure,
the microstrip feed of previous structure was repthby CPW fed with a staircase
notch. Yazdi and Komjani [249ntroduced dual band rejection function in a diacu
UWB monopole by loading the ground plane with a péiquarter wavelength slots and
adding a pair of half wavelength arc shaped stripshe radiator. Liuet al. [250]
introduced deep band notch characteristic in a astap fed elliptical monopole by
etching a pair of meander lines adjacent to tapkgedline and another pair of meander
lines on the top edge of the ground plane. Sreeettal. [251] miniaturized and
modified a monopole by folding the radiator.

In 2014, Shrivastavat al. [252] presented M-shaped monopole-like UWB slot
antenna with a tilted rectangular slot at the lowght hand corner of radiating patch
and rectangular slot loaded ground plane. Ojar{68] enhanced the bandwidth of a
conventional rectangular UWB monopole with a conieral rectangular ground plane

by loading the ground plane with rotated L-shapledsso provide additional current
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paths along with changes in the inductance andctapae of the input impedance. The
bandwidth is further enhanced by introducing ratdteshaped conductor backed plane
structures, which introduced additional electronsgncoupling between the bottom

edge of the patch and the ground plane. &agl. [254] enhanced the bandwidth of an
elliptical monopole antenna [f2oy loading the elliptical patch with two pairs of
elliptical slots. The introduction of slots affedtéhe higher modes of the elliptical

monopole and increased the higher band-edge.

Manoharet al. [255] enhanced the bandwidth of printed triangular mof®p
UWB antenna by replacing the partial rectangulanglwith round corner ground plane
and introducing a transition between the microdegdline and the radiating patch. The
transition involved stepped changes in impedanaection (i.e., a single-section
transformer) resulting into transformer bandwidtth@cement as antenna impedance
becomes closer to the characteristic impedancheofrticrostrip feed line. Afterwards,
Neto et al. [256] presented a circular monopole antenna with enhbibesdwidth,
achieved by loading the partial rectangular groplaghe with a rectangular edge notch.
The introduction of notch reduced the capacitanaié connection region between the
microstrip line and the circular conductor patcbhading to improved impedance
matching. The band notch characteristic was intteduby etching a circular split ring
resonator on the back side of substrate besidesrthdar radiating patch.

Rahimi et al. [257] designed a tapered UWB monopole antenna having the
radiator and ground plane on the one side of thetsate. The microstrip feed line was
on another side of the substrate. The radiatoedsbly using via between the feed line
and the radiator. Single band notch characteridticsthe WLAN bands had been

achieved by loading the patch with L-shaped anch&psed slots. Dual band notch
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characteristics for the two bands had been achisiradltaneously by placing an F-
shaped stub along the feed line.

Sarkaret al. [258 presented a semielliptical microstrip fed UWB mpole
antenna with semi-elliptical ground plane. The a#ali was loaded with a pair of
elliptical CSRR slots to achieve the dual band Imatbaracteristics for the frequency
range of WiMAX and upper WLAN frequencies. The ¢hivand notch for the frequency
range of X-band was achieved by placing two reattargSRR elements of dimensions,
calculated using standard equations, near theipmof the feedline and the radiating
patch. Venkataet al. [259 proposed an UWB monopole antenna comprising a
semicircular radiating patch and a modified gropladhe with two bevels at upper edge.
The triple band notch characteristics for the feagry range of WiMAX band, WLAN
band and X-band downlink satellite communicatiomdéaad been achieved by
introducing two round shape slots on the radiagiagch (for WiMAX and WLAN) and
a pair of rotated V-shape slot on the ground plane.

Luo et al. [260] designed a modified UWB monopole antenna congjstim U-
shaped radiating patch and partial rectangular rgtquiane with square slots. Triple
band-rejection functions were realized by addirghdped & L-shaped stubs in the
square slots of ground plane and placing resonaam-gircuited stubs adjacent to the
antenna edges. Kaziet al.[261] presented a rectangular UWB monopole antenna. The
upper two corners of the radiating patch were tatgat. The radiating patch was loaded
with an inverted U-shaped slot and the partialanegtilar ground plane was loaded with
a rectangular notch to achieve dual band-notchacheristics. Shrivastavet al. [262]
presented a microstrip line fed A-shaped monopdte klot antenna for UWB
applications. The bandwidth performance was impidyy using a rectangular ground

plane loaded with two rectangular slots and fouersed stubs.
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Aghdam [263 designed a CPW-fed UWB monopole antenna compofed o
radiator combining a semi-circular and a rectangp&ich and an edge-curved ground
plane. He introduced tunable band notch charatiterisy loading the radiator withma
shaped slot and then adding a varactor diode imitldle of slot. Singhet al. [264]
designed a monopole antenna for UWB and BluetogibliGtions. It comprised a
truncated U-shaped radiator, microstrip feedlinel grartial ground plane. They
introduced dual band notch characteristics for Wiand WLAN frequency bands by
introducing a T-shaped stub on the radiator andhnoasn shaped EBG structures along
the feedline respectively. Cat al.[265 introduced triple band notched characteristics
for the frequency bands of WIMAX, WLAN, and ITU bgading the feeding line of a
double fed UWB rectangular monopole antenna with ¢wcular slots.

Fakharian and Rezaei [J66chieved an ultra-wideband performance by using
palmate leaf shaped radiator and truncation ofdR®V ground plane. Ellist al. [267]
designed a unidirectional UWB circular monopole eania by replacing the
conventional microstrip line feed with a wrench pba feed line, which introduced
vertical currents in the structure and reducedzoottal currents at high frequencies.
Parkash and Khanna [Z68erived a triple band rectangular monopole antdrora a
T-shaped monopole by the addition of multiple regtdar strips. Hanapét al. [269)]
enhanced the bandwidth of an elliptical monopole@ma by replacing its rectangular
ground plane with eleven step slot loaded rectamggiound plane.Dengt al. [270]
added an additional resonance at 2.44 GHz to aehéAN band by introducing a
pair of mushroom shaped self-complementary resosato to the ground plane. They
achieved band notched characteristics for WiMAX @nblands by introducing a pair of

mushroom shaped self-complementary resonatorghetoadiator.
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Wang et al. [27]] introduced dual rejection functions in a cup slbpaVB
monopole antenna by loading the CPW ground plagesdith a pair of L-shaped slots
and by loading the radiator with two symmetricashaped stubs. Malik and Kartikeyan
[272] designed a circular monopole UWB antenna fed bgtepped feedline. It
comprised a raised cosine shape profile groundeplaaving a nonlinear taper with
given end diameters and length for ensuring goodethance match over a broad
frequency range. They loaded the circular monopgtk a slot to achieve the WLAN
band-rejection function. Khandelwatt al. [273] enhanced the bandwidth and
suppressed the cross polarization levels by usefgcted ground plane. Thajudeein
al. [274] enhanced the bore sight gain of a planar stagr-likonopole antenna by
incorporating gate like ground plane, which allésththe squinting effects in the gain
patterns at higher frequencies, and by stackingsuar patch.

