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ABSTRACT

DESIGN AND ANALYSIS OF MULTIBAND CIRCULARLY POLARIZED
ANTENNA FOR MODERN WIRELESS APPLICATIONS

AL-MIHRAB, Mohammed Abdulrazzaq Azeez

Ph.D., Department of Electronic and Communication Engineering
Supervisor: Prof. Dr. Yusuf Z. UMUL

Co-Supervisor: Prof. Dr. Jawad K. ALI

January 2021, 115 Pages

In this dissertation, new five compact multiband printed antennas have been designed,
and analyzed. The first two antennas have a dual-sense circular polarization while the
others are single-sense circular polarization. The first one has been designed based on
an open-loop hexagonal monopole radiator with two stair-shaped slits in a partial
ground plane. Five operating bands with different polarization are obtained. Three
bands out of these five are circularly polarized (CP) while the other are linearly
polarized (LP). The -10 dB impedance bandwidths (IBWs) are (1.55-1.72 GHz), (2.51-
2.64 GHz), (3.1-3.31 GHz), (4.08-5.83 GHz), and (6.14-6.7 GHz), while the 3 dB axial
ratio bandwidths (ARBWS) are (1.6-1.75 GHz), (4.54-4.9 GHz), and (6.21-6.49 GHz).
Also, this antenna shows a triple sense (right hand, left hand, right hand) CP,
bidirectional radiation patterns. The measured gains are 1.75 dBi, 3.72 dBi, 3.2 dBi,
5.87dBi, and 7.61 dBi at frequencies 1.65 GHz, 2.55 GHz, 3.20 GHz, 4.75 GHz, and
6.35 GHz respectively. Overall dimensions are 65 mm x 45 mm x 1.6 mm. Another
two stair-shaped slits in the partial ground plane have been added with a pair of
rectangular strips. The IBWs are (1.478-1.714 GHz), (2.54-2.72 GHz), and (4.29-4.89
GHz), respectively. The measured 3-dB axial ratio bandwidths (ARBWSs) are (1.510-
1.606 GHz) and (4.035-5.07 GHz) for the lower and the upper band respectively. The
measured gains are 2.5 dBi, 3.6 dBi, and 5 dBi at frequencies 1.575 GHz, 2.55 GHz,
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and 4.5 GHz respectively. The side length of this antenna has been increased to be 70

mm.

The last three proposed antennas are fed by CPW with dimensions 40 mm x40 mm X1
mm. One of these three antennas is a slotted square ring with two rectangular strips,
which are located at the opposite corner, and three bands are obtained. The IBWs are:
(3.59-5.01 GHz), (7.64 to 8.43 GHz), and (10.81 to 11.28 GHz) whereas ARBWs at
3-dB are: (3.15-4.69 GHz), (7.77-8.17 GHz), and (10.84-11.25 GHz) GHz. The
simulated gains are 3.75 dBi, 3.2 dBi, and 4.62 dBi at center frequencies 4.5 GHz, 8
GHz, and 11 GHz respectively.

In the first updated antenna, the CP characteristic in the first band has been boosted by
adding an inverted L-strip to the ground plane on the far corner of the radiator after it
was not strong in the previous antenna. The IBWs for three bands are: (3.2-5.39 GHz),
(7.55 to 8.21 GHz), and (10.79 to 11.31 GHz) whereas ARBW are: (3.32-4.58 GHz)
and (10.79-11.13 GHz). The simulated gains are 2.65 dBi, 3.9 dBi, and 5.3 dBi at
center frequencies 3.6 GHz, 8 GHz, and 11 GHz respectively.

The second modified antenna demonstrated a new band around 5.8 GHz. The IBWs
for four bands are: (3.72-4.88 GHz), (5.62-5.89 GHz), (7.68-8.27 GHz), and (10.83-
11.33 GHz) whereas ARBWs are: (3.17-3.64 GHz), (5.62-5.89 GHz), and (10.64-11.1
GHz). Concerning simulated gains are 2.6 dBi, 2.1 dBi, 3.6 dBi, and 4.4 dBi at
frequencies 3.6 GHz, 5.8 GHz, 8 GHz, and 11 GHz respectively. Finally, all the
proposed antennas in this work have been designed using an FR4 substrate with
relative permittivity of 4.4. The simulation results have been evaluated by using an

HFSS simulator from Anasys.

Keywords: Circular polarization antennas, Compact multiband antennas, Axial ratio,

Coplanar waveguide (CPW).
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MODERN KABLOSUZ UYGULAMALAR iCiN COK BANTLI DAIRESEL
POLARIZE ANTENIN TASARIMI VE ANALIZi

AL-MIHRAB, Mohammed Abdulrazzaq Azeez
Doktora, Elektronik ve Haberlesme Miihendisligi Anabilim Dali
Tez Yoneticisi: Prof. Dr. Yusuf Ziya UMUL

Es Tez Yoneticisi: Jawad K. ALI

Ocak 2021, 115 Sayfa

Bu tezde, yeni bes kompakt cok bantli baskili anten tasarlanmis ve analiz edilmistir.
[k iki anten gok yonlii dairesel polarizasyona sahipken digerleri tek yonlii dairesel
polarizasyondur. ilki, kismi bir zemin diizleminde iki basamak seklinde yarig1 olan
acik dongiilii altigen tek kutuplu bir radyatér temel alinarak tasarlanmistir. Farkli
polarizasyona sahip bes calisma bandi elde edilir. Bu bes banttan {i¢ tanesi dairesel
olarak polarize edilirken (CP) digeri dogrusal olarak polarize edilmistir. -10 dB
empedans bant geniglikleri (IBW'ler) (1.55-1.72 GHz), (2.51-2.64 GHz), (3.1-3.31
GHz), (4.08-5.83 GHz) ve (6.14-6.7 GHz) iken 3 dB Eksenel oran bant genislikleri
(ARBW!'ler) (1.6-1.75 GHz), (4.54-4.9 GHz) ve (6.21-6.49 GHz) seklindedir. Ayrica,
bu anten ii¢lii bir duyu olan (sag el, sol el, sag el) CP, ¢ift yonlii radyasyon modellerini
gosterir. Olgiilen kazanglar sirastyla 1.65 GHz, 2.55 GHz, 3.20 GHz, 4.75 GHz ve 6.35
GHz frekanslarinda 1.75 dBi, 3.72 dBi, 3.2 dBi, 5.87dBi ve 7.61 dBi'dir. Genel
boyutlar 65 mm x 45 mm x 1,6 mm'dir. Kismi zemin diizlemine bir ¢ift dikdortgen
seritle bagka iki merdiven seklindeki yarik eklenmistir. IBW'ler (empedans bant
geniglikleri) sirasiyla (1.478-1.714 GHz), (2.54-2.72 GHz) ve (4.29-4.89 GHz)
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seklindedir. Olgiilen 3-dB eksenel oran bant genislikleri (ARBW'ler), alt ve iist bant
icin sirasiyla (1.510-1.606 GHz) ve (4.035-5.07 GHz) 'dir. Olgiilen kazanglar sirasiyla
1.575 GHz, 2.55 GHz ve 4.5 GHz frekanslarinda 2.5 dBi, 3.6 dBi ve 5 dBi'dir. Bu

antenin yan uzunlugu 70 mm'ye ¢ikarildi.

Onerilen son ii¢ anten, 40 mm x 40 mm x 1 mm boyutlarinda CPW ile beslenir. Bu ii¢
antenden biri, karsilikli kdsede bulunan iki dikdortgen seritli yarikli kare bir halkadir
ve ¢ bant elde edilir. IBW'ler sunlardir: (3.59-5.01 GHz), (7.64 - 8.43 GHz) ve (10.81
- 11.28 GHz) 3-dB'deki ARBW!'ler: (3.15-4.69 GHz), (7.77-8.17 GHz) ve (10.84 -
11.25 GHz) GHz. Simiile edilen kazanglar, sirasiyla 4.5 GHz, 8 GHz ve 11 GHz
merkez frekanslarinda 3.75 dBi, 3.2 dBi ve 4.62 dBi'dir.

IIk giincellenen antende, Onceki antende giiclii olmadigindan radyatdriin uzak
kosesindeki zemin diizlemine ters g¢evrilmis bir L-seridi eklenerek, ilk banttaki CP
ozelligi artirild. Ug bant icin IBW'ler: (3.2-5.39 GHz), (7.55 - 8.21 GHz) ve (10.79 -
11.31 GHz) iken ARBW: (3.32-4.58 GHz) ve (10.79-11.13 GHz)'dir. Simdile edilen
kazanglar sirasiyla 3.6 GHz, 8 GHz ve 11 GHz merkez frekanslarinda 2.65 dBi, 3.9
dBi ve 5.3 dBi'dir. Ikinci degistirilmis anten 5,8 GHz civarinda yeni bir bant gosterdi.
Dort bant igin IBW'ler sunlardir: (3.72-4.88 GHz), (5.62-5.89 GHz), (7.68-8.27 GHz)
ve (10.83-11.33 GHz) ARBW'ler ise: (3.17-3.64 GHz), (5.62-5.89 GHz) ve (10.64-
11.1 GHz). Simiile edilmis kazanclarla ilgili olarak sirasiyla 3.6 GHz, 5.8 GHz, 8 GHz
ve 11 GHz frekanslarinda 2.6 dBi, 2.1 dBi, 3.6 dBi1 ve 4.4 dBi vardir. Son olarak, bu
calismada Onerilen tiim antenler, 4.4 nispi gegirgenlige sahip bir FR4 substrati
kullanilarak tasarlanmistir. Simiilasyon sonuglari, Anasys'in HFSS simiilatorii

kullanilarak degerlendirilmistir.

Anahtar Kelimeler: Dairesel polarizasyon antenleri, Kompakt ¢ok bantli antenler,

Eksenel oran, Esdiizlemli dalga kilavuzu.
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CHAPTER 1
INTRODUCTION
1.1 Background

In the wireless communication world, everyone knows that there is one important part
plays an important role to work a wireless device efficiently this part is called antenna.
Antennas consider the backbone of wireless communications, for this reason, the
scientists and researchers go to research on it. One type of antenna remaining active
research till now is called circular polarization (CP) antennas. CP antennas consist of
two orthogonal modes are excited with a 90° time-phase difference between them [1].
They exist in many shapes and sizes according to the application of wireless devices.
They are used in many wireless systems including satellite communications, mobile
communications, global navigation satellite systems (GNSS), wireless sensors, radio
frequency identification (RFID), wireless power transmission, wireless local area
network (WLAN), wireless personal area network (WPAN), Worldwide
Interoperability for Microwave Access (WiMAX) and Direct Broadcasting Service

(DBS) television reception systems [2].

