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CHAPTER 3 ASYMMETRICALLY CPW-FED LADDER-SHAPED UWB

FRACTAL ANTENNA

3.1 Introduction

From the literature survey, it is found that thetemna structure can be
minimized by using the concept of fractals. By gsinactals, a large electrical path
length can be achieved in a very small space witltiband performance due to the
properties of space filling and self-similarity. i$hmultiband characteristic results into
the overlapping of multiple bands to provide a vligied performance with miniaturized
size.

This chapter presents the design and analysisadfler shaped antenna
configuration based on tree shaped fractal antéom&/WB applications by using H-
shaped radiating elements. Its simulated and expeatal results have been analyzed.
The frequency domain analysis is performed by corniaky available electromagnetic
simulation software Ansoft HFSS [477] version 11.1.

The name HFSS stands for High Frequency StrucBimeulator. HFSS is a
high-performance full-wave electromagnetic (EM)Idiesimulator for arbitrary 3D
volumetric passive device modeling that takes athgm of the familiar Microsoft
Windows graphical user interface. It integrates utation, visualization, solid
modeling, and automation in an easy-to-learn enwrent where solutions 3D EM
problems are quickly and accurately obtained. And&iSS employs the Finite Element
Method (FEM), adaptive meshing, and brilliant graphto give unparalleled
performance and insight to all 3D EM problems. Ah$t~SS can be used to calculate

parameters such as S-parameters, resonant Fregaeaicields.
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Although various numerical methods are availableliterature but suitable
mathematical modeling for analysis of UWB antenisasot available presently hence
the verification of HFSS results and time domairalgsis of the proposed antenna
structures is carried out using CST Microwave Siwstiftware [478]. CST Microwave
Studio (CST MWS) is the leading edge tool for thstfand accurate simulation of high
frequency devices. It enables the fast and accarabysis of antennas, filters, couplers,
planar, multi-layer structures, SI and EMC effeets. It is based on Finite Integration
Technique (FIT). Application areas of CST MWS imdgu Microwaves & RF,

EDA/Electronics, and EMC/EMI.

3.2  Antenna Design

A fourth iterative ladder-shaped fractal antenmat UWB applications is
investigated. The first iteration H-shaped rad@t@dement is scaled down upto fourth
iteration and all iterative structures were conedcto derive the final structure of
designed antenna. The designed antenna struckemipées the shape of a ladder. The
impedance matching is improved by using modifieddfme, asymmetrical CPW
feeding and defected ground structure.

The geometry of the designed fourth iteration ldpsd fractal antenna is
demonstrated in Figure 3.1 and the optimized dimo@ssare listed in Table 3.1. An
FR-4 epoxy substrate having a dielectric constdn#.d, loss tangent of 0.02 and
thickness of 1.6 mm is used for the designed amatestructure. The radiator of the
designed antenna structure is composed of foumtiters of H-shaped radiating
element. The first iteration H-shaped radiatingredat is derived from a conventional
rectangular radiating element by loading it wittotvectangular notches along its non-
radiating edges. Thereafter, the derived initiagoiscaled down upto four iterations

according to the following equation:
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D, = D;r*1 (45)
where,
Dn =  Dimension of the fiteration
N = iteration number (1,2,3,4)
r = iteration ratio =W/( W,+2x W)
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Figure 3.1 Proposed fourth iterative ladder shdpedal antenna structure.



LADDER SHAPED UWB FRACTAL ANTENNA | 12€

Table 3.1 Optimized dimensions of the ladder shdmedal antenna

Dimension Value (mm) Dimension Value (mm)
I—sut 16 Vvsut 12
Ly 3.7 W 0.9
L, 1 W, 9.4
L3 3.1 W 0.76
Ly 0.84 W, 7.9
Ls 2.61 W5 0.6
Le 0.7 We 6.62
L; 2.1¢€ W7 0.5¢
Ls 0.€ Wpg 5.5¢€
L 8 Wi 2.8
Li 1 Wi 4.6
Lg 7 t 0.3
W1 5.2 W2 2.8
slot_k 2.3 slot w 1
slot_b 1.75 slot w 1
slot X 4.2 slot_y 1
slot % 1.75 slot_y 0.8
g 0.65 W 1.8

r 0.84(no unit)

The fourth iterative radiator of designed antensaasymmetrically fed by a
microstrip feedline whose upper section is taperetivard to improve the impedance
matching. Coplanar waveguide (CPW) rectangular mpigoianes are used due to their
advantages of coplanarity, easy fabrication, mimmiosses, easy integration with
MMICs etc. The coplanar waveguide ground planeslaegled with rectangular slots
for further impedance matching improvement. SiXedént stages of deriving the first
iteration of designed antenna i.e. asymmetricalBWCfed H-shaped fractal antenna
with slot loaded ground plane are shown in Figu2 3he iterative structures of the

designed antenna are illustrated in Figure 3.3.