Siddiqui et al. [275] introduced band notch characteristics for the fesqy
around 6.38 GHz in a CPW fed circular monopole mmeby printing two square SRR
on the back side of radiator. Zhareg al. [276] achieved triple band-notched
characteristics in a CPW fed UWB antenna by intoiuly a stepped impedance
resonator-defected ground structure (SIR-DGS) amkl-$haped stubs. Ershaeh al.
[277] designed an UWB monopole antenna by adding bestldts along the circular
disc monopole circumference and by using taperetllifee for wide impedance
matching.

Koohestaniet al. [278] designed a polarization diversity UWB antenna by
arranging two CPW-fed monopole antenna structur@ggndicular to each other.
Ojaroudiet al.[279] enhanced the bandwidth of a square monopole byduating C

and L-shaped conductor backed plane structurexdibeeadditional resonances. The
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embedded structures were connected by PIN diodesseviON/OFF situation
reconfigures the band to be notched among WLANIMShands. Ojaroudit al. [280]
enhanced the bandwidth of a square monopole bydating an inverted T-shaped strip
and a pair of T-shaped conductor backed planesstrithe ground plane. The dual band
rejection functions covering WiMAX, WLAN and C basavere realized by replacing
the square monopole with coupled U-shaped ringatadi Wuet al. [281] introduced
reconfigurable dual band notch characteristics WilMAX & WLAN bands in a
circular monopole by loading the radiator with an ahaped slot and by loading the
feedline with a C-shaped slot.

Ojaroudi [282 proposed a circular UWB monopole antenna with dheaid
notch characteristics. The radiator was loaded wittotated T-shaped slit to achieve
WIMAX band rejection and the feedline was embeddét a rotated2-shaped slit for
WLAN band rejection. Ojaroudét al. [283] presented a fan shaped UWB monopole
with triple band notch characteristics. The pant&dtangular ground plane was loaded
with square slots and then a pair of protruded dpsk strips was embedded into those
square slots to achieve wideband performance. Agddi-shaped parasitic strips was
added to the radiator for first band notch functi®econd and third band rejection
characteristics were achieved by loading the feedhith a rotated S-shaped slot.

Ojaroudi and Ghadimi [284 introduced band notched characteristics for
intelligent transport system (ITS) band in a squamnopole antenna by using a cross
shaped conductor backed plane. The wideband peafarenwas achieved by loading
the ground plane with a pair of rotated H-shapeisslOjaroudi [28b proposed a
square ring UWB monopole antenna with dual bandchmatharacteristics. The

wideband performance was achieved by loading thergt plane with rotated E-shaped
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slots. The square ring radiator was protruded \aitpair of rotated T-ring strips to
generate dual band notch functions for WLAN, WiMAafd C bands.

Varkiani et al. [286] presented an UWB monopole antenna fed by an Heshap
slot loaded staircase CPW feedline. The modifiedugd plane comprised four
grounded semicircular metallic strips placed atatkners of the central circular slot for
wideband performance. Mandal and Das [28hieved dual band notch characteristics
for WIMAX and WLAN bands in a hexagonal monopolegeama by introducing two
electromagnetic band gap structures, one for eejgtted band. Verma and Kumar
[288] designed an egg shaped UWB monopole antenna g Wke equations of
Newton's diverging parabolas curve. The design tampgawere also developed.

Xiao et al. [289] designed a two-step beveled UWB monopole antenna
consisting two differently sized rectangular pathmnnected with the chamfered
corner of 45 and partial ground plane loaded with L shaped hrestc The band notch
function for WLAN was realized by loading the feieél with a pair of flag shaped slots,
acting as the stepped impedance resonator (SIR)y aRd Thakur [290achieved a
wideband performance from a pentagonal UWB monopokenna by truncating the
feeding vertex in order to reduce the impedancéeatling point. An equation for
calculating the side length of the pentagon toexahidesired lower frequency was also
presented by equating the surface area of pentagoal to that of a cylindrical wire
monopole.

In 2015, Ershadh [291presented the detailed methodology of designimy th
antenna structure presented by his group J[2Bilveira et al. [292] presented a
microstrip line fed UWB monopole antenna. The ramtiavas derived by attaching two
distinct elliptical monopoles along their major ax&he ground plane was comprising a

triangular groove, whose centre was aligned wighféedline.



INTRODUCTION| 45

Kahar et al. [293] designed and investigated a dodecagon UWB monopole
antenna for breast tumor detection applicationsaStava and Mohan [294roposed a
dual band notched UWB monopole antenna. Its radiats derived from a circular
patch by subtracting three similar circular arcsrfrthe reference patch. The bandwidth
was enhanced by introducing three notches in th#gapeectangular ground plane. Dual
band notch characteristics were achieved by loatti@gadiator with an elliptical slot to
reject WIMAX band and by loading the ground planghwG shaped slot to reject
WLAN band.

Tanget al. [295 designed a convex shaped UWB slot antenna witd batch
characteristics for WLAN band. The radiator wasoawex shaped patch loaded with
elliptical and rectangular slots. The partial regidar ground plane was loaded with a
rectangular slit and a rectangular backed planslaore radiator was also loaded with
rectangular slot. Mandat al. [296] presented a microstrip line fed square monopole
loaded with star shaped slot at its centre and &ociishaped notches at its four corners
for wideband performance. The band notch charatiesi were achieved by using a
plus shaped conductor backed plane. Ojaroudi aradli@ti [297 designed a microstrip
line fed rectangular monopole antenna for UWB mia@wee imaging applications by
loading the rectangular ground plane with rotategdhBped slot and an E-shaped
conductor backed plane.

Srivastavaet al. [298] loaded the partial rectangular plane of a ringpsda
monopole with rectangular slots to achieve widebpaedormance. Three band notch
functions for WiIMAX, WLAN and X band were realizd®y loading the radiator with
an elliptical spilt ring slot (ESRS) and two quarteavelength arc-shaped slots along

with a pair of single rectangular split ring restmmanear the feed line.
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Mandal and Das [299enhanced the bandwidth of a spanner monopole by
loading the radiator with 2-step notches and tlweigd plane with a rectangular notch.
The Bluetooth band was integrated by loading thetpaith a rectangular notch and
embedding a rectangular strip in that notch. Thedbeejection function for WLAN
band was realized by using a mushroom type EBQGtsire. After this, Wu and Liu
[300] came forward with a symmetrically fed twin shagd@B monopole antenna.
The WLAN band notch characteristics were achiewetbading the antenna with a pair
of L-shaped slots.