1.2 Microwave

Microwave consider part of electromagnetic spectrum that frequency extend from 300
MHz to 300 GHz or in respect to a wavelength (1) between 1m to 1mm. Generally,
most of current excited researches and wireless communication systems are lid these
frequencies range. Several aspects such as radiation, coupling electromagnetic issues
and scattering that have to be taken into mind when employing these frequencies [3].
Usually, microwave issues for high frequencies (short wavelengths) cannot be solved
by standard circuit theory. Also, the physical dimensions of microwave devices play a
significant role in the changing phase and current because they rely on the microwave
length. While at low frequencies, the wavelength is large and there are not major

alterations in the phase across the component [4].



1.3 Modern circular polarization applications

Indeed, the radiated wave with circularly polarized (CP) characteristic has many
privileges and able to be overcome many wireless known issues such as multipath
interfaces [4,5], fading, and minimize Faraday rotation effect due to ionosphere [6,7]
as well as the flexibility to orientation between transmitting and receiving antennas
[4]. These features gave justification to many wireless applications to employ an
antenna that radiates a circular polarization wave. The following systems consider
good examples for using a CP antenna:

. Satellite communications

. Mobile communications

. Global navigation satellite systems (GNSS)

. Radio frequency identification (RFID)

. Wireless local area network (WLAN)

. Wireless personal area network (WPAN)

. Worldwide interoperability for microwave access (WiMAX)

. Wireless sensors
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. Wireless power transmission

10. Direct broadcasting service (DBS) television reception systems.

11. Space probes and ballistic missiles

For instance, mobile satellite communications are benefit from no rigorous property
where it is not easy to maintain a fixed antenna orientation. Also, the CP antennas are
widely employed for telemetry applications of a satellite, ballistic missiles and space

probes exploiting a minimize Faraday effect merit [4].

The CP antennas can be used in Ka-band mobile communication systems, which
provide high data-rate wideband links. They can be placed on the airplane's board to
provide the Internet in the sky or in high-speed trains. GNSS (American GPS, Russian
Glonass, European Galileo and Chinese BeiDou-2) need particular antenna designs [9-
11] since the system calculates the distance between the satellite and the based receiver
on the earth, depend on the time it takes for a radio signal to travel this distance.
However, if the signal is reflected, the time it takes to reach a receiver will be longer
and a positioning error appears. The employ of CP permits the repression of some of

the reflected signals, as right-hand circular polarization (RHCP) signals reflected from



a uniform surface becomes left-hand circular polarization (LHCP) and vice-versa. By
utilizing an antenna with good AR, this signal can be funneled and hence enhance

positioning accuracy.

1.4 Literature Survey

In 2008, X. Bao, and M. J. Ammann [12], had designed dual-band dual sense CP
antenna. As seen in Figure 1, the antenna constructed from the single-layer substrate
(FR4) and annular slot with four unequal longitudinal slots that are responsible for
generating CP waves. On the other side, a microstrip feed line. The -10 dB reflection
coefficient IBWs for the lower (1.5 GHz) and upper (2.6 GHz) bands are 26.7% and
11.3%, respectively whereas the 3 dB ARBWSs are 6.1% and 6.0%. The overall size of

the antenna is 80x80x1.52 mm?3.

(a) (b)
Figure 1 The geometry of dual band CP slot antenna (a) Slot, (b) Microstrip line

In 2009, C. Chen and E. K. N. Yung [13], had designed a square slot antenna excited
by CPW. As noted in Figure 2, the two loaded spiral slots in the ground plane etched
so as to get different senses of CP. The dual-band operation is obtained by employing
the T-shape strip. The radiator and ground plane printed on one side of FR4, which has
a thickness of 1.6 mm. The practical result 10-dB reflection coefficient IBWs are 8.7%
and 23% for the lower and the upper band respectively whereas 3-dB ARBWSs are
8.4% and 19.24%, with respect to 1.6 GHz and 2.2 GHz, respectively.



Figure 2 The geometry of dual band dual sense square slot antenna

In 2011, S. A. Rezaeieh and M. Kartal [14], had designed a square slot antenna for
achieving CP radiation. As noted in Figure 3, the antenna is a single layer and consists
of two equal-sized crooked T-shaped and F-shaped strips placed on the patch. The
overall size is 40x40x0.8 mm?3. The total IBWs of 8.04 GHz and offering a (4.6-6.1

GHz) 3-dB ARBW.

Figure 3 The structure of square slot antenna with multi-polarization

In 2012, L. Wang, et al [15], had proposed a single feed triple-band slot antenna for
CP operation employing two annular slots excited by an inverted h-shape microstrip
line presented as shown in Figure 4. A triple CP antenna operates at 1.58, 2.42, and
3.0 GHz and 3-dB ARBWs for these bands are about 65, 85, and 30 MHz, respectively.



The frequency ratio can be changed by setting the dimensions of two annular slots.
The antenna was constructed on a RO4003 substrate with thickness h = 0.813mm,

relative permittivity ,=3.38, and tangent loss tand= 0.0027. The overall dimensions

are 100x80x0.813 mm3.

Jeed p

Figure 4 The geometry of proposed triple band CP antenna

In 2012, Y. Shao, and Z. Chen [16], had designed a dual-band dual sense printed
monopole antenna with center frequencies at 2.4 GHz and 5.8 GHz. It consists of an
annular slot and cross slot printed on side of substrate whereas on the other side is the
microstrip feed line which consists of stubs and impedance transformer as noted in
Figure 5. The role of unequal cross slot and pair of notches is to produce CP waves in
both bands.

impedance_/;
transf{)rmerf.

f/ | __ ¥
Eﬂﬂmir:rnsrﬁ‘ﬂ-ﬂ X
Wt Z

feed line

Figure 5 The geometry of dual band dual sense CP printed slot antenna



In 2013, S. M. NOGHABAEI, et al [17], introduced a dual-band CP microstrip antenna
for WiMAX applications. As noted in Figure 6, the radiator is truncated square patch
embedded with asymmetrical T-slot in the center of the patch and two vertical slots
and slits. The radiator printed on the FR4 substrate and excited by the microstrip feed
line. The antenna operates at 7.2% (2.53 GHz) and 3.6% (5.73 GHz) and 3 dB axial
ratio of 2 % and 3.2 % at the lower and upper band, respectively. The overall

dimensions of the antenna are 55x55x1.6 mm?3.

4wl

Figure 6 The geometry of dual band CP antenna

In 2014, M. Bod, and H. R. Hassani [18], had introduced a single layer triple-band CP
printed slot antenna fed by microstrip line. It consists of a wide circular slot with
embedded four L-shaped arms as illustrated in Figure 7. This structure is employed
and printed on the FR4 substrate to produce a multiband CP antenna. The resonance
frequency of each of the band can be appointment by adjusting the total length of the
appropriate slot arms. The arc is integrated into the upper part of the circular slot
antenna to produce the 3rd CP band. The antenna has CP radiation at center
frequenciesl.5 GHz, 2.4 GHz, and 3.75 GHz with 14%, 22%, 12% IBW and 9%, 7%,
11% ARBW, respectively. The dimensions of it are 58x58x1.6 mm?3.



Circular slot

Xree

Figure 7 The geometry of multiband CP printed slot antenna.

In 2015, T. V. Hoang, et al [19], had designed a CP antenna with quad-band for WLAN
and WiIMAX applications. Three CP bands implemented by a patch antenna which
consists of tilted inverted U-shaped radiator with additional I-shaped and L-shaped
strips as shown in Figure 8 (b). The fourth CP band carried out via putting FSS
(frequency selective surface) 6x 6 square metallic patches under antenna so as to
converts the band at 5.8 GHz region from linear polarization to circular polarization
as noted in Figure 8 (a). The configured antenna operates at (2.37-2.75 GHz) and 4.6
GHz (3.4-8 GHz) while 3-dB AR covers from (2.35-2.48 GHz), (3.45-3.75 GHz),
(5.25-5.45 GHz) and (5.7-5.87 GHz). the antenna fabricated on Taconic RF-35
substrate with a thickness of 1.52 mm, &, = 3.5 and tand = 0.0018. The total size of
the antenna with FSS is 133.2 x 133.2 mm?.

Unit cell
!




35

52

(b)
Figure 8 Configuration of the proposed quad band CP antenna. (a) Top view (b) Tri-
band (without FSS)

In 2016, R. S. Brar, et al [20], had investigated a triple CP band with a dual sense for
GPS, LTE, and UMTS applications by using an antenna with Y-shaped radiator which
printed on FR4 substrate and on another side, the partial ground plane with slot-loading
as shown in Figure 9. The triple-band operation is obtained because of the resonances
of unequal monopole arms in addition to that, the L- shape slot in the partial ground
plane. The antenna exhibits IBWs of 13.1, 9.7, and 7.4% at the frequencies of 1.57,
2.02, and 2.55 GHz, respectively. At these three resonances, 3-dB ARBWs of 3.7, 4.9,

and 5.06% are implemented. The antenna dimensions are 45x65x1.6 mm3.

Lmb

Figure 9 The geometry of the Y- shaped multiband CP antenna

In 2017, Wang, et al [21], a dual-band dual sense CP antenna implemented by a
capacitively-loaded annular ring slot as seen in Figure 10. To obtain dual sense CP,
two capacitances are embedded across the outer and inner annular ring slots at opposite



positions with respect to the direct feed line. The designed antenna operates at (1.527
—1.917 GHz) and (2.598 — 3.248 GHz) whereas AR at 3-dB is (1.579 — 1.637 GHz)
for the lower band and (2.670 — 2.822 GHz) for upper band. It printed on FR-4
substrate with relative permittivity &,.= 4.4, loss tangent tand = 0.02. The overall

dimensions are 55x66x1.6 mm?3.

Wr

() (b)

Figure 10 The geometry of capacitive load dual band dual sense CP antenna (a) Top
view, (b) Bottom view

In 2017, S. Patil, et al [22], had designed a wide slot antenna for dual-band and dual
sense CP. The radiator composed of a C-shaped patch and a wide square slot embedded
on the ground with pair strips for generating a CP at two bands. As illustrated in Figure
11, the radiator printed on top of the substrate FR4 type whereas on the other side the
square slot ring with two perturbation strips. the antenna operates at resonance
frequencies 2.38 and 4.43 GHz whereas the percentage of AR at lower band and the
upper band is 18.8% and 13.3% respectively. the volume of the antenna is
40x40x1mm3.



Top metal

Bottom metal

Figure 11 The geometry of C-shaped dual band dual sense wide slot antenna

In 2018, A. Altaf, and M. Seo [23], investigated a printed monopole antenna with dual-
band dual sense CP. The combining of inverted C-shaped and tilted I-shaped led to
construct the radiator which fed by microstrip feed line and printed on the top of
Taconic TLY-5 substrate whereas on the other side is that partial ground plane as seen
in Figure 12. The antenna provides IBW for -10 dB of (3.47-11.07 GHz) totally
covering both CP bands with 3 dB ARBWs of (4.28-5.86 GHz) and (7.49-9.4 GHz)
at lower and upper band respectively. The overall size of the antenna is 54x60x1.52

mm>.