LADDER SHAPED UWB FRACTAL ANTENNA | 12¢

e
a

(a) Step | (b) Step Il
(c) Step (d) Step IV

(e) Step V (f) First Iteration

Figure 3.2 Intermediate steps of deriving the ftetation.
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(a) First iteration @acond iteration

=

(c) Third iteration (d)urth iteration

Figure 3.3 Four iterations of the ladder shapeddtaantenna

3.3  Results and Discussion

In this section, various frequency and time domaisults are discussed and
analyzed. These results include reflection coeffiticharacteristic, input impedance
characteristic, radiation patterns, peak gaincigfficy and parametric analysis results in
frequency domain. In time domain analysis subsectibe results like group delay,
fidelity factor, isolation magnitude and phase tove the suitability of the designed

antenna for UWB applications are discussed.
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3.3.1 Reflection Coefficient versus Frequency Charactertgs

The comparison of reflection coefficient versusdirency characteristics for
intermediate steps of deriving the first iteratisrdepicted in Figure 3.4. From Figure
3.4, it is observed that for conventional CPW-fedshtped radiating element, a
possibility of achieving a single operating bangbiesent. Same possibility is observed
for the H-shaped antenna with modified feedliner &ymmetrical feeding of above
mentioned structure, single band of operation lBea®d. On loading the left hand side
CPW ground plane with rectangular slot, the impedamatching is observed to be
improved. The final step of deriving the first &éon structure is to load the right hand
side ground plane with rectangular slot. This diwading further improved the

impedance matching resulting into enhanced bantvatifirst operating band.

seees Step | Step Il Step Il
20 O SteplV Step V = [irst Iteration
3 6 9 12 15
Frequency (GHz)

Reflection Coefficient (dB)

Figure 3.4 Comparison of reflection coefficient idweristics of six intermediate stages
of ladder shaped fractal antenna first iteration.

The variation of reflection coefficient with fregucy for four iterations are
shown in Figure 3.5 and listed in Table 3.2. FromguFe 3.5 and Table 3.2, it is
observed that first iteration of the designed améeas three operating bands i.e. 4.61-

4.77 GHz, 5.87-8.63 GHz and 11.18-12.16 GHz. Fersécond iteration, the bandwidth



LADDER SHAPED UWB FRACTAL ANTENNA | 132

of first & second operating bands got enhanced ftoih® GHz and 2.76 GHz to 0.21
GHz and 4.93 GHz respectively. This bandwidth eobarent is due to the shifting of
lower band edge frequencies towards lower freqesnand vice versa. The bandwidth
of third operating band is also increased but thal tband is shifted from 11.18-12.16
GHz to 11.36-13 GHz. In case of third iteratiomstfi& second bands of operation got
merged resulting into a single wide band of 4.3849GHz and the third band of
operation is shifted from 11.36-13 GHz to 11.51113GHz i.e. two operating bands are
achieved. For the fourth iteration, two operatirapdls obtained for third iteration got

merged providing a single operating band havinglbaath of 4.49-13 GHz.

O First Iteration
Third Iteration

Reflection Coefficient (dB)

O Second lteration
- ourth Iteration

3 6 9 12 15
Frequency (GHz)

Figure 3.5 Reflection coefficient versus frequepbyt for four iterations of the ladder
shaped fractal antenna

Table 3.2 Comparison of antenna performances &matibns of the ladder shaped
fractal antenna structure

Iteration First Second Third Fourth
fl1 (GHz) 4.61 4,52 4,53 4.49
fu1 (GHz) 4.77 4,73 9.94 13
BW (GHz) 0.16 0.21 5.41 8.51
flo (GHz) 5.87 5.2 11.51 -