Further, Siddiquet al. [301] introduced dual band frequency notch centered at
5.34 & 7.95 GHz and wideband frequency notch ferfiequency band of 6.2-6.9 GHz
in a CPW fed circular monopole antenna by loadmg pairs of split ring resonators on
the back side of CPW feedline. Thereafter, Bekasewnd Koziel [30R designed an
elliptical UWB monopole antenna with meander linedaa pair of slits by using
Surrogate based optimization method involving arilany coarse-discretization EM
model for reducing the optimization time and byngsPenalty function approach to
reduce the antenna footprint.

1.2.2 Fractal Antenna

The term “Fractal” means linguistically “brokent Hfractured” from the Latin
“fractus”. Fractals are geometrical shapes, whrehself-similar, repeating themselves
at different scales. The original inspiration ftwetdevelopment of fractal geometry
came largely from an in-depth study of the pattefnsature.

Several fractal functions were developed by ctassathematicians like G.
Cantor (1872), G. Peano (1890), D. Hilbert (1891). Koch (1904), W. Sierpinski

(1916), G. Julia (1918) and other personalitie®sEhfunctions played an important role
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in Mandelbrot's work (1970s) [303-3D4f coining the term “fractal” for the first time
to describe a family of complex shapes that posaessherent self-similarity in their
geometrical structure. Then the practical applidgtof fractals is explored in different
branches of science and technology.

Fractal electrodynamics is one of those explomatd¢hes of technology. In this
research area, the fractal geometry is combinetl eléctromagnetic theory for the
analysis and design of antenna systems apart fnentraditional Euclidean geometry.
This new and rapidly growing field of research &ferred to as fractal antenna
engineering. Since fractal geometry is an extensibelassical geometry, its recent
introduction availed the engineers with the unpdecéed opportunity to explore a
virtually limitless number of previously unavailablconfigurations of new and
innovative antenna structures. There are a numbeageometric properties used to
characterize or describe fractals [BO®ne is the characteristic of self-similarity, in
which small regions of the geometry duplicate tHel geometry, only on a reduced
scale. Second is the characteristic of self-affinin which small regions of the
geometry are not identical to the whole geometuy, dre skewed or distorted and on
differing scales. Third is the space filling progyerue to which electrically very long
curves can be fitted into a compact size leadingambenna miniaturization and
bandwidth enhancement. Due to the complex, uneligmhly convoluted and rough
geometry, fractal antennas have enhanced radiptaperties. [305-306

In 2004, Elkamchouchi and Abouelseoud [B@ésigned UWB fractal antenna
operating in the K, Ka and millimeter sub wave mary using Sierpinski Gasket
Triangular patch. In parallel to this, Ghali [J0&esigned an UWB Hilbert curve wire
monopole antenna by using resistive loading in wiee monopole for bandwidth

enhancement.
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It was followed by Luleet al's [309] work in which they designed a Koch island
fractal boundary UWB dipole antenna by using 1/8& mn a triangular patch antenna
and used the FDTD method for the numerical anabysits behaviour. It was observed
that, with the increase in number of iterations thgonance frequency shifts towards
lower frequency but the impedance bandwidth deeeatong with increase in the Q
factor.

One year later in 2005, Let al.[310] introduced band notch characteristics in
an UWB antenna by using fractal structure tunindpsOn the other hand, Kamchouchi
and Abonelseoud [3]1utilized the concept of Repeated Kernel Array atidstrip

Patches (ReKAMP) to achieve ultra-wide bandwidthuling triangular, circular and
square patches.

In the same year, Jamshidifat. al. [312] miniaturized the size of a
conventional square patch antenna by introduciagtdét concept to it. On the other
hand, Madany and Elkamchouchi [31&nalyzed an ultra-wideband like fractal
microstrip patch antenna by using non-uniform phmtobandgap (PBG) substrate
structure. It was observed that PBGs enhanced soodes and weakened others. This
concept was used to control the antenna bandwidth.

In 2006, Luiet al. [314] designed a fractal slot UWB antenna comprising a
microstrip line fed tuning fork shaped radiator atath fractal loaded wide slot in the
ground plane for band rejection function. In pagiatb this, Dinget al [315 presented
a CPW-fed ultra-wideband crown circular fractaleamma, designed by using circular
patch antenna as a basic structure. On the otinek, Kaupeninet. al.[316] studied the
multiband behaviour of the fractal cluster by meahsumerical analysis. They used
two dimensional fractal clusters to design an mtagshaped fractal for ultra-wideband

radio systems.
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Thereafter in 2007, Dingt al. [317] designed an UWB fractal antenna by
inscribing triangular fractal structure inside ecalar patch antenna.

In 2008, Jahromi and Falahati [318esigned two configurations of UWB
fractal antenna by using standing Penta-Gasket-KB&K) fractal radiating patch fed
by conventional method in one configuration and dymbination of CPW and
conventional feeding in another configuration. dafir[319 presented a Sierpinski-
Carpet-Circular dual band monopole antenna. THheater structure was achieved by
integrating the Sierpinski carpet and the semitarcantenna geometry. It had a conical
beam and radiation pattern having no notch on topntenna such as conventional
monopole antenna.

In the same year, Khaat al.[320] designed an UWB apollonian shaped circular
monopole antenna by using the Descartes circler¢heoThe results were compared
with that of a circular disc monopole antenna amaugar monopole. It was followed by
Jahromi and Komjani's [321] work in which they dgsd two UWB fractal antenna
geometries i.e. Penta-Gasket-Koch (PGK) and Conmghtany-Penta-Gasket-Koch
(CPGK) by loading the pentagonal radiating patcthwmall pentagonal slots to form
the Koch curves. On the other side, Patlal. [322] designed two configurations of
microstrip line fed Tree-shaped UWB fractal antebgaising three rectangular patches
in one configuration and three trapezoidal patchesother configuration placing them
one over another and partial ground plane. It veasahstrated that the lower band edge
frequency is decreasing with increase in numbéecdtions.

Similarly, Khanet al. [323] designed a circular UWB fractal monopole antenna
by utilizing the concept of Descartes circle th@e@®CT) with elliptical iterations i.e.

by using apollonian geometry. Azari and Rowhan#]32ut forward a hexagonal UWB
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fractal antenna fed by a coaxial probe at its vesti Penget al. [325] presented a
barbell-shaped UWB fractal antenna comprising ab twee-shaped radiating patches
along with partial ground plane.

In the same year, Sharma and Shrivastava][828igned an elliptical UWB
fractal antenna by loading the elliptical radiatipgtch with elliptical slots based on
Descartes theorem. Both Yeb al.[327] and Leeet al. [328] enhanced the bandwidth
of a microstrip line fed trapezoidal UWB fractaltamna by introducing triangular
fractal shapes on the patch and by using partalrgt plane.