Figure 12 The geometry of tilted D-shaped dual band dual sense antenna
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In 2018, R. K. Saini, and P. S. Bakariya [24], had configured the slot antenna which
excited by the coplanar waveguide. The radiator consists of an F-shaped feed line and
parasitic elements for dual-band and dual sense CP whereas the ground plane is
asymmetric rectangular slot as shown in Figure 13. The radiator and ground plane
printed on an FR4 substrate with a dielectric permittivity of 4.4 and loss tangent
tand=0.02. The antenna had overall size 63.5%55%1.6 mm?3. The measured IBWs are
(1.57GHz-2.04 GHz) and (2.87GHz-3.47GHz) for the lower and upper band
respectively. The measured ARBWs under 3-dB is (1.6 GHz-2GHz) and (3.15GHz—
3.5GHz) for the lower and upper band respectively.

L
Ly

Figure 13 The geometry of wide slot dual band dual sense CP antenna with CPW-
fed

In 2019, P. K. T. Rajanna, et al, [25] had proposed a square slot antenna excited by
CPW fed. The slot is a hexagonal shape loaded with split ring resonators (SRRs) as
seen in Figure 14. The antenna provides three CP bands. First band at 4.15 GHz which
produced because of the hexagonal slot whereas the other two bands (4.77 and 5.1
GHz) obtained via loading parts (split-ring resonators). The measured results exhibit
IBW of 64.54% and ARBWSs of 11.76%, 1.9%, and 3.87% at first, second, and the
third band, respectively.

11
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Figure 14 Configuration of hexagonal slot antenna loaded with the SSRs

1.5 The Main Goals of This Thesis

The goal of this dissertation is to design and analyze a compact multiband circular
polarization printed antennas by using a single-layer substrate FR4 type. These new
antennas are suitable for employ in modern wireless applications such as GPS, GNSS,
WIMAX, and satellite. The proposed CP antenna designs have been modeled,
simulated and evaluated using reliable HFSS (high-frequency structure simulator)
V.13.

1.6 Thesis Layout
This thesis is organized as follows:

e Chapter 2 includes the basic antenna parameters, modelling techniques and feeding
methods..

e Chapter 3 exhibits the fundamentals of circular polarization antenna and its types.

e Chapter 4 contains the design, analysis, and results of the first proposed antenna
with CP multi-sense and its modification depends on the open-loop hexagonal ring,
and microstrip feed line.

e Chapter 5 contains the design, analysis, and results of the second proposed antenna
and its modifications depend on circularly polarized square slot antenna (CPSSA).

e Chapter 6 involves the conclusion and suggestions for future work.
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CHAPTER 2

BASICS OF ANTENNA PARAMETERS AND MODELLING TECHNIQUES

2.1 Introduction

This chapter represents the general parameters of the antenna as well as some specific
parameters that are related to circular polarization. Furthermore, it displays antenna
modeling techniques which comprise two main types: analytical methods and full-
wave methods. In addition, the feeding methods are introduced and explained with
details. The advantages and disadvantages of each one are clarified. Moreover, the

benefits of circular polarization antennas.

2.2 Antenna Parameters

An antenna can be introduced is the first device from the receiving side and last inside
of the transmission. When it’s operating on the receive side, the main role will gather
the radio signals (electromagnetic waves) from free space then, transfers them into
guided waves in transmission lines and vice versa in the transmitting side. Sometimes,
an antenna performs dual-task transmitting and receiving.

Figure 15 illustrates the basic concept of the transmitter system, which consists of three
main components [1]. First is that radio transmitter, the work of it is that converting
(processing) the information such as (voice, image, video or data) to signals which
deliver and propagate into second part transmission line, then the guided wave signals

converted to electromagnetic waveform by antenna and radiated (final stage).

Transmission Electromagnetic
lines wave in free space

Radio \

transmitter Antenna

Figure 15 Components of a wireless system from the transmit side [1]
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2.2.1 Input Impedance

The input impedance Z;,, is that an impedance of the antenna at the connection point
with the transmission line, or in the simplest form, it can be defined depending on
Ohm’s law is that the voltage to current at the connection point (feed point) with
another part (transmission line) [4]. Z;,, can be expressed a complex number and it also

frequency depended the general expression is that
Zin = Rin + jXin (2.1)
2.2.2 Reflection Coefficient and Return Loss

The reflection coefficient concept is related to input impedance Z;, from the antenna
side and characteristic impedance Z. from the transmission side. So as to an antenna
radiated efficiently, it should be matching with transmission line well, this is to inquire
by making Z;,, = Z., otherwise, the signals will be reflected (returned) to the signal
source generator. Figure 16 describes the simple realize diagram between Z;,, and Z,

the Z;, of antenna considers a load impedance Z; form view of the transmission

o O l
Ze Z

o, O I

Figure 16 Realize diagram between Z. and (Z, = Z;;,)

Actually, the impedance of the end of the transmission line which feeds the antenna is
that 50 Q. Gamma (I") is known symbol of the reflection coefficient which can be
defined that the ratio of reflected wave voltage ( V™) to incident wave voltage (V)
S0, it can be expressed as [4]:

V™ Zig—Zo
I = vE T Zaizs (2.2)

From equation (2.2), if Z;, is equal to Z., it means that I" equal to zero. In this case,

there is no reflected wave voltage (V= = 0).

Also, I' can be presented (in dB) form is called Return Loss (RL), which can be

expressed as:

14



RL = —20log|I'| (2.3)
2.2.3 Voltage Standing Wave Ratio (VSWR)

VSWR is one of the important indicators to identify antenna specifications. By
invoking of it, the range of matching of the antenna from side and characteristics of
transmission line and radio transmitter or receiver form another side can be known
numerically by following the equation shown below [4,26]

1+|r|

VSWR =
1-|r|

(2.4)

The equation (2.4), presents that it is a function of I', also it clarified that when the
reflection coefficient equal to zero the VSWR will be one, means that no reflected
power back towards power source, otherwise, it means that there is mismatch between
Z;n and Z. leads to appears reflected voltage along the transmission line in form of

peak and concave as seen in the Figure 17.

Voltage
Amplitude W\/—\- --- Vmax
-------- Vmin

Distance From Antenna

A 4

Figure 17 VVoltage measured along a transmission line [27]

2.2.4 Radiation Patterns

The Radiation Patterns are an important indicator to study the radiation characteristics
(power flux density, radiation intensity, field strength, directivity, phase or
polarization) of the antenna in the space. Often, the radiation pattern is represented
graphically in two dimensions (2-D) or three dimensions (3-D). Usually, it can be
calculated and found in the far-field region and it’s expressed as a function of
directional coordinates. Figure 18 shows the allocation of radiated power, the most of
power is concentrated along of the propagation direction (z-axis). As per Figure 18,
there are four types of lobes; main, minor, side, and back lobes. The signs plus (+) and
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minus (—) in the lobes presents the relative polarization of the amplitude between the
various lobes, which alternates as the nulls are crossed [28]. Also, in the below figure,
there are two new concepts, Half-Power Beamwidth (HPBW) and First-Null
Beamwidth (FNBW). The HPBW describes as the angular width on the main lobe
between two points where power is half of the maximum radiated power (i.e. -3-dB
beamwidth) whereas, FNBW is angular width which is measured between first nulls
or first side lobes on the antenna radiation pattern. The beamwidth of an antenna is a
very significant figure of feature and often is employed as a trade-off between it and
the side lobe level; that is, as the beamwidth reduces, the side lobe grows and vice

versa.

Mujor lobe
First null beamwidth

(ENBW)

Half-power beamwidth
(HPBW)

Minor lobes ~ Side lobe

Back lobe

/
Minor lobes

Figure 18 Radiation lobes and beamwidths of an antenna pattern [28]

Indeed, there are many types of radiation patterns, the common types in the following

points:

e Isotropic: is an ideal radiator, it is possible when an antenna is lossless and it
radiates in all directions with the same intensity.

o Directional pattern: it is defined when the power concentrated in direction is
more than other directions. For instance, in the figure shown above, the power
is centered on the evaluation angle along propagation direction.

e Omnidirectional pattern: radiation response will be distributed uniformly in

one of plane such as azimuthal plane [f(¢),0] as shown in Figure 19
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Radiation
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Figure 19 3-D omnidirectional antenna patterns [28]

2.2.5 Directivity

Directivity describes the ratio of radiation intensity for a directional radiation pattern
as compared to intensity for all directions. The total power radiation by antenna
divided by 4z is express the average radiation intensity. If the directions not specified,
the direction of maximum radiation intensity is implied. [28]

In other meaning, the directivity for the directional radiation antenna is equal to its
radiation intensity over than a homogenous (isotropic) source. So, depending on the

definition, the directivity can be expressed by:

4ty

U
D=—= - (2.5)
Where U can be calculated by:
U= Sr?Re[E x H'] (2.6)
Substitution Eqg. (2.6) in Eq. (2.5) then
__ 2m Re[ExH*]
D,¢) = — —— (2.7)

Where

D (0, ¢) is the directivity of an antenna as a function of the elevation angle and the

azimuth angle.
U is radiation intensity (W/unit solid angle).
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U. is the radiation intensity of isotropic source (W/unit solid angle).
P..q4 is total radiated power (W).
E is the peak value of electric field intensity.

H* is the peak value of magnetic field intensity conjugate.

r is the distance between the source and test point which is in the far-field region.

2.2.6 Efficiency

The efficiency of an antenna comprises to known the losses at the input terminals
which can be calculated and demonstrated by invoking to gamma (I") and the losses
at the structure of the antenna [28,29]. The losses at the input terminals can be

expressed by:
n.=1—|I|? (2.8)
The n,. is the efficiency of wave reflection to power source.

The losses at the structure comprise conduction losses and dielectric losses. Figure

20 describes all the antenna losses

1-—7 — Antenna — —i

Input Output
terminals terminals
(gain reference) (directivity reference)
(a) (b)

Figure 20 Reference terminals and losses of an antenna: (a) Antenna reference

terminals, (b) Reflection, conduction, and dielectric losses [28].

So, the overall efficiency (n.) can be expressed by:

Mo =M McMNa (2.9)
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The 1. is the conduction efficiency while 7, is the dielectric efficiency these two
efficiencies are not easy to compute so, they can be found experimentally. Actually,
the n. and n,; can be abbreviated in one term is that n.; = n.ng Which is called
antenna radiation efficiency and it plays an important role to determine the gain of an

antenna.