fr2 (GHZz) 8.63 10.13 13.11 -
BW, (GHz) 2.76 4,93 1.6 -

fis (GHz) 11.18 11.36 - -

fus (GHz) 12.16 13 - -
BW3(GHz) 0.98 1.64 - -
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Before fabrication, the proposed second iteraticactal antenna is again
simulated using CST MWS software based on finiteegration technique (FIT)
numerical technique to verify the HFSS results. Thbricated prototype of the
designed antenna structure is shown in Figure Thé. experimental measurement of
the reflection coefficient versus frequency chardstic for the designed antenna
structure is done by using Anritsu's MS2038C VNAeTcomparison between the
simulated and measured reflection coefficient attarsstic is demonstrated in Figure
3.7 and its quantitative analysis is listed in EaBI3. The slight difference between the
two simulated results is because of the differendbe numerical technique used by the
respective software [225]. Table 3.3 and Figuret@géther indicate that there are some
discrepancies between the simulated and measusatisteThese discrepancies can be
attributed to manufacturing errors (fabricatioretahces, connection misalignment, and
uncertainty in the substrate thickness, dieleatoostant), presence of coaxial cable,
poor quality of subminiature version “A” (SMA) coectors, higher frequency range
limitation of SMA connectors and scattering meams@art environment [222, 113, 145,
225, 142].

3.3.2 VSWR versus Frequency Characteristics

The comparison among the simulated and measured/R/$lots for the
designed antenna structure is shown in FigurelB@ovides the same observation as
given by the reflection coefficient plot.

Table 3.3 Comparison of simulated and measuredvidtid of ladder shaped fractal
antenna

S. No. | Method Lower cutoff, | Higher cutoff, fy | Bandwidth

fL (in GHz) (in GHz) GHz % BW
1. HFSS 4.4¢ 13 8.51 97.2
2. CST 4.5 13 8.t 97.1¢f
3. Measured| 2.66 13.5 10.84 134.16
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Figure 3.6 Prototype of the ladder shaped fract@rana
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Figure 3.7 Comparison of the simulated and measueéidction coefficient versus
frequency characteristics for ladder shaped frastgdnna.
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Figure 3.8 Comparison of the simulated and measW88VR versus frequency
characteristics for ladder shaped fractal antenna
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3.3.3 Input Impedance versus Frequency Characteristic

The variation of real and imaginary parts of siatetl input impedance of
designed antenna with frequency is presented iar€i§.9. It is observed that the real
part is nearly equal to 5Q and the imaginary part is varying arounfX@esulting into
an overall impedance of approximately@Q.e. characteristic impedance of the coaxial
probe. This matching between the input impedancéhefantenna and characteristic

impedance of the coaxial probe reduced the antissas occurring due to reflection.

100

<)

o IJ\

O 50 -

@

o

(]

o

E | l — /\ A

5 |\

= re(Z)_HFSS re(Z)_CS
50 ===im(Z)_HFSS ==im(Z) _CST

3 6 9 12 15

Frequency (GHz)

Figure 3.9 Real and Imaginary part of input impexaversus frequency plots for ladder
shaped fractal antenna.

3.3.4 Surface Current Density Distribution

The simulated current density plots of the desigmatenna at its six resonances
are shown in Figure 3.10. For the first resonancd.@ GHz, concentrated current
density is observed at the edges of feedline, entié CPW ground plane around the
feedline and the lower left section of the firgr#tion. At rest of the antenna surface,

the current density is observed to be uniformlyrdisted.
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Figure 3.10 Simulated surface current distribubbfadder shaped fractal antenna at its
resonance frequencies.
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At the second resonance of 5.5 GHz, it is obsetiad the current density is
uniformly distributed all over the antenna surfagethe connecting edges of feedline
& first iteration and first iteration & second ition, the current density is found to be
slightly high.

In case of third resonance, the current densityb&erved to be high inside the
first iteration structure, at the edges of conmectetween the first & second iteration,
at the tapered transition of feedline and inside tlyht ground plane around the
feedline.

For the fourth resonance at 9.8 GHz, the curremtsily is observed to be
focused inside the first & second iteration, at tb@necting edges between the first &
second iteration and second & third iteration, desithe ground plane around the
feedline.

At the fifth resonance of 11.4 GHz, it is obseribdt the current density is
concentrated around the slot between the secondiré iterations, the edges of the
ground plane around the feedline and inside thalife=

In case of sixth resonance, the current densippbgerved to be concentrated at
the right portion of tapered section of feedlime éhe edge of first iteration connected
to it, at the edges connecting the first & secomdations, inside the ground plane

around the feedline and inside the feedline.

3.3.5 Far Field Radiation Patterns

During the radiation pattern measurement setiystibted in Figure 3.11, the
antenna structure is placed along exis, pointing in the direction ob=0° and
located in theX-Y plane. The is varied from9=0° to 360° to measure the E-plane and

H-plane patterns in thé-Z plane andv—Z plane respectively.
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Figure 3.11 Radiation pattern measurement setulpdioler shaped fractal antenna.