Later in 2009, Kumaet al. [329] designed a CPW-fed UWB fractal antenna by
inscribing an octagon inside a rotated square patthtveev and Potapov [3BO
designed two UWB fractal antenna configurationsedasn circular fractal antenna.
Krishnaet al. [331] improved the bandwidth performance of a microsteigp antenna
by introducing 2" iteration of Koch fractal slot on the rectangukmound plane.
Husseiniet al.[332] designed two microstrip line fed UWB fractal antea comprising
of rectangular patch and partial ground plane. Qiesign comprised a simple
rectangular patch and a semicircular ground plananother configuration, first design
was modified by rounding the corners of the patold #ntroducing second order
Sierpinski carpet. Falahatt al.[333] introduced band-notch characteristics in an UWB
antenna by loading the radiating patch with binaeg- slots.

Ramadaret al.[334] designed an UWB antenna by using trapezoidal aiame
between the I-shaped feed line and modifi8diration Sierpinski carpet radiating
patch with a partial ground plane. The width of #menna was less than the length due
to the fact that on reducing the width, the plamamnopole operates similar to printed

thin monopole and its ability to retain omnidirectal horizontal patterns over its
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operating band improves significantly. Kumar andldttasi [335 designed a CPW-fed
square shaped fractal dual band antenna.

In 2010, Kumar and Malathi [3B@lesigned a CPW-fed UWB fractal antenna by
loading the circular radiating patch with an eqeifal triangular slot to create the
generator to be used for th8 drder iterative fractal antenna. This antennacstire had
very low backscattering losses as compared tocalair radiating patch. On the other
hand, Neyestanakt al. [337] presented a CPW-fed fractal UWB antenna by using
fractal radiating patch and loading the rectanggtaund plane with rectangular slot. In
parallel to this,

Xu et al. [338] modified a square slot UWB antenna to reduce &SRy
introducing Koch fractal curves at the edges ofdfjeare slot and by using rectangular
loop patch instead of rectangular patch. The amtdrandwidth improved due to the

self-loaded characteristics of the fractal anteaftar three iterations, which increased
the slot perimeter and reduced the metal areaed$ltit.  Kumar and Sawant [339
designed a CPW-fed fourth iterative UWB fractalesoma by inscribing a square patch
inside a circular monopole. They [340-34iniaturized the antenna size and
introduced band notch characteristics in the atmgetioned structure [33®y loading
the feedline with an U-shaped slot. The bandwidts valso reduced. Same authors
[342] inscribed inequilateral triangle into the circufatch antenna and then repeated
this resulting structure for iterations non-conceatly to achieve ultra-wideband

performance.
Thereafter, Weet al. [343] designed a dual band fractal antenna by integyatin
Koch curves at the edges of a square patch whildaded with triangular slots. Azari

[344] applied a generator on the edges of a wire sqoapeantenna to design a dual
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band UWB fractal wire loop antenna. Similarly, Rohand Azari [34} applied Koch
curves at the edges of a wire square loop antem@ahieve the final structure of an
UWB Koch fractal antenna. It is followed by KumardaBansode's [346] work in which
they designed a CPW fed UWB circular fractal anteftmased on Descartes Circle
Theorem.

In the same year, Kumar and Malathi [B4ithieved an ultra-wide bandwidth
from a CPW-fed wheel shaped UWB fractal antennanbgribing triangles in circular
patch up to four iterations. Zadet al. [348] designed a microstrip line fed circular
multifractal UWB monopole antenna by combining theegments of equél= 27 /3)
but different radius. With the increase of the uadithe impedance bandwidth
performance was getting improved but the lower bfiaduency was decreasing and
due to the asymmetric antenna structure the fewx dosition was also affecting the
antenna performance.

In 2011, Jahromet al. [349] designed two configurations of the fractal UWB
antenna by using conventional feeding for stanfliagtal antenna in one configuration
and a combination of CPW ground plane & convenliofeeding in another
configuration along with square Sierpinski Carpeicfal patch. Kumaet al. [350]
derived a wheel shaped UWB fractal antenna by t@pdi star shaped patch with
circular slots and then repeating this structuriiither iterations.

Karmakaret al. [35]] designed an UWB fractal antenna comprising a
square patch with rectangular slots acting asdtattuctures and a rectangular ground
plane having modified von Koch curve shape on e tdge for bandwidth
enhancement. The WLAN band-rejection charactesistiere achieved by loading the

radiating patch with open-ended quarter waveleslyits.
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In parallel to these works, Kumar and Malathi [BB2signed a diamond shaped
UWB fractal antenna. Its generator was creator idithg a circular monopole into
nine equal arcs, scrapping isosceles trianglesrd@wthe inner side of each arc at an
angle of 40 from the perpendicular bisector of each node (edgach arc) and etching
circular slots on the inner side of each node exttepnode connected by the feed line
to the centre.

Later, Ghanbaret al. [353] enhanced the bandwidth of a microstrip line fed
circular disc monopole antenna by loading the tadiaircumference with circular
fractal structures, for miniaturization and redowtdf first resonance frequency, and by
introducing three slits on the upper edge of thmugd plane. Sayidmarie and Fadhel
[354] designed two UWB fractal antennae by the supetipasof two rectangular and
triangular patches. Due to the superposition ofllsamal large rectangular patches along
the longer edges, their individual performances ggper positioned resulting into
overall UWB performance of the composite fractateana. Applying the above
mentioned idea on triangular patches, two configoma i.e. one with the two triangles
sharing the same vertex and one with two triandlasing the same slope were
designed. The configuration of same vertex offete slopes, and hence was
anticipated to give better performance.

In the same year, Oraizi and Hedayati [BS®signed a microstrip line fed
monopole UWB fractal antenna composed of a cirauletallic patch with a square slot
having radial arrow fractal slot patterns on eatchsovertices and broken partial ground
plane (PGP) with Hilbert fractal slots on it. Kunaard Chaubey [33&lesigned a CPW-
fed UWB fractal antenna by inscribing pentagonadlfcactals on the circular patch with

a modified ground plane and modified feed line.
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Jahromiet al. [357] introduced dual band-notch characteristics byahicing a
binary tree of third iterative order having stembi@nch ratio of 1.0 and the branch
splitting angle of 120to the radiating patch of a CPW-fed UWB fractalesima. It was
concluded that the addition of the band-notch stingcto the non-radiating part of the
antenna eliminates the undesired spatial-depemdehtand properties. Natarajamani
et al.[358] designed a CPW-fed UWB fractal antenna havinggredance bandwidth
of 3-11 GHz with dual band-notch functions. The dxagjection function was realized
by inserting the hook-shaped slits design on thehpahereas for the second band
rejection function, two L-shaped slots were etchado the rectangular ground plane.
Ghataket al.[359) designed a CPW-fed circular shaped Sierpinskietdractal UWB
monopole antenna composed of a circular patch aatevith circular slots of radius
calculated by using the one-third rule and intretuband-rejection characteristics by
introducing half-wavelength meander line slot.