2.2.7 Gain

The gain considers one of the important measurements to measure the performance of
an antenna. In spite of it gets mainly depending on directivity, but the efficiency of the
antenna should be found and taken into account additionally its directional abilities.
Gain can be defined that the ratio of radiation intensity in a given direction to the
radiation intensity that could be got if the power accepted by the antenna was radiated

homogenously [28,29]. So, it can be expressed as:

. radiation intensit
Gain = 4n 4 (2.10)

total input power

Or it can be presented as:

2.2.8 Polarization

It is considered one of the essential characteristics of an antenna. Actually, polarization
describes the orientation of the electric field along the propagation axis. Also, the
polarization of the transmitted wave is introduced that the characteristic of an
electromagnetic wave depicting the time changing direction and relative magnitude of
the electric-field vector. Basically, it is classified into three main types [28,29]. First,
is called linear polarization, when the electric field oscillates (varying with time) with
respect to the single-axis along the orientation of radiation. Figure 21 presents the types
of linear polarization. In the Figure 21 (a), the direction of the electric field with respect
to y-axis means that the electric field varying vertically with time so is called vertical
polarization whereas, in Figure 21 (b), the orientation of electric field with respect to
x-axis is called horizontal polarization. The last one is the slant polarization, the

electric field is tilted from x-axis in another meaning, it lies between x and y planes.
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(a) (b) (c)
Figure 21 Types of linear polarization (a) Vertical, (b) Horizontal, (c) Slant.

The second one is that circular polarization, which means that the electric field rotates
with respect to time and the magnitude of it along the axis will not change. For

instance, consider that the propagation along the z-axis (time axis) with electric field

Fcomponents in x and y directions [29]. When z=0, the time-harmonic electric field
is presented as:

E = Eycos(wt)a, + E,cos(wt + 6)a, (2.12)

Where E, and E, is the maximum value of the electric field in x-plane and y-plane
respectively whereas, § is the phase angle which impels that y-directed vector is leading the
x-directed counterpart. To imagine all polarization types, all of the hypotheses will be

applied to the above equation.

1- When E, = E,, and § = 0, then E, and E,, will become in-phase and the net

vector tilted 45°from x-axis as shown in Figure 21(c)

2- If one of a component of an equation in above goes to zero, then the linear polarized

wave is shown with respect to x-axis or y-axis.

3-IfE, # E,,and § = 0, then the slant linear polarization will be seen and net vector

tilted according to the following equation

y = tan‘l[%] (2.13)

X

4- If the E, = E,, and § = %90, in this case the field vector change in a circular path

as can be shown in Figure 22
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Figure 22 Circular polarization representation [30]

In the Figure 22 shown above, the field rotates with respect to time-varying in the
direction of propagation. Indeed, the circular polarization (CP) can be classified into
two kinds, first is that right hand circular polarization (RHCP) is called when the
propagated wave rotates in a counterclockwise towards the observation point as shown
in Figure 22 (b). Another type is the left-hand circular polarization (LHCP), is happens

when the wave rotates clockwise towards the observer.

5- Elliptical Polarization (EP) is inquired if E, # E,, and § # (0'or 180°) or
If E, = E,,and 6 # 90" or (0°or 180°) the field vector rotates in an elliptical form

due to difference in vector length between field vectors or § # 90°as seen in Figure
23 the E, # E,,. Actually, it is like to CP has two kinds right hand elliptical
polarization (RHEP) and left hand elliptical polarization (LHEP).

direction of
propagation

A

direction of
propagation

ZH

If this wave were approaching
an observer, its electric
vector would appear to be
rotating counterclockwise.
This is called right -

elliptic polarization.

!

Figure 23 Right hand elliptical polarization [30]
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2.2.9 Axial Ratio

Indeed, it is very hard to implement circular polarization practically. So, most of the
antennas which have propagated CP wave are elliptical wave as shown in Figure 24.
This elliptical wave considers CP if the Axial Ratio (AR) is less than or equal to 3dB

in most of the researchers. The AR can be expressed as [31]:

AR = 201og10[%] (dB) (2.14)
Where a is the major axis of field vector whereas, b is the minor axis as seen in the

Figure 24. So, the AR is a main key for identifying the circular polarization.

a: major axis
b: minor axis

Figure 24 2-D elliptical polarization trace

2.2.10 Bandwidth and Resonant Frequency

Indeed, an antenna is engineered to work within the desired frequency range. The BW
of an antenna is often obtained by the frequency range within which the main
parameter of the antenna pleases a certain demand, for instance, the minimum S,
(Return loss) of -10 dB. At the resonant frequency of an antenna, Z;, is will be
resistive. Usually, the resonant frequency is selected as the middle of the frequency
bandwidth f. of an antenna. The BW of an antenna can be computed by appointing the
upper f, and lower f; edges of the implemented frequency range [1,28]:

BW = fo;f x 100% (2.15)

Notice that this introduction is for antennas with BW is less than 100%. For antenna
has BW above 100%, the BW can be computed by employing the ratio between

f, and f,. For LP antenna Z;, is often resistive parameters as compared with the other
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parameters such as gain, polarization. For this reason, the BW of LP antenna is usually
indicated as the impedance bandwidth, but it can also be to achieve with others such
as polarization, gain.

In the valuing the bandwidth of circular polarization (CP) antennas, the impedance
BW and AR should be check, the impedance bandwidth in desired range frequencies
must be less than or equal -10 dB and in the same time, the AR is less than or equal
3dB at these frequencies as seen in Figure 25 below [1]:

axial ratio, dB

40 " n " 0

frequency, GHz

Figure 25 The |S11| and the AR of the CP antenna [1]

2.3 Scattering Parameters

Scattering Parameters depict the electrical attitude of the linear electrical network
when subject to different steady-state stimuli by electrical waves. Generally, these
parameters are beneficial for many branches such as communication systems
particularly for microwave systems where signal power and energy regards are more
readily measured than currents and voltages by VNA. The S-parameters employ the
matched loads on the contrary of other parameters (Y, H, and ABCD parameters) [4].
Also, through the S-parameters, many electrical properties of networks can be
presented like reflection coefficient, voltage standing, and gain.

The term scattering is more popular in optical systems than in the radiofrequency
system. The scattering indicates to the route that traveling currents and voltages in the
transmission line are impacted when they convene a discontinuity occurred because of

the enrollment of a network in the transmission line.

23



Also, the scattering matrix offers a good depiction of a high-frequency network as
noted in the matrix below by its N ports, in terms of the incident/reflected voltage
traveling waves. For this reason, this matrix turned into a worthy tool to estimate

the antenna performance. The scattering matrix for N port can be expressed:

_Vl_— [ 511 512 SlN l _V1+_
Vz_ 521 522 SZN V2+
=] : : (2.16)
Vil LSy Sy FoE Syl
An element of the matrix [S] is known as:
78

J Wvi=ofor kzj

Meaning that S;; (transmission coefficient) can be found by putting through port j an
incident voltage wave of amplitude Vj+ and measuring the reflected wave amplitudeV/;-

from port i [4].

2.3.1 Scattering Matrix for Two Inputs — Two Outputs System

In two inputs and two outputs system, the scattering matrix 4x4 has been built as
shown in Eq. (2.18) which means that sixteen types of S-parameters appeared start
fromS;,and ends with S,,. These parameters can describe the relationship between the

reflected and incident power signals at four ports.

a; Si1 Si2 Siz Su[ad]

az _ S21 S22 S23 Soa IQ;I (2.18)
as S31 S32 S33 S3a [CI;J '
ay Ss1 Saz Saz Ssallaf

a; =Sy af + Sy a3 +S;3a3 + Sypaj
a; =Sy af + Sy a3 + Sz a3 + Syuay
az =Sz af + S3p a3 +S33a3 + Sy, ayf
ay =Sy af + Syp a3 +S43a3 + Sy alf
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The positive sign on the letter (a) indicates the forward traveling waves while the
minus sign presents the backward traveling waves. To obtain the S-parameters, for one
of the ports for example port 1 as illustrated in Figure 26, a signal fed (injected) the
portl whereas other input ports put zero. This means that the ports 2, 3, and 4 are no
signal injected are match terminated so no reflection happens (a3 =a3=af=0). Then

the equation will be:
a; =Sy af
a; =Sy af
az = Ss; af
a; = S af
So, when the port 1 injected also, and a;f=V,* and a; =V, , where x=1,2,3,4
The S-parameters for portl will be
ay > 5 _ Vs a; vy

Sy1=—== S ——2— S3, == and S ==
11 a-1+- V1+1 21 V1+v 31 V1+! 41 — 1 V1+

a

Port 1
Por7
W / Port 3\\ a
8, . at 3
% 3

Figure 26 Two inputs —two outputs ports system [32]

The same operation can be repeated to other ports to complete all of the scattering

matrix parameters. The main diagonal elements of the above scattering matrix
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represent the reflection coefficients which refer to how much of the reflected signal in
the transmission medium at the same port while the others express the forward signal.

2.4 Antenna Modeling Techniques

The operating principles, developing a new design, and modifying an already existing
design can be realized through the analysis of the antenna. The different radiation
characteristics like reflection coefficient, radiation pattern, gain, polarization, and

efficiency, etc. can be indicated during this analysis.

Actually, there are two general types of analysis. First, it’s called analytical methods
which are used efficiently for simple structures with regular patch shapes. They offer
simplicity at the expense of precision. On the other hand, full-wave methods build on
numerical techniques that are highly precise but strict in the procedure. The prominent

analytical and full-wave methods are shown in Figure 27.

| Antenna Modeling |
‘ Techniques

|

[\

‘ Analytical ‘ Full-Wave
Methods Methods
‘ Integral ‘ Differential
equation based | equation based

Time
‘ domain
l Frequency
FIT 1 domain
[ MoM | FEM
Transmission ‘ Cavity ‘ Multiport ‘
line model ModelModel Network

Figure 27 Diagram of antenna modeling techniques
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2.4.1 Analytical Methods

Actually, the CP antenna has been passed to many analytical methods. The purpose of
these methods is to provide a visual perception about the operation of antenna and its
characteristics such as directivity, gain, efficiency and so on. Indeed, these approaches
able to apply for all types of CP antenna such as microstrip, wire, helical and so on.
Moreover, they are very beneficial to extend a good insight into the physical
mechanism of its functionality but the defect of these models is that poor precision due
to they rely on some approximate presumptions. The famous analytical methods used
are [33,34]:

2.4.1.1 Transmission Line Model

This mechanism sophisticated by Munson [35] was going early to analyze a
rectangular microstrip antenna. Indeed, in this model, the patch is dealt with as a
transmission line resonator with no transverse fields whereas the radiation at most
happens because of the fringing fields at the open-circuited ends. Also, the effective
dielectric (g.¢r) constant is held a little less than the dielectric constant (e.) of the
substrate so that the fields not completely get reserved to the substrate but also fringe
and disperse in the air as shown in the Figure 28

patch

D= N
AU T

Figure 28 Transmission line model

Figure 29 presents an antenna as a transmission line diagram. The diagram contains
two slots, the apace between two slots expressed by the length of the resonator
represents the patch. Because this model does not take care of the difference of field
in the perpendicular direction to the direction of propagation, all types of geometries

cannot be analyzed using this method. However, it is easy to apply.
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Figure 29 Transmission line and its equivalent model

2.4.1.2 Cavity Model

The cavity model is based on the supposition that the area between patch radiator and
ground is a resonance cavity, which is encompassed by electric fields on the top and
bottom surface and magnetic on the external surface as shown in the Figure 30

magnetic wall
< - >
W

Figure 30 Cavity model diagram

The A (wavelength) is larger than the thickness of the substrate thus the field inside the
two surfaces stay uniform along the substrate but the magnetic current counts the far
fields and radiation [36].