The simulated and measured radiation patterniseofiésigned antenna at its six
resonances in both planes i.e #(°) and H (0=9(°) are depicted in Figure 3.12.

For the first resonance at 4.7 GHz, the patterimth planes are observed to be
omni-directional.

At the second resonance of 5.5 GHz, the E-plariterpais found to be
bidirectional whereas the H-plane pattern is fotomde omnidirectional.

In case of third resonance at 7.1 GHz, the pattara similar to that of second
resonance. For the fourth resonance at 9.8 GHzpdlkterns are observed to be quasi
omnidirectional.

At the fifth resonance of 11.4 GHz, the H-planétgra is observed to be quasi
omnidirectional whereas the omnidirectional E-plgatern is found to be shifting
towards directional.

In case of sixth resonance at 12.6 GHz, the Heplgattern became

omnidirectional whereas the directional patter gfl&ne is directional.
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Figure 3.12 Simulated and measured radiation patittadder shaped fractal antenna
at resonance frequencies.
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3.3.6 Gain and Efficiency Characteristics

Figure 3.13 demonstrates that the measured pedize® gain of designed
antenna is varying with respect to frequency betwaemaximum of 4.68dB and a
minimum of 1.62 dB. The peak gain is increasingwificrease in frequency because at
higher frequencies the wavelength becomes shaertesmparison to the radiation patch

size.
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Figure 3.13 Measured peak realized gain versusiémecy plot for ladder shaped fractal
antenna
The variations of simulated total and radiatioficefncies of the designed

antenna with frequency are depicted in Figure 3tdm this figure, it is observed that
the designed antenna has a radiation efficieneya@e than 80% and a total efficiency
of more than 70% for the entire operating band. &htenna efficiency is decreasing
with increase in frequency due to the varying penfance of different structures of the
antenna including connectors, lossy dielectric BRdstrate and conducting patches the

efficiency decreases with increase in frequency.
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Figure 3.14 Variation of simulated radiation andatcefficiency for ladder shaped
fractal antenna.
3.3.7 Time Domain Analysis

One of the most important characteristics of anBJavitenna is its time domain
behaviour. The time domain behaviour displays th&todion introduced by the
antenna. The time domain analysis of the desigméehaa structure is carried out by
using two identical copies of the antenna structasetransmitter/receiver in two
configurations i.e. Face to Face and Side by Sidewn in Figure 3.15. During the time
domain analysis, a fixed distance of 30 cm is ketiveen the two antenna structures in
both configurations. The variation of normalized phitndes of excited Gaussian
impulse and received pulse in both configuratioith wme are shown in Figure 3.16.
From these normalized values, a well defined patanfigelity factor which is used to
measure the degree of similarity between the irgnd the received signal and is

defined as (46), is calculated.

IZ s (®)s,(t + 1)dr (46)
I2 s @®)12de [ |s.(D)|2dt

F =max
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where,s;(t) ands,(t) are input and received signal. The calculatedeslf fidelity
factor in both configurations, listed in Table 3iddicates that the transmitted pulse is

getting equal dispersion in both configurations.

(a) Face To Face

(b) Side By Side

Figure 3.15 Configurations of the ladder shapectélaantenna for time domain
analysis.
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Figure 3.16 Simulated time domain analysis of laddi@ped fractal antenna

o



LADDER SHAPED UWB FRACTAL ANTENNA | 143

Table 3.4 Fidelity Factor (%) for two configurat®aof ladder shaped fractal antenna

Configuration Face to Face Side by Side
Fidelity Factor (%) | 72 65

Group delay is defined as the negative rate ohghaf transfer function phase
with respect to frequency and is mathematicallgwaked by using following equation
[479]. Itis a measure of signal transition time thitoagdevice.

dp(w)  d¢(w) (47)
dw  2mdf

Tg(w) = —

Where,® is the phase response of the antenna leaisdthe frequency in radians per
second. The phase response and group delay atedrétathe antenna gain response.
The simulated group delay for both configuratiostspwn in Figure 3.17, are varying
between 0 ns to 0.5 ns for maximum portion of therating band except a 2 ns group
delay at the starting frequency. These valuesafigdelay are within the limits of 5 ns

for UWB communication.
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Figure 3.17 Simulated group delay versus frequeraharacteristic for two
configurations of the ladder shaped fractal antenna
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The antenna transfer function is expressed as:

(48)

2ntRcS,{(w)elwR/c
H(w) = \/ le(w )

Where, c is the free space velocity and R is tiséadce between the two antennas
[480]. The variation of magnitude of simulated isolafid®,|, with frequency is
demonstrated in Figure 3.18. It is observed thet nbagnitude of £ has a variation of
15 dB and is linearly decreasing with increaseégtiency for both configurations. For
face to face configuration, the variation is fras® dB to -65 dB. In case of side by side
configuration, the range of variation is betweeh t&-70 dB.