Li et al.[360] enhanced the bandwidth of a CPW-fed Cantor Setdrantenna
by introducing two symmetrical triangular taperemtrers at the bottom of the wide
slot. The band notch characteristic was achieyedsing T-shaped tuning stub at the
top of the wide slot. It was observed that the badth increases further on increasing
the cantor order. Kumar and Sawant [B@&signed a CPW-fed UWB fractal antenna
by inscribing a square in a circle. Kumar and H{&®2] designed an UWB fractal
monopole antenna composed of a square patch vatiafr structures for additional
resonances resulting into wider bandwidth and CR®dihg with a modified ground
plane, composed of a rectangular ground plane thite circular sections. Oraizi and
Hedayati [363 designed an UWB fractal antenna by introducings€pe Peano fractal

on the edges of a square patch, and a SierpinsgeClactal on its surface fed by a
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microstrip line with a matching section and senfipgtal ground plane. The
performance of Giusepe Peano was found to be kéterKoch, T-Type, Minkowski

fractals. Kumar [36} enhanced the gain of a UWB fractal circular disteana by

introducing the CPW feeding technique with L-shapedund. Its cross polarization
level was decreasing with increase in frequency.

Pourahmadazaet al. [365 achieved an ultra-wideband performance in a
microstrip-fed T-shaped patch with semicircularugrd plane by introducing modified
Pythagorean tree fractal to create additional rasoes leading to bandwidth
enhancement. Due to the utilization of modifiecetfeactal, the antenna size also got
miniaturized. Xuet al. [366] designed an UWB fractal slot antenna by loading a
rectangular patch with modified Koch fractal sldtaving extrusive angles of 90
instead of conventional 80fed by an offset rectangular microstrip loop @a&t of an
offset rectangular microstrip patch for bandwidtih@ncement and reduction of RCS.

Falahatiet al. [367] enhanced the bandwidth of a Penta gasket Kochiafrac
antenna by combining it with a planar monopole dtire feed to design a hybrid
radiating structure. Due to this hybrid structutiee conventional probe feeding is
changed to grounded coplanar waveguide feed. éial. [368] introduced band reject
characteristics in a CPW fed rectangular UWB ardebg etching equation based
Hilbert curve slots on the radiating patch. Karnra&a al. [369] designed an UWB
fractal antenna by introducing Sierpinski carpatfal structure on the radiating patch
and the ground plane for the miniaturization anddwéadth enhancement. The dual
band notch characteristics had been introducedagihg the ground plane with two
open-ended quarter wavelength L-shaped slots foMAM band and two half-

wavelength U-shaped slots for IEEE802.11a and HIFENR2 bands.
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In 2012, Sawangt al.[370] designed an UWB fractal antenna with band notch
characteristics by inscribing a square patch insidécular monopole and loading the
feed line with N-shaped slot. let al. [371] designed two configurations of cantor set
fractal UWB antenna with switchable band notch abtaristics. The reconfigurable
band notch characteristics for the WLAN/WIMAX bamgsre introduced by loading
the CPW ground plane with U-shaped slots in ondigoration and inserting T-shaped
stub in another configuration along with switchesthieve switchable property. Omar
[372] designed a CPW-fed UWB fractal antenna by intratipsquare shaped Koch-
fractals on the sides of an equilateral trianglae Tnitial length of the side of the
triangle was calculated so that the antenna ressimatts TMo mode.

In parallel to this, Kumar and Chaubey [3d&signed a CPW-feed UWB fractal
antenna for DS-CDMA applications by developing aeetfike fractal structure. Its
monostatic RCS was found to be reducing at higrezjuencies due to the object size
greater than wavelength and vice versa. It hadealiphase.

Kumar and Kokate [374achieved an UWB bandwidth in a CPW-fed fractal
antenna by introducing matching strips in the gbplane inclined at some angle from
the centre of the patch. Moghadasial. [375 enhanced the bandwidth of a fractal-
based monopole antenna by using the concept adasirg the unit-cells of the fractal
tree resulting in proportional increase in the acef current paths i.e. additional
resonances without significantly impacting on thteana’s physical size to make it
suitable for UWB applications. It consists of aiadithg patch having repeating pattern
of unit-cells to create a fractal tree, and a sewutar ground-plane. An effective
impedance matching and return-loss characteristitls linear phase variations had
been achieved by utilizing the configuration in @hhihe ground plane surface covers a

portion of the tree’s stem or feed line.
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Kumaret al. [376] designed a tapered microstrip line fed UWB fraataenna
by introducing Giusepe Peano fractal on the eddesrectangular patch antenna and
Sierpinski Carpet fractal in the square patch ding the patch with circular slots.
Karmakar et al. [377] achieved band notch characteristics for IEEE 80®.and
HYPERLAN/2) by loading the CPW-fed ice cream coiacp with Hilbert Curve slots
and for X-band uplink satellite communication systeby etching two symmetrical
Hilbert shaped slots on the ground plane. Kuretral. [378] achieved an UWB
bandwidth in a CPW-fed circular patch monopole angeby inscribing inclined fractal
polyhedrons in various concentric circles inside fhatch to increase the resonance
frequency in higher frequencies.

Ghataket al. [379 designed a CPW-fed circular UWB fractal antenna by
inscribing Sierpinski gasket triangular fractalustures inside the circular patch. The
band notch function for the WLAN band had been e by introducing L-shaped
slot on the ground plane. The slots had their ggenaend which makes them to act as
guarter wavelength resonator having infinite impesaat the open end. Due to this the
impedance at the feeding point looking into theonegor appears to be short circuited
resulting into reflection of excited surface cutressulting in reduced radiation at the
notch frequency. Goragt al. [380] designed an UWB Sierpinski fractal binomial
tapered planar monopole antenna by using equasisadbbinomial tapered patch with
Sierpinski carpet fractal structures etched omd the band over 10.6 GHz had been
rejected by using split ring slot. let al. [381] designed a CPW-fed UWB fractal
antenna using Koch fractal shaped patch and reaf@nground plane. Karmakat al.
[382] investigated a CPW-fed “Y” shaped UWB fractal am& by loading the patch

with hexagonal slots and the ground plane withganski Carpet slots.
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Cook et al. [383-384 designed an inkjet-printed UWB antenna on paper
substrate by using tapered Sierpinski Gasket fracgaching network to improve the
impedance matching over the entire UWB band. Intteroconfiguration, an UWB
fractal antenna was designed by applying the iterdtinction system based complex
geometry as a combination of Koch Snowflake fraatad the Sierpinski gasket fractal
to a microstrip monopole antenna. &f al. [385] presented a CPW-fed wide slot
Cantor set fractal MIMO diversity UWB antenna byingstwo identical Cantor set
fractal radiating patches. Multiple slots were leddon the CPW ground plane to
improve the isolation performance of the antenna.