2.4.1.3 Multiport Network Model

This model is a stretch of the cavity model. The electromagnetic fields bottom the

patch and those outgoing the patch are individually patterned. The patch is fashioned
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as a 2-D (two dimensions) planer network, with a large number of ports coordinated
around the ends. The outer fields are expressed by equivalent networks attached to
these ports [37]. The total impedance matrix is estimated by the division
(segmentation) approach. By invoking voltage allocation around the outer edge, the

radiation field can be evaluated.

2.4.2 Full-Wave Methods

The underrating of electromagnetic theory considers the main key to build an antenna
properly. Indeed, there are many ways to implement an antenna. First, it can be
performed by using a closed-form analytical solutions which are applicable for a few
simple and uniform shapes under perfect conditions. Another approach is going to the
experimental implementation of an antenna; this approach considers a lousy way since
it is wasting money and time. An optimized solution for this issue is invoking a
numerical technique and synchronism with a modernistic computer to investigate and
simulates the performance of an antenna quickly. Numerical techniques indicate the
approach of solving relevant Maxwell’s equations by transferring them into matrix or
chain equations, which can be fixed either by iteration or by matrix inversion. They
are generally categorized depending on the kind of Maxwell’s equations employed;
Differential Equation methods and Integral Equation methods [29,38]. These methods
are categorized further into two kinds; Time Domain (TD) and Frequency Domain
(FD). An example of Frequency Domain Integral Method is the Method of Moment
while an example of Time Domain Differential Equation is the Finite Difference Time
Domain (FDTD) method. Each method has its own abilities and restrictions. It is more
appropriate to utilize the most effective technique for a particular problem. In this

chapter, four main numerical methods are indicated briefly.

2.4.2.1 The Method of Moments (MOM)

MOM is categorized as a Frequency Domain (FD) method, The MoM this an of an
efficient way to the solution of Maxwell’s Integral Equations (IE) by finding boundary
value problems with the aid of IE. The first application of this method to solve IE came
from Harrington’s paper in 1967 [39]. It includes converting an integral equation into
a set of linear equations in matrix style and then finding the solution by inverting the

unknown matrix. This technique works effectively for wires and flat plates or planar
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construction in general and resonators [40]. However, it is inappropriate for
applications that contain pulse excitations. Examples of vastly employed MOM based
commercial software are FEKO (The name is derived from the German abbreviation
"FEldberechnung fir Korper mit beliebiger Oberflache”, which can be interpreted as
"field calculations involving bodies of arbitrary shape™ [41], NEC (Numerical
Electromagnetics Code) [42].

2.4.2.2 Finite Difference Time Domain (FDTD)

This approach can solve Maxwell’s Differential Equations in time domain form. The
mechanism of this approach is that dividing the shape into a grid of nodes [43,44].
After that, Maxwell’s Differential Equations and boundary conditions are manipulated
into a set of linear equations on the grid points [45]. Indeed, FDTD has advantages and
disadvantage, one of the benefits is that it involves a wide response with a single
excitation and fixing arbitrarily 3-D structures [29]. It is advised for geometries with
few numbers of ports. On another hand, the disadvantage is that the structures must be
dividing of special scale otherwise it may be effective to the accuracy of results, for
this reason, it is not effective with thin structures. Furthermore, it takes some time.

Examples of commercial software are Apsim FDTD [46] and Remcom XFDTD [47].

2.4.2.3 Finite Element Method (FEM)

FEM is located under a frequency domain method; it considers an efficient method to
solve the Maxwell’s Differential Equations [48]. Besides, it’s qualified to analyze any
non-uniform structures eligibility. The principle work of it is similar to the
superposition method by dividing (discretizing) the geometry into small elements, then
collect the sub-geometries’ equations in a matrix form [45]. This approach is advised
for geometries that have a large number of ports such as ICs. Ansoft HFSS [49] is
regarded as one of the major commercial software based on FEM. It has been

employed in this dissertation to simulate some multi-band CP antenna designs.

2.4.2.4 Finite Integral Technique (FIT)

The FIT was first displayed in 1977 by Prof. Thomas Weiland [50]. It considers an

efficient way to solve Maxwell’s Integral Equation in time domain form. FIT employs
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each six vector components of electric field strength and magnetic flux density on a
dual grid configuration; space and time which yield discrete grid equations [51]. Also,
it’s similar to the FDTD method, but it’s more effective than FDTD when the structure
more complicated and contains curved boundaries. The Computer Simulation
Technology (CST) microwave studio [52] is deemed as the major commercial software

that is based on it.

2.5 Feeding Methods

A planner antenna can be excited by different methods as illustrated in Figure 31.
These methods can be divided into two types according to connectivity [33]. The first
type is the contacting, which the feed line is connected directly to the radiator like
microstrip line feed and coaxial probe feed. Another type is non-contacting which is
not connect directly to the radiator such as proximity coupled feed and aperture

coupled feed.

Feeding Methods

[ N\

Contacting Non contacting
S . Proximity Aperture
Micrastnp Couxial coupled coupled
feed line probe feed feed foed

Figure 31 Diagram of feeding types

2.5.1 Microstrip Line Feed

This approach of feed considers one of the simple types, which contacts directly to the
radiator part as noted in Figure 32. In addition, this approach is called edge feed
because of contacting strip is linked to an edge of the feed. The defect of this type is
the appearance of bogus radiations from the transitions, bends, and junctions which

affect negatively cross-polarization levels and the side lobe of the antenna [53,54].
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Figure 32 A planar antenna excited by a microstrip line [53]

2.5.2 Coaxial Probe Feed

This type of feed is the traditional type for microstrip antennas usually when the
antenna consists of the multilayer. The conductor inserts through all layers and contact
to the patch. The outer conductor is set on the bottom of the ground plane as seen in
Figure 33. Employing this scheme, the feed can be appropriately put on any point on
the patch that gives the best impedance matching. In CP antennas, the feed position at
the radiator can define the circular polarization wave-type RHCP or LHCP [55]. The
benefits of coaxial probe feed are easy to fabrication and match also, low bogus
radiation whereas, the drawbacks are that the bandwidth is narrow as compared to
microstrip feed line type. Also, difficult to model it especially when the substrate is
thick [54].

—»  Patch

Substrate

Coaxial Connector —

Figure 33 A planar antenna excited by a coaxial probe [53]

2.5.3 Proximity Coupled Feed

This approach is also renowned as an electromagnetically coupled feed. This type of
feed can be used when the antenna contains two layers of substrate. As seen in Figure
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34, the microstrip feed line is placed between the substrates with different relative
permittivity. However, this causes complications in the alignment of the patch and the
feedline, for this reason, the fabrication will be more difficult [56]. On the other hand,
using this technique leads to suppresses spurious feed radiation and improves the

bandwidth reach to 13% because the overall thickness antenna is increased.

Ground plane

Figure 34 A planar antenna excited by proximity coupled [53]

2.5.4 Aperture Coupled Feed

This technique also stands to multilayer principle but the difference is that the ground
plane is lies between the microstrip feed line and the upper substrate as noted in Figure
35. A feed line on the top of the lower substrate is electromagnetically coupled to the
radiator (patch) through an aperture or slot, which etched from the ground plane. The
amount of coupling from the microstrip feed line to the radiator is depended on many
parameters such as the shape, size, and location of the aperture. This aperture must be
aligned properly under the patch and far completely from the edge of the patch to avert
backward radiations. The antenna which stands on this type of feed provides a high
bandwidth of about 21% [54]. Also, the effect of spurious radiation is reduced
significantly as compared to others. The disadvantage of this technique is that it is hard

to fabricate because of multiple layers.
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Figure 35 A planar antenna excited by aperture coupled [53]

2.6 Advantages of CP Antennas

There are many advantages of antenna, which has a circular polarization characteristic.
So, it entered for many wireless applications such as satellite communication, mobile
communication, global navigation satellite systems (GNSS) and so on. As it's known,
when a transmitted wave that has not circular polarization characteristic collides to
ground, buildings or any object losing a ratio of it and reflected causing weak in
sending a wave. The wave has circular polarization merit overtakes this obstacle easily
[1]. For instance, when the radiated wave with RHCP collides to any object, the ratio
of reflected will be LHCP which puts out by RHCP thus the CP considers one of the
solutions for struggling the multi-path phenomenon.

When an antenna radiates linearly polarized wave, it is affected to Faraday rotation in
the ionosphere layer which causes a signal loss is not less than 3-dB. This issue can
solve by changing the type of polarization from linear to the circular which weakens
the Faraday rotation in the ionosphere layer [7, 8]. For this reason, an antenna with CP
characteristic is wildly employed for space probes and ballistic missiles and so on.
Another feature of employing an antenna with CP is that no need for the strict
orientation between sending and receiving antennas. In contrast, the LP antenna

required strict orientation to avoid mismatch losses.
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CHAPTER 3

FUNDAMENTALS OF CIRCULAR POLARIZATION ANTENNA

3.1 Introduction

This chapter considers the actual entrance to the circular polarization antennas. In the
first, the basic concepts about the generation of CP have been exhibit in a simple way.
Moreover, the common types of it have been explained briefly. Then, the special
techniques that are related to generation multi-band CP have been presented whereas,
the last part described the major challenges that facing the researchers in CP antennas

design.
3.2 Generation of CP Waves

The circular polarization wave comes from two linear polarization waves. Each of LP
wave is perpendicular to other further the phase time shift between them is /4.
Besides, the amplitude of these two vector fields should be equal. Relying on this
introduction, the CP manufacturing may demand dual feeding which leads to an
increase in physical size and intricacy. For instance, a CP can be generated by using a
square patch with feeding two edges [1, 56, 57] as shown in Figure 36. As an
alternative, a patch of antenna excited with single feed with a hybrid n/4 is operates as
a phase shifter, to the two branches feed to a circular patch at two orthogonal points as

seen in Figure 37 [58].