The phase of the simulated isolationy, SShown in Figure 3.19, for both
configurations are observed to varying linearlyhafitequency. this linear variation of
transmission loss phase shows that there will beut@f phase shifting in the received

pulse in both configurations.
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Figure 3.18 Simulated magnitude of isolation forotwonfigurations of the ladder
shaped fractal antenna.
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Figure 3.19 Simulated phase of isolation for twafagurations of the ladder shaped

fractal antenna.

3.3.8 Effect of Different Substrates

During the parametric analysis of the designeéram structure, three different

dielectric materials i.e.

FR-4 Epoxy, Carbon Nafobes(CNT) [481] and

NipCn2Zng Fe04 [482] are used as antenna substrate. The compdrsiween the

reflection coefficient performance of the desigrsedenna structure for three different

substrate materials is shown in Figure 3.20 and thmntitative study is given in Table

3.5. From Figure 3.20 and Table 3.5, it is obsgéet the impedance bandwidth got

enhanced from 8.51 GHz to 10.5 GHz on replacingdisiault FR-4 epoxy substrate

with CNT, having low dielectric constant, and thbole operating bandwidth is shifted

towards higher frequency. It is also observed thHat Nip Cay2ZngsFe0O, material

having higher dielectric constant, the impedancelbédth got reduced to 4.27 GHz.

Table 3.5 Comparison of antenna performances ft@rdint substrate materials

Substrate FR-4 Epoxy CNT Nb 2C0g.2ZNg FE,04
€ 4.4 2.272 5.974

tand 0.02 0.0002 0.00226

fL (GHz) 4.49 5.8 4.68

fy (GHz) 13 16.3 8.95

BW (GHz) 8.51 10.5 4.27
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Figure 3.20 Performance of ladder shaped fractwrea for three different substrate
materials.

3.3.9 Comparison with fractal structures

From Table 3.6, it is observed that the desigm#drma has advantage of typical
size reduction upto 95.35% along with a bandwidth184 % over other fractal
structures available in the literature which happraximately equal lower band edge
frequency.

Table 3.6 Comparison of ladder shaped fractal awatevith previously reported fractal
antenna in terms of dimensions and bandwidth

Bandwidth % Size
Antenna (GH2) % BW Size (mnf) | Reduction
[360] 2.8-11 118.84 26x21 64.84
[322] 2.8-6.2 75.56 20x30 68
[365] 2.6-11.12 124.2 25%25 69.28
[314] 2.85-12 123.23 28x24 71.43
[377] 2.5-12 131.0¢ 25x45.7! 83.21
[368] 2.5-10 120 40x40 88
[31(] 2.6€-10.7¢ 120.7: 48x41 90.2¢
[390] 2.46-13.46 138.19 43x51 91.24
[364] 2.465-15 143.54 50x51 92.47
[393] 2.5-15 142.86 58x52.45 93.69
[374] 2.355-15 145.72 60.1x60.1 94.68
[366] 2.7-15 138.98 63x63 95.16
[395] 2.55-11.84 129.12 63.5%65 95.35
Designed antenna| 2.66-13.5 134.16 16x12 -
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An asymmetrically CPW-fed ladder-shaped fractalteana for UWB
applications is designed and analyzed. The H-shegutidtor is used as initiator or first
iteration structure. The final structure of theisdidg element is achieved by combining
four iterations of the initiator. The effect of & different substrate materials on the
reflection coefficient versus frequency charactmssof the designed antenna structure
is also analyzed. The experimental results valdlatee suitability of the designed
antenna structure for UWB applications. The desigaatenna structure has a very
compact antenna size and wider bandwidth. It wiltlfits use in defence systems,
UWB, radio determination applications, mobile apations, FSS, BBDR, radar
applications, radio astronomy, satellite navigatisystems, MLS, WAS/RLANS,
BFWA, ISM, RTTT, non-specific SRDs, ITS, FWA, SARB, HEST, LEST, MES etc
[483].

The designing and analysis of ladder shaped fract@nna structure led to the
conclusion that the antenna dimensions could b&m®ad by using fractal concept but
it also increased the complexity in the antennaicstire. These complexities are
removed by designing beveled UWB monopole antenmmactsre having wide

bandwidth and simple geometry in the upcoming arapt