Kumar and Nikam [386enhanced the bandwidth of an appollian gasketdrac
antenna by modifying the radiator structure andiragldwo semi-circular metallic
surfaces to the rectangular coplanar waveguidengrplane. The radiator structure was
modified by loading it with iterative structuresgsulting into shifting of lower band
edge frequency towards the lower side and enharleangize of the radiator.

In 2013, Moghadaset al. [387] designed a CPW-fed UWB fractal antenna
consisting a tree-like fractal structure as rad@gpatch and a modified ground plane.
The ground plane was modified by curving its uppége and etching rectangular slots
from its sides to improve the impedance matchirglileg to bandwidth enhancement.
The band notch function was achieved by introduéohded T-shaped element on the
radiating patch.

Biswaset al. [388] designed a microstrip line fed UWB fractal anterina
introducing Sierpinski carpet slots on the circuladiating patch and truncating the
rectangular ground plane in steps for improving ithpedance matching. The WLAN
band-rejection function was realized by introdudiadf wavelength long U-slots on the

ground plane.
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Karmakaret al. [389] enhanced the bandwidth of a microstrip line fed RIW
fractal antenna by introducing steps on the coneeat rectangular radiating patch and
by loading the rectangular ground plane with frastats. Kimet al. [390] designed a
CPW-fed UWB flower shaped circular fractal monopal@enna by introducing six-
petaled flower fractal pattern in the circular etig patch. Ghatalet al. [39]]
designed a CPW-fed circular UWB fractal antennaubiyng the concept of Descartes
Circle Theorem. The circular radiating patch waadkd with circular fractal slots
whose dimensions were calculated by using the DescaCircle Theorem to
miniaturize the antenna size and enhance the inmgedaandwidth. The WLAN band
notch characteristics were achieved by loadinggtioeind plane with two symmetrical
L-shaped slots.

Ghataket al. [392] designed a CPW-fed hexagonal UWB fractal antenna b
loading the hexagonal patch with hexagonal Siekpi@arpet fractal structures up to
two iterations to reduce the antenna size and eehtre impedance bandwidth. The
band rejection function was introduced by loadihg patch with “Y” shaped slot
extending into feed line. Kumar and Choubey [B@@&signed an UWB pentagonal
circular fractal antenna by etching twelve pentadosiots between two concentric
circles. The band notch characteristic was realaethtroducing ring resonator slot in
the CPW feed line.

Kushwaha and Kumar [394lesigned an UWB fractal antenna with defected
ground plane by inscribing tilted square in a dacyatch fed by a tapered microstrip
line. The ground plane was loaded with multipletsland an L-strip was also
introduced into the ground plane. For further baidtlwenhancement, three shapes of
EBG structures i.e. Mushroom type, Cross hair igpd Swastik type were introduced

to the antenna by reducing the substrate thickness.
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Kumar and Gaikwad [39Tdesigned a nano-arm fractal UWB antenna by using
rounded corner CPW ground plane and wheel shapdidtireg patch. Fallahi and
Atlasbaf [39¢ designed UWB fractal antenna by adding small pmiyghapes to the
corners of the antenna radiator to enhance thedenmpe bandwidth by achieving multi
resonance operation in a small area. Igadl. [397] designed a CPW fed heptagonal
UWSB fractal antenna by placing heptagonal geomietsuch a manner that heptagonal
structures are concentric arrays of equilaterahgies. Jeemoet al. [398] designed an
UWB multifractal antenna by applying the combinatiof two techniques i.e. Koch
fractal and Sierpinski to a triangular patch angenn

In 2014, Jalali and Sedghi [399-4Qfresented an UWB fractal antenna whose
radiating patch was composed of two iterationseatangular unit cells arranged in a
specific manner and it was CPW-fed. The bandwid#ds wnhanced by loading the
rectangular plane with rectangular slots and natchéarrabiet al. [401] presented an
UWB monopole antenna with dual band notch charsties. The band notch
characteristics had been introduced by loading tdpered radiating patch with a
combination of rectangular slits and semi Minkowfs&ttal slots. Tripathet al. [402]
designed an UWB fractal antenna by using the coation of octagonal patch
geometry and Minkowski curve. The bandwidth perfance was improved by loading
the ground plane with multiple notches and slosm& authors [4(3presented a
Minkowski like fractal antenna for UWB by using adrator generated through an IFS.
The wideband performance was achieved due to nriltggsonance phenomena of
fractal geometry and repetition of similar segmentthe radiator. The initial design of
the antenna was started by combining similar Mingliviike structure segments

maintaining the symmetry on a conventional rectéargomonopole patch antenna. The
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addition of the Minkowski-like structures increaskeé effective length of the antenna
to operate the antenna in UWB range.

Choukiker and Behera [4Ddesigned a microstrip line fed UWB fractal antenna
comprising a modified Sierpinski radiator achievdyy applying Hutchison’s
geometrical transformation algorithm on a squaoé @hd a grooved ground plane. The
WLAN band notch characteristic was achieved by iloguthe feedline withi-slot.

Bounif et al. [405] investigated four UWB fractal antenna structuresst
structure was a simple fractal antenna based oragozal geometry. In second
structure, an electric-magnetic-electric matrix wased to miniaturize the antenna
footprint with little compromise on bandwidth. Reimiag two antennas based on
serrated structure reduced the surface. First oae an ultra-wide band antenna,
whereas the second had WLAN rejection function.shuahaet al.[406] enhanced the
bandwidth and gain of a CPW-fed fractal UWB slotemma by using a frequency
selective surface reflector. The antenna comprais&@PW ground plane loaded with a
combination of two elliptical slots perpendiculargach other, a fourth iterative fractal
radiator and two step feed line. The initial stawet of radiator was designed by
intersecting a vertical ellipse with a horizont#llpse and then loading this structure
with another intersecting structure of a verticadl @ horizontal ellipse. Shambavi and
Alex [407] enhanced the bandwidth of a circular monopole tityoducing fourth
iterative square slot loaded circular radiator. Moem shaped EBG structure was
introduced near to the feedline to realize the WLBahd rejection function.

In 2015, Sawant and Kumar [40®roposed a CPW-fed hexagonal fractal
antenna for UWB applications by using stepping fieed The central portion of the

radiating patch was loaded with hexagonal slot wukess current density. Thereafter
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the central slot was surrounded with smaller hemabslots and then those surrounding
hexagonal slots were surrounded by further reddaeénsional hexagonal slots.