Figure 36 Dual feed CP square patch antenna [57].
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In [59], there are four feeding port employed with phase difference one to other by n/4,
for getting a wideband CP radiation purpose. Another usage of dual feed with hybrid

is that is used as an alternative of field rotation.

Figure 37 Single feed CP circular patch antenna with a 90° hybrid [57]

For example, the circular patch with dual-feed with a hybrid is presented in Figure 38.
The dual arms can be used to generate the RHCP and LHCP [4,5]

Patch

RHCP

LHCP

/

Microstrip
hybrid feed

Figure 38 A circular patch integrated with a hybrid coupler [1]

The parameters such as the radius of the circular patch and desired frequency can be

calculated by using the following equations [28, 60]:

8791x10°
F = NG (3.18)
a~ il (3.1b)

200h

1+
\/ nsﬁ[ln(%)ﬂwze]

Where a is the radius of circular patch.

f- is the resonant frequency of the CP antenna.
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&, 1s the relative permittivity of the dielectric substrate.
h is the thickness of the substrate.

Gradually, most of the researchers went toward a single feed excitation for generating
CP waves because it considered one way to reduce the size of the antenna and be low
profile. This is implemented by introducing perturbation in the antenna patch. This
technique can be creating a rearrangement of fields on the patch, this exploited make
fields perpendicular one to other with the same amplitude. Figure 39 displays six
different structures of single-feed circular polarization microstrip patch antennas
[4,56]. For instance, Figure 39 (a) displays an elliptical patch which excited along a
line 45° from its major axis. The patch can be considered as a circular with
perturbations, which employed to two perpendicular modes with a 90° phase
difference. The CP wave can be got by employing a single feed elliptical patch, the
proportion between the major axis and minor axis is given by:

a 1.0887
p=1+=

(3.2)

The Q is symbolizing a quality factor that can be calculated by invoking to cavity
model [28,56]. Alternatively, it can be measured experimentally, or employ results
from a full-wave electromagnetic analysis to estimate value Q.

0= fo VSWR-1
" Af VVSWR

3.3)

The £ is the resonant frequency of an antenna and Af is the bandwidth of an antenna.
Figure 39 (b) indicates a closely square patch as another form of single-feed CP. The
feed point lies along the diagonal line of the patch. For CP generation efficiently, there
is a condition should be satisfied. This condition expressed as:

L=Wﬂ+%) (3.4)

Where the parameters L and W are represented to length and width of rectangular patch
respectively. The quality factor Q can be calculated employing the Eg. (3.3). Further,
the length and width of the rectangular microstrip patch can play an important role to
determine first and last edges resonant frequencies (f;andf;) which can be computed

depending on the following equations:
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fi= \/% (3.5)
Q
fr=ffl+g (3.6)

Where f- is the center frequency of the bandwidth.
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(¢) Square patch with corners truncated (d) Circular patch with perturbations

Feed point

Slot in the patch Slot
Microstrip Feed Microstrip Feed
(e) Circular patch with slot (f) Square patch with slot

Figure 39 Single feed CP patch antenna [4]

Figure 39 (c) and (d) present a perturbation by truncation. Both patches are truncated
from sides that have effected directly to field arrangement and radiation. Actually,
these kinds of patch excited by probe feed. Another face of perturbation is exciting in
Figure 39 (e) and (f) by etching the center of the patch and making a slanted slot.
Indeed, the circular and square patches are considered basic patches and other patches

can be derivative from these shapes such as pentagons and annual elliptic patches
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which are used to produce CP waves [4,56]. The main defect of the single feed

technique is a narrow band axial ratio achievement typically 1-2%.

3.3 Popular CP Antenna Types
3.3.1 CP Microstrip Patch Antennas

Microstrip patch antenna considers one of famous kind of antennas, since its benefits
of low profile, plain fabrication, inexpensive. CP in patch antennas can be
implemented employing a multi-feed technique or a single-feed technique [28,29,60-
63]. Figure 40 clarifies a simple circular polarization microstrip patch antenna
employing a dual-feed approach. The top and side views of the antenna are illustrated
in Figure 40. To generate CP, a square microstrip patch is excited by two perpendicular
microstrip feedlines as noted in Figure 40 (a). Both microstrip feed lines feed the patch
antenna in TM,, and T M, modes For this reason, it radiates both a horizontally and a
vertically polarized wave together [28,29, 60-63]. A microstrip hybrid is used in
Figure 40 (a) to generate a 90° phase difference between two perpendicularly
polarized waves. Figure 40 (b) clarifies the side view of the antenna. The patch
(radiator) on the top of a dielectric substrate having thickness h and relative
permittivitye.. The dielectric substrate is backed by a metallic ground plane. To
configure the antenna resonant at a frequencyf. , the length L of the patch can be

estimated by employing the following equation:

c
L~ ert1 3.7)
2

2fe

Microstrip patch

and feed lines
Square patch —»

h Zy Dielectrie I L |

substrate M "l
£ h
90° microstrip Iy Zy
hybrid Ground /
Zy Plane
(a) (b)
Figure 40 Microstrip line feed patch antenna with a 90° hybrid (a) Top view, (b)

Side view [1]
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Where c is the velocity of light. To achieve accurate antenna designs, full-wave
electromagnetic simulators can be employed to do simulations and optimizations of
the dimensions of the antenna. The results from Eqg. (3.7) can be used as an initial value
for the antenna optimization. As illustrated in Figure 40 (a), there are two microstrip
feed lines excited the square patch and two ports of the microstrip 90" hybrid. The
microstrip line behaves as an impedance transformer between the input ports of the
hybrid and the input of the antenna . The length (1;) and impedance (Z,) of the feed
lines can be calculated by

=2 (3.8)

Zy =+ZinZy (3.9)

Where 4, is the guided wavelength of the microstrip line,
Zin 1s the input impedance of the patch antenna.
Z, is the characteristic impedance of the microstrip line at the input of hybrid circuit.

The microstrip 90° hybrid circuit composed of four parts of microstrip lines. The
following equations can be used to find the length and width of each part of microstrip

lines:

Ag

%
zZ, =2 (3.12)

Where [, and 5 indicate the length of microstrip lines as donated in Figure 39 (a), Z,
and Z5 symbolize the characteristic impedance of microstrip line parts presented in
Figure 39 (a). The characteristic impedance of the microstrip line at the input of the
hybrid circuit, Z,, is usually selected to be 50 Q. The microstrip hybrid circuit is
fabricated easily and has been vastly employed in CP antennas . One obstacle of

microstrip hybrid circuit is not compact.
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Many approaches have been found to decrease the size of microstrip hybrid, for
instance, by employing ‘IT network’ with one of the loading types such as stub loading
or lumped element loading of transmission lines [64,65]. The hybrid circuit can be
performed as well by utilizing lumped elements or left-handed transmission lines
[64,65]. The circular polarization patch antenna can also employ other feeding
configurations as probe feeds, slot coupled feeds, electromagnetically coupled feed

and coplanar waveguide (CPW) feeds.

Figures 41 and 42 display a circular polarization patch antenna employing dual probe
feeds, and a circular polarization patch with slot coupled feeds, respectively. Both the
top view and side view of the antenna are noted in Figure 41. As observed, circular
polarization is gotten by exciting a square patch with a 90° phase difference between
two excited probes put symmetrically on the two perpendicular edges of the patch. In
this status, an external phase shifter is demanded generating the 90°phase difference
between two exciters. The antenna in Figure 42 uses a microstrip hybrid circuit for
generating the 90° phase difference between two exciters. The microstrip hybrid is
placed at the bottom of it, whereas coupled to the square patch on the top by two
orthogonal slots truncated in the ground plane. The slot coupled circular polarization
has been vastly employed in wireless systems during the last years, as it has many
benefits compared with the same type of antennas which utilizing other feed

configurations:

1. It grants the patch antenna and the feed circuits to use various dielectric substrate
for this reason both the patch antenna and the feed circuits can perform optimized

behavior.
2. Itis able to integrate easily for performing the circuits with the feed network.

3. The parasitic radiation of the feed network is decreased because of the isolation of
the ground plane. The slot coupled circular polarization patch antenna is a common

selection for radiating parts in phased arrays for satellite communications.
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Figure 41 A probe-feed patch antenna with an external 90° phase shifter (a) Top

view, (b) Side view [1]

Patch on top

Two slots in
ground plane

Feed network
at the bottom

Figure 42 Slot coupled CP patch antenna (dual feed with a hybrid coupler) [1]

3.3.2 CP Wire Antennas

Crossed dipoles employing wires have been used to find CP for many years. Figure 43
clarifies a dipole antenna and a crossed dipole antenna. Figure 43 (a) shows the half
wavelength (’1/2) dipole antenna which radiates vertically polarized and has an
omnidirectional pattern whereas in Figure 43 (b) is the crossed dipole which consists
of two dipoles are mounted perpendicular to each other and excited with a 90° phase
difference between them. The 90° phase network can use one quarter wavelength of

coaxial cable.
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Figure 43 Dipole and crossed dipole antenna (a) Dipole, (b) Crossed dipole [66,67]

3.3.3 Helix Antennas

The helix antenna is one of the most auspicious antenna kinds for circular polarization
applications [50-52]. Figure 44 clarifies a helix antenna. It is essentially a conducting
wire wound in the form of a screw thread. A helix antenna depends on the following

parameters:

1- Diameter of one turn (D).

2- Circumference of one turn (C).

3- Vertical separation between turns (S).
4- Number of turns (N).

5- Pitch angle (a), which controls how far the helix antenna grows in the axial-

direction per turn.

The helix antenna has used wide application due to its unpretentious structure and easy
to configuration, broad operation bandwidth and CP. It can work at three different
modes [50-52]:
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Figure 45 Types of helix antenna depending of radiation modes (a) Normal mode,
(b) Axial mode, (c) Higher order mode [69,70]

1- Normal mode, which happens while the diameter (D) of the helix is comparatively
small as compared with the wavelength (A). Regarding the radiation pattern of this
antenna in this mode, the omnidirectional pattern has been noted as presented in Figure
45 (a).

2- Axial mode, which happens while the circumference (C) of this antenna is of the
order of one wavelength (A). The extreme radiation is along the axis of this antenna

viewed in Figure 45 (b).
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3- Higher-order radiation mode, which happens while the dimensions of the helix
override those desired for the axial mode. The main lobe is split-up as presented in
Figure 45 (c).

The axial mode considers one of the attractive interests for circular polarization
applications. Usually, the normal mode helix is beneficial for terminals in terrestrial
cellular systems but not circular polarization applications. The equations on the below
can employ to implement optimal performance in the axial mode, [60,61]:

Si<c<ia (3.13)
4 3
S~2ix (3.14)

Where o is between 12° < a < 14" and A is the free space wavelength. To realize
how CP is generated via a helix antenna, the helix can be approximated by N small
loops and N short dipoles then connected serially. Two perpendicularly polarized fields

are generated by the loops and the dipoles, respectively.

3.3.3.1 Quadrifilar Helix Antennas and Printed Quadrifilar Helix Antennas

Quadrifilar Helix Antennas (QHA) considers one of the most employed in both
satellite communications and Global Positioning Systems (GPS) applications [70-73].
The QHA can generate a radiation pattern with cardioid form as well as superb CP
over a wide angular range. This type of pattern is appropriate to become more satellites
visible. From Figure 46, there are two typical structures of Quadrifilar Helix Antenna.
Essentially, a QHA composed of four identical helices interleaved with each other.
These helices are excited with an independent phase quadrature network which
supplies 0°, 90", 180", and 270° phases to each of four helices, respectively.
Regarding the end of these helices, it can be a short circuit or an open circuit as
illustrated in Figure 46 (a) and (b), respectively. QHA has significant merits such as
versatility and ductility, because of the many degrees of freedom; like the whole length
of each part of the helices, the number of turns, the radius of a helix, pitch angle, axial
length and so on. Also, the antenna can produce other kinds of the radiation pattern,
gain and bandwidth performance by varying the parameters of QHA. This merit gives
the QHA opportunity of a variety of applications for satellite communications and

terrestrial systems. This type of antenna considers a resonant radiating configuration
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when the whole length of each helical part, L;,:4;, 1S €qual to an integer number of

quarter wavelengths [61].

A
Ltotal = NZ T T I T TR TP, (1.19)

Helix

Ground plane

(a) (b)
Figure 46 Configurations of QHA (a) with shorted end, (b) with open end [1]

N symbolizes an integer number. In the case of N is an even number, the helices must
be shorted together, as noted in Figure 46 (a); whereas N is an odd number, the helices
must be open, as presented in Figure 46 (b). Figure 47 clarifies the simulated results
of closed-end QHA which has helices of half-wavelength long and half turn. Figure
47 (a) presents the simulated radiation pattern of a QHA. As observed, QHA can
perform a vast beam CP pattern, convenient for GPS signal reception. The simulated

|S11]| results are exhibited in Figure 47 (b).

SHIWB)
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(b)
Figure 47 Simulated results of an end-shorted QHA (a) Simulated radiation pattern,
(b) Simulated reflection coefficient.
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Figure 48 presents a PQHA, which is essentially a printed version of QHA antennas.
Four printed helices are wound around a cylinder as shown in Figure 48. The four
printed helices are to be excited in phase quadrature so as to generate the required
hemispherical pattern. Compared with QHA antennas, PQHA is easier to industrialize
in mass quantities and is inexpensive, as the antennas can be produced employing
standard printed circuit board (PCB) technology. Furthermore, PQHA permits more
pliability in antenna configurations. For instance, it is easy to fabricate a PQHA with
meandered-line helices patterns in order to miniaturize the antenna size [20]. The same
pattern will be, however, hard to achieve in wires for QHA. The employ of printed
technology makes the fabrication of PQHA more accurate with fewer tolerance
problems as compared to QHA. Because of using of PCB technology, it is also capable

to merge PQHA with microwave diodes or devices.

Figure 48 PQHA antenna [74]

3.3.4 Spiral Antennas

This kind of antenna usually used to generate broadband or multiband frequency.
Further, its parameters such as impedance, polarization, and Radiation pattern are
stable and remain and unchanged over a bandwidth. Figure 49 presents one of the
famous types of spiral antenna called an Archimedean spiral antenna. It involves dual
conductive arms, extending from the center outwards. The antenna has a planar

configuration. Each arm of the Archimedean spiral is introduced by the equation:

r=agp (3.15)
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Figure 49 Spiral antenna [1].

As per of Eq. (3.15), a is radius of antenna which increases linearly with the angle ¢.
Moreover, a is a fixed which dominance the rate at which spiral flares out. Both of
arms (Armland Arm2) are the same but first is opposite direction of rotation the
second which implies the direction of antenna polarization. Further, the spiral antenna
maybe containing additional arms to form a multi-spiral antenna. Typically, these
types of antennas are cavity back and pattern type is unidirectional pattern due to the

conductive cavity.

3.3.5 CP Dielectric Resonator Antennas

DRA is manufactured from low loss microwave dielectric materials. The resonant
frequency of this antenna depends on many parameters such as size, shape and
dielectric permittivity. DRA has many charming merits as compared to other antennas.
For instance, it can perform radiation efficiency more than 95% and the capability to
make different kinds of radiation patterns employing different modes. Moreover, it has
physical merits such as low profile, flexible feed arrangement, and compact size.

Furthermore, it is not suffering from conductor losses in the patch because the radiator
part is dielectric. For this reason, it is used for wireless devices that operate in
millimeter-wave frequencies. The resonators can take several shapes such as
rectangular, cylindrical, hemispherical, etc. In addition, several modes can be fed,
exhibiting broadside or conical shaped radiation patterns for covering different areas.

Antenna engineers can control over the antenna size and bandwidth.

The size and bandwidth of DRA are controlled by relative permittivity, which has a
wide range extended from 6 to 100. A wideband DRA can be implemented employed

low permittivity whereas miniaturization of the antenna can be implemented with high
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permittivity. Figure 50 exhibits a DRA antenna for CP. A square DRA is excited by
meandered line inductor feed is printed on the top of the substrate while partial ground
plane is placed on bottom side [75]. A copper ground plane is at the bottom. Typically,
a meandered line inductor feed is used in the case of CP microstrip antennas. The

resonant frequency of rectangular DRA can be calculated via following equation:

e =5 () () + () @19

Where ¢ is the permittivity while p is the permeability.

M, N, and K are integer numbers, and I, w, and h are the length, width, and height of
the rectangular DRA, respectively.

Eq. (3.16) clarifies that the DRA can resonate at different modes and the resonant
frequency which is inversely proportional to the square root of the product of material
parameters. When the & material is high, the resonant frequency will shift to the lower
side. DRA can be excited employing various approaches like probe feed, microstrip
lines, and CPW.

Rectangular
Meandered-Line DRA No Ground

Inductor_Feed . Plane

Figure 50 Dielectric resonator antenna with CP radiation [75].

3.3.6 CP Slot Antennas

The slot antenna is considered one of the traditional ways to produce a CP wave. It
characterized by simplicity and low cost as compared with others. Further, a
microstrip-fed slot antenna is adaptable in incorporation with other elements such as
passive and active devices in a hybrid microwave integrated circuit (MIC) and
microwave monolithic integrated circuit (MMIC) design [1]. Figure 51 presents a

circular polarization printed slot antenna. As seen, a square slot is cut in the ground
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plane, and fed by a feed network at the bottom with an appropriate dielectric substrate
such as FR4 between them. The microstrip feed line has many end faces and designs,
one of the famous faces of it is that the feed network employs a Wilkinson power
divider in microstrip lines. The dual branches of power divider have lengths with a
difference of A/4, leading to a 90° phase difference between two perpendicular modes
in the slot excited by two perpendicular feed lines. Thus, CP is created in the square
slot antenna. To construct a slot antenna, the length of the slot is typically selected to
be a 0.5 A (half wavelength). There are many shapes of the slot, like an annular ring,
square ring, crossed slot, circular slot and so on. Figure 51 clarifies another CP slot
antenna that uses a circular slot fed via two orthogonal excited lines at the bottom. The
printed slot antenna distinguished that is easy to fabricate, low profile and low cost.
However, the employ of two feeds and a feed network at the base as illustrated in
Figures 51 and 52 take lots of space under the ground plane. For some of the wireless
devices, it is requisite to change the feed system from network feed to single simple
feed as noted in Figure 53 which is basically a printed square slot antenna fed by a
single microstrip line at the basis . To implement CP, a microstrip line with L-shaped
is used which offers two orthogonal modes in the square ring slot. The L-shaped
microstrip line has a length of a A/4 (quarter-wavelength), so a 90° phase difference
between two perpendicular modes in the slot is carried out like a circular polarization
slot antenna has an unpretentious feed network and is easy to achieve. Moreover, the
microstrip line feed displayed previously, slot antennas can also be fed employing
other approaches like CPW or coaxial cable. One shag of these antennas radiates waves
in a bi-directional form, as the slot will also propagate in the backward direction. To
overcome this problem, another ground plane can be added at the bottom in this way,

the antenna can implement broadside radiation only.

H sl
Crround o

plans e

(3) (b)
Figure 51 Square slot antenna fed by a microstrip network at the bottom (a) Top

view, (b) 3-D view [1]
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Figure 53 Circular slot antenna fed by an L-shaped fed [1]

3.3.7 CP Horn Antennas

These types of antennas belong to the aperture antenna denomination. The radiation
performance is obtained via field distribution over the horn aperture [76]. The benefit
of horn antennas is to supply a smooth transition between the feed waveguide and a
wide aperture, which turns to centralize the main beam. Horns have used for many
applications in satellite communications either as feeds for reflector antennas or earth

covering antennas [28,29,61,76].

Typically, the horn antennas notified have a single feed and can radiate LP waves [76].
CP horn antennas can be achieved by employing a horn with dual perpendicular feeds
and a 90° hybrid. However, the behavior of dual LP horn antennas, like the ridged horn
antenna, suffers from industrialization and collecting tolerances. In addition, the
employ of a 90° hybrid makes more complications and losses in antennas. Recently,

many new approaches of circular polarization horn antennas have been reported in
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[77,78]. Usually, CP horn antennas consist of three major elements: first, a wave
launcher. Second a polarizer. Third, a beam shaper, as noted in Figure 54 [77,78]. The
wave launcher in Figure 54 composed of two probes at input ports 1 and 2, which can
produce RHCP and LHCP, respectively. The input probes are laid approximately one-
quarter wavelength from the short-circuited end of the waveguide section 1, as seen in
the figure. Waveguide 1 is a circular waveguide that permits the propagation of waves
in TE11 mode [76-78].

Aperture

Flare region

Septum

Waveguide 2

— Port 2

- —v
Waveguide 1 —

Port1—"

Figure 54 Schematic of a CP horn antenna.

3.3.8 CP Arrays

In the previous parts, different kinds of CP antenna elements are exhibited. An array
antenna composed of a number of antenna parts whose radiation is united together to
extend highly directive patterns. Circular polarization array antennas are required in
some of the applications like satellite communications, transmitting antennas onboard
global positioning system satellites, inter-satellite communications, and so on [62].
The array can have various geometries such as a 1-Dimension (1-D) linear array or a
2-Dimensions (2-D) planar array. Figure 55 exhibits a 2-D planar CP array with 9
identical antenna elements. As noted, Each part in this array is about a square patch
excited by two probe feeds laid at two orthogonal edges of the patch with a 90° phase

difference between them can radiate circular polarization wave.