On the other side, Tripatlet al. [409] achieved miniaturization and wideband
performance of an octagonal antenna by using Sigkpifractal geometry. Same
authors [41] proposed a dual band notched octagonal UWB antéeFima wideband
performance was achieved by loading the groundepleith a rectangular notch and by
using octagonal radiator. The band notch funct@mWWiMAX was realized by loading
the radiator with equation based Minkowski fractad for band rejection of WLAN
band dual C-shaped single split ring resonator E3®tch were etched on either side
of feed line.

In the same year, Rajeshkumar and Raghavar] gsigned a microstrip fed U-
shaped UWB fractal monopole antenna with enhan@etiwidth and band notched
characteristics. The self-similar fractal propeidyused in the U-shape monopole to
obtain 2 surface current paths to achieve good impedandehing over a wider
bandwidth. By etching a novel complementary sfig resonator in the ground plane,
the stop bands for wireless local area network HIFFERLAN/2 (5.15-5.825 GHz)

systems were obtained.

1.2.3 Dipole Antenna

Thomaset al. [412] (1994) presented a planar circular elemepold antenna
which provided better performance. In 2001, Schamtd Fullerton [41B designed a
diamond dipole by using isosceles triangular eldmda form an inverted bowtie
antenna. The base and height of the antenna waledsto)/4 at the centre frequency.
It had an ultra-wideband, non-time dispersive respoand matched input impedance

characteristics.
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In 2002, Schantz [4}4designed UWB dipole antenna by using elliptical
elements of different eccentricities. It was foutidit the matching improves with
increasing eccentricity. They had return loss Ibéttan -10 dB for minor axis*0.20.
while the radiation efficiency of more than 50% vedserved for,0.14\.. He analyzed
the planar elliptical dipole as a pair of opposshgtline horns by using the expressions
for slotline impedance and treating the slotlin@ d9®-377Q transformer between the
feed and a circular boundary, calculating the slimths by assuming an exponential
and a Klopfenstein taper and determining anothgerthy the analysis of energy flow
around an ideal dipole. The combined analysis pexvian optimized eccentricity ratio
of 1.50:1 of an elliptical dipole. Morrowt al. [415] presented a rolled edge UWB
dipole antenna derived by rolling the edges of ahdped antenna. The edges were
rolled to minimize the internal clutter resultingto antenna radiation performance
improvement with high directivity.

In 2003, Schantz [4]6prevented the antenna pattern distortion and isyste
performance as observed in centre fed ellipticpbldi [414 by feeding the elliptical
dipole by a balun transformer at the base of therara. Luleet al.[417] carried out the
FDTD analysis of the UWB diamond dipole. Ma andglgtig designed a tapered slot
fed UWB dipole antenna having dual advantageswideband characteristics with
endfire patterns of tapered slot antenna and almostidirectional patterns in the H-
plane of printed dipole antennas.

Ye and Lauber [419carried out the simulation study of circular ariipgcal
UWB dipole antenna structures presented by ScHda# by using FDTD technique.
Kim et al. [420] presented a stepped-fat UWB dipole antenna bydnging an

additional arm to the conventional fat dipole. Huklition of this new arm resulted into



INTRODUCTION| 64

additional controlling factors through which thetetma performance can be modified
in a better way.

In 2004, Zheret al. [421] carried out the FDTD analysis of two UWB dipole
antenna configurations i.e. UWB dipole antenna igométion developed by inscribing
a sphere at the base of a cone antenna and armhBguration developed from
circular disc monopoles. Tagucet al. [422] designed a centre fed resistance-loaded
planar dipole antenna within a rectangular pariigled cavity. The back radiations
had been prevented by placing a conducting platkeaback plane of the cavity. Zhao
[423] designed a band notched UWB dipole antenna steuttyicombining a radiating
patch with two additional stubs. The wider cenfpakch contributed mainly in the
antenna gain while the other two side stubs orhesmtcoupled to it were providing a
frequency band expanding effect.

In 2005, Luleet al. [424] derived a diamond shaped dipole antenna for UWB
applications from a circular disc by trimming itgpt part to the shape of a planar
inverted cone without affecting the bottom part ethacted as the feeding edge. Same
authors [425 presented a tear drop shaped UWB dipole anteratetbwith elliptical
slot. Horita and Iwasaki [426presented an asymmetric trapezoid UWB dipole anaten
comprising two asymmetric trapezoids as two polésthe dipole. Sevskiy and
Wiesbeck [42F investigated H, S, Z, X, Y configurations of logripdic dipole antenna
for UWB and multiband operations. Unidirectional;sWaped, and conical radiation
patterns were obtained by using metal plate reftsctMa and Jeng [42&resented a
detailed study of the anterfié with the replacement of curved reflector by a
rectangular reflector. The proposed antenna coexgbaswide-band tapered slot feeding

structure and a pair of curved strips for uniformergy radiation. The antenna’s inband
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impedance matching had been improved by addingdditi@nal parasitic element in
front of the feeding aperture. Wu and Chen [428rried out the comparison of four
dipole antenna configurations for the impedance chiat), realized gain, and
polarization over the UWB band.

In 2006, Zhanget al. [430] designed a microstrip fed planar elliptical UWB
dipole antenna comprising trimmed elliptical radrat fed by a microstrip line.
Karacolak and Topsakal [4Bpresented an UWB dipole antenna configurationvem t
different substrate materials i.e. Rogers RO30Gb laquid Crystal Polymer (LCP). It
comprised radiators in the shape of a rectangatnhphaving a circular section on one
end while a triangular section on the other end iamehs fed by a stepped microstrip
line. Cerney and Mazanek [432nalyzed four wideband dipole antenna structuves f
UWB applications i.e. thick dipole, planar bow-tigpole, planar rhombus dipole,
elliptical dipole and diamond dipole. Two configtioms of the square dipole antenna
were also optimized by using elliptical or semialer basis in one configuration while
the other configuration had triangular basis. Dwka and Vasylenko [433analyzed
the effect of the antenna profile at its feeding tbe impedance matching and the
antenna performance. Three profiles were invegithaé. exponential, logarithmic and
bell shaped. The feeding structure comprised a fieddmicrostrip line, formed by two
parallel strips. The antenna consisted two idehpgated bows, one on the top and one
on the bottom of the substrate material. Park and)$434 derived a stepped fat UWB
dipole antenna from a conventional fat dipole améetonsisting two square monopoles.

In 2007, Li et al. [435 designed an UWB dipole antenna for wireless
communication by using two C-shaped radiating etf@sehorted to each other by the
use of shorting strips. The use of C-shaped rad@tol shorting strips resulted into

miniaturization of the antenna size.
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Kanayaet al. [436] modified a CPW fed standard rectangular slot waeb
dipole antenna to derive an UWB slot dipole antempnéading the CPW ground plane
with two rectangular slots. Katsuta and Iwasaki 7}43nodified the asymmetric
trapezoid dipole antenna [4R60 introduce an additional band by loading theyéar
trapezoid with slots and introduced band rejectiorction by loading the smaller patch
with slots.

Horita and Iwasaki [438presented the effect of patch dimensions on the
performance of dipole antenna [428ong with the excited activation mode. The lower
resonance frequency was shifted towards lower stk an additional resonance was
excited between lower resonance and higher resenaycemoving the upper half of
both asymmetric trapezoid radiators. Cerny and Mekg439-44( carried out the
optimization of the dipole antenna dimensions &létdor the UWB applications by
using PSO algorithm in MATLAB and CST. Two feediteghniques i.e. guide the
feeding signal in the dipole axis, since dipole énaero radiation in the direction of
dipole axis and feed the monopole directly by arostrip line were also presented.

In 2008, Zhangt al.[441] extended the dipole antenna structifre derive the
microstrip fed semi-elliptical dipole antenna fovMB applications. It was composed of
two trimmed semi-elliptical radiation patches andtnwstrip-slot coupling structure.
The antenna structure was miniaturized by cutting mon-radiating portion of the
radiator and the band notched characteristics wereduced by loading the upper
radiation patch with rectangular slot. Getaal.[442] presented an UWB dipole antenna
comprising two microstrip line fed rectangular gegs in opposite direction and printed
on opposite sides of the substrate. Zhang and V4@ presented an UWB dipole

antenna having two U-shaped radiators. It had tatfénsfer function response as a
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transmitter but while for the receiver case it éased beyond 8 GHz due to the out of
phase radiation from two edges of the U-shaped atrttsose frequencies. Quintero and
Skrivervik [444 analyzed four rotated configurations of an eléigtidipole antenna fed
by a coplanar stripline. Leet al. [445 put forward a printed circuit board elliptical
dipole antenna for UWB applications comprising tefliptical shaped radiators to
produce a broad-beamwidth and broad bandwidth m#ar polarization. The lower
radiator was loaded with an elliptical slot to aneonodate microstrip feedline extending
into the dipole center or the attached point of tihe adjacent elliptical radiators. A
broad bandwidth had been achieved by the formatianultiple semi-elliptic thin-line
dipoles of varying lengths resulting into excitatiof multi-linear modes. Pergol and
Zieniutycz [448 presented an UWB dipole antenna having radiat@migded by
combining a triangle with a trapezium to reduce siee of radiator without affecting
the antenna performance. In 2009, same authord gefwiched the circular dipole
radiators between two dielectric materials to aghia size reduction of approximately
20% with an improvement in the return loss.

Tseng and Hsu [44&esigned an UWB dipole antenna by using annukay ri
shaped radiators loaded with rectangular slots fiee impedance bandwidth
enhancement. The band notched characteristic viamlirted by etching four slits on
the ground plane. Huanet al. [449 modified a conventional bow tie antenna by
chiseling two sided-coupled stubs and tuning grolimel to reach balanced input to
achieve wider bandwidth and ISM band rejection. Tddiators were fed by a sectional
binomial transformer feedline.

In 2010, Huet al. [450 presented an UWB dipole antenna comprising two
trapezoidal patches. The band rejection functiors watroduced by loading the

trapezoidal patches with T-shaped slots.
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Sambavi and Alex [491 designed an UWB dipole antenna exhibiting
polarization diversity. The radiating structure waesigned by the orthogonal
combination of five dipole strips of different remmt length. The band notch
characteristic was achieved by loading the pantetangular ground plane with
inverted L-shaped slots. Nazit al. [452] improved the characteristics of a printed
elliptical UWB dipole antenna by loading the dipalens with elliptical slots.

In 2011, Nairet al. [453] presented a slot fed directive dipole antenndJiB
applications. The upper corners of the rectangsler line were flared to form two
semicircular patches on the same planeetal. [454] designed a printed log periodic
dipole antenna (PLPDA) for UWB applications by wsien dipole elements and half
mode substrate integrated waveguide (HMSIW) Balure bandwidth of the PLPDA
got enhanced on increasing the number of dipolenets. Multiple band-notch
characteristics for the resonance frequencies iméneduced by etching U-shaped slots.
Lin et al. [455] resolved the feeding problem of dipole antennaubing quasi-
microstrip line for transition, which helps into ethconversion of a unbalanced
transmission line connecting the dipole wafers mtoalanced microstrip line resulting
into balanced feeding of the antenna. To prevent ithpairment of the radiation
patterns in case of dipole antenna printed on bitbs of the substrate, the two dipole
arms were printed on the same side of substrat@aadranch of balanced microstrip
line was directly connected to one dipole arm, ekile other dipole arm was connected
with other side's balanced microstrip line throagmetal-via-hole on the extended strip.

In 2012, Linet al. [456] carried out the radiation characteristic analygign
ultra-wideband (UWB) printed dipole antenna withmsgrcular dipoles by using

surface current of the antenna in the equivaleayaadiation models of standing wave
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current at low frequencies and traveling wave aurr@ higher frequencies. Later,
Dumoulinet al.[457] used square root raised cosine (SRRC) pulse tg oat the time
domain analysis of an UWB dipole antenna designediding Bézier spline shapes.
Genetic algorithm was used to refine the Beziemspshapes to simultaneously take
account of both frequency- and time-domain criteria

In 2013, Khandelwaét al. [458] presented a parallel stripline fed log periodic
dipole antenna comprising 17 dipole elements ofrtguavavelength length. Rolled
defective ground plane was used to achieve UWB ad@ristics. The rectangular
feedline is loaded with an U shaped slot to achi®&\N band notch characteristics.

In 2015, Kozielet al. [459 designed a coplanar stripline (CPS) fed dipole
antenna with integrated balun by using the suredmsed optimization technique to
achieve the final antenna structure at low compariat costs and at a high-fidelity
level of structure description. Later on, Juegal. [460] designed a planar dipole
antenna based on modified Taegeuk structure ane\acha size reduction of 22.8 % in
comparison to half wavelength dipole at lower dfifrequency.

From the brief literature survey, it is observedtta lot of work concentrating to
the various techniques of enhancing the bandwidthnainiaturization of the microstrip
antenna to serve different communication applicatioas been done on the topic. Still
there is a scope to further miniaturize the antesima with enhanced bandwidth. In
view of this, author has endeavored to take up tbmic for the investigation.
Consequently the details of both simulation andeerpental investigations embody the
thesis. However, in the following chapter the dethistudy of various ultra-wideband

microstrip antenna structures are discussed.