Other kinds of antenna elements like a helix, DRA and so on, can also be employed to
form CP arrays. Supposing identical elements are used and uniform geometries are
adopted in an array, the radiation pattern of the array can be gotten from the
reduplication of the radiation pattern of one element, Element(6,¢), and the array
factor AF(6,¢) [28]:
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E(6,p) = Eelement(6,¢p) AF(0,¢) (3.17)

The AF is depending on following

1- Array geometry.

2- Distance of inter-element.

3- Element excitement in phase and amplitude.
4- Number of elements and the frequency.

For a 1-D linear array of N identical elements which are regularly spaced over the z-
axis and feed with the same amplitude and phase, the AF is:

. N¥
sm(T)

AF(H' (P) = g
Sln(?)

(3.18)

2

Where ¥ = kdcos + 8 and = 7” .
The spherical coordinate system is used in the Eq. (3.18). The symbols d and 8 express
the space between elements and the phase shift between sequential elements,
respectively. For constant-beam circular polarization arrays, 8 is set to be a constant
value. The major beam of the CP array can be shifted dynamically to point in various

directions by altering {3 electronically. This is called a phased array [28,60,62].

L0° $0° $0°
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Figure 55 A nine-element CP array [1].
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3.4 Some of Multiband Circular Polarization Techniques
3.4.1 Stacked Patches

The stacked patches consider one of the main techniques to generate the multiband
circularly polarization antennas [80-86].It is implemented by benefiting from stacked
patch configuration, in which each of the arrangement patches acts as a resonance
frequency [80]. As for feeding, the probe feed technique is often used for this kind of
antenna with the capability of using single or multi-feed according to the required
specification. Figure 56 indicates the geometry of a single probe-fed stacked-patch
antenna for performing CP operations at 1.227 GHz and 1.575 GHz. It consists of
double-stacked square patches with corners truncated. The patches are printed on FR4
substrates with a thickness of 1.6 mm. Circular polarization is recognized because of
the corner-truncated square patches. Also, Figure 57 presents structures of multiband
CP with single feed stacked patch. It consists of three-square patches stacked on one
another [82]. In [83], an antenna has been configured with two truncated stacked
patches, which are excited by coaxial probe-fed to achieve dual-band CP for ISM
applications. A microstrip antenna constructed by pair of truncated and semi-groove
stacked patches to execute a dual-band CP has been proposed in [84]. Also, in Ref.
[85], a microstrip antenna configured by a pair of substrate layers separated by an air
gap, the rectangular patch printed on top of an upper substrate while the circular patch
placed on the other side of it to achieve dual-band CP. Besides, the authors in [86]
have presented a double layer microstrip antenna with a rectangular ring below the
meandered ring to generate a dual-band resonant response. Moreover, dual pairs of
inverted-L shaped strips and perturbation structures are inserted in two rings to

perform CP radiation at the two bands.

54



~
s

Upper substrate
ﬁ ) c ol
& ey =4
F  Airlayer 0.45  Lower substrie
L6[ e =44 i T
i g i '\‘{}mum:l plane
! ¥ ! (100 = 100 mam?®)
V¥ia hole ————, T !
1 1
T L_,-(:) _ _F{i
i ki
|
50 | — = X
JLD_X

Figure 56 The geometry of a dual band CP stacked patch antenna [80]
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Figure 57 The geometry of the proposed stacked patch CP antenna (a) Side view, (b)
Upper patch, (c) Middle patch, (d) Lower patch [82].
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3.4.2 Slot Loading

The load slotting technique used for obtaining or to add an extra band [87-94]. For
instance, in [87] two narrow slots etched on the rectangular patch. The slots put near
the radiating edges so as to reconfigure current distribution and radiating field proper
with the desired design. Based on this precept, several CP antennas with different
shapes such as square, circular investigated. In Refs. [18, 90], the scene becomes
clearer during the Figure 7 and Figure 58. In Figure 7, there is the ability to add second
resonance by digging four slits in the square patch, while the first Figure 58 describes
resonance comes from the square patch. Indeed, the CP generated for first resonance
by truncating from secondary diagonal, while the second CP is found by choosing the

dimensions of the inner truncated corners (s,, s,).

)
o
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Figure 58 The geometry of the dual band CP slot loaded patch antenna [90].

3.4.3 Coplanar Parasitic Patches

This technique is used for enhancement the bandwidth. It can also be utilized to
generate an extra resonance frequency [95]. Figure 59 indicates the configuration of
dual-band CP with a symmetric annular ring antenna surrounding a small circular
patch. According to the results, the outer ring is responsible for producing the first
resonance frequency whereas the inner ring and a small patch in charge of the second

resonance frequency.
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Figure 59 The geometry of the dual band CP annular ring antenna [95]

3.4.4 Multiband Quadrifilar Helix Antennas (QHAS)

QHAs are widely used antennas for UHF and microwave communications. The multi-
band CP of this type can be implemented by blend two or more antennas into a single
body by coaxially mounting them [1,96]. Besides, each blended antenna operates
independently in terms of frequency [96]. The orders of QHAS can be categorized into
three types, the first one is called “Piggyback” is defines as one antenna is on the top
on the other one. The second one is called “Enclosed” which means that one antenna
is inside of the other one, the last type is that, “Rotational offset” is known, as the arms

of the two antennas are interleaved.

Ground /T Port 3 Ground Port 3
(b) (©
Figure 60 Structures of dual-band QHASs with two antennas (a) Piggyback,
(b) Enclosed, (c) Rotational offset [1].
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As shown in the configurations of QHA in the Figure 60, it seems to be complex for
somewhat. The QHAs refabricated in a new way so as to reduce the complexity, the
snails can be printed on a thin substrate sheet. The new fashion is called printed
Quadrifilar Helix Antenna (PQHA). For instance, the rotational offset style in Figure
60 (c); they can be printed on a single thin substrate sheet [97] as they have the same
diameter. This will facilitate the complication of the production. Figure 61 presents the

unwrapped geometry and the production prototype of a dual-band PQHA [1,97].

Figure 61 The fabricated prototype of the dual band PQHA [1]

3.4.5 Multiband CP Slot Antennas

The slot type antenna is widely range used in small antenna world [1]. It’s usually
employed to generate a multi-band or broadband CP antennas [98-104]. Typically,
when a concentric slot ring is utilized, the monopole is used as a radiator. Figure 62
(@) and (b) indicate a wide slot etched in the ground plane with appropriate monopole
radiator L-shaped employed for getting triple-band CP antenna. The sense of each
band is different than the other [98].
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Figure 62 The geometry of triple band multisense CP antenna (a) Top view, (b) Side

view [98]
In addition, the slot ring can be used properly with coplanar waveguide (CPW) feed.
In [99], the dual-band CP with CPW-fed is studied. The Figure 63 presents that the
antenna consists of two parallel monopoles, which are responsible to produce the dual-

band. The lower band is generated by longer monopole while the higher operating

frequency relies on the shorter monopole.

70

T FR4 6% |

Figure 63 The geometry of the dual band dual monopole CP antenna [99]
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3.4.6 Monopole Antenna without Slot Rings

The printed monopole antenna has been employed recently to generate multi-band and
broadband CP [105-111]. Typically, it appears in two forms according to feed
techniques. First form, it uses with a microstrip line fed another one is that coplanar
waveguide (CPW) fed [109].

For instance, in Ref. [109], a triple-band CP monopole antenna with CPW-fed is
presented, the radiator is that a monopole tilted asymmetrical E-shaped printed antenna
and excite by a 50 Q offset CPW feed line as shown in Figure 64. In addition, the Ref.
[111] presents another example to get more than one CP band as well as more than one
CP sense. Moreover, Ref. [111] contains two designs. First, it consists of the reduced
ground plane with etching inverted L-stub in it whereas, the radiator is a rectangular
shape with cutting a bevel shape from it as illustrated in Figure 65 (a) to enhance the
BW. To improve the impedance bandwidth and axial ratio of basic shape, I- shaped
sub and I-shaped slit are added as shown Figure 65 (b) in the ground plane and

rectangular radiator, respectively.

Wgl ot Wg2

Figure 64 Configuration of the asymmetrical E-shaped tilted printed antenna [109].
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Figure 65 The geometry of dual-band dual sense CP monopole antenna (a) With an
inverted-Lslit (b) With an inverted-L slit, I-shaped slit, and I-shaped strip [111]
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3.4.7 Dielectric Resonator Antenna (DRA)

The DRA is different from the previous antennas because the dielectric resonator
employed as a radiator [112, 113]. Typically, this kind of antenna uses at millimeter-
wave applications [1]. There are many approaches used with DRA to produce
multiband operation frequencies. In recent times, many searches have been
investigated on DRAs with dual-frequency or wideband operation using various
techniques, such as exciting two modes, or stacking two DRAS, slot coupled dielectric
resonator. In Ref. [112], a dual-band CP DRA is presented, the dielectric resonator is
located on the center of the ground, is made from ceramics with &,=20.5, whereas
substrate made of Rogers with &, =2.55, on the top of it there is slotted ground plane,

while on the bottom of it, the feed line is excited as shown in Figure 66.

() (b) (©)
Figure 66 The prototype of DRA antenna (a) 3-D view of the fabricated antenna, (b)
Top view of the feeding network, (c) Bottom view of the feeding network [112]

3.5 Challenging of CP Antenna

Indeed, there are many points of defy in the CP antenna is under optimization. The
improvement comes to make a CP antenna harmonious with other wireless device
parts. Further, to enter of enhancement to overall device performance and make it
operates as a multi-device mission. The most challenging points can be summarized

in the following points:

1. Miniaturization: it considers one of the common challenges of circular polarization
antenna, due to make the device able to mobilize, lightweight and adaptable with
wireless devices. Actually, miniaturization did successfully when it did not affect
negatively other antenna characteristics like that gain, radiation pattern and so on.
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2. Gain enhancement: It is required in CP antenna especially, in some applications
such as radars and satellite communication systems when the alignment of transmitting
and receiving antenna changes over time. For instance, in Global Positioning System
(GPS) bands, a circular polarization antenna with a broad AR beamwidth of more than
120% is oftentimes required so that the wireless signal can be received efficiently at

any place.

3. Axial Ratio Bandwidth (ARBW) improvement. Indeed, the enhancement of axial
ratio bandwidth is depending on application kind and range of operation band. Further,
the ARBW enhanced should be located at return loss is less than -10 dB.

4. Omnidirectional radiation pattern, this property is required in some of the important
applications. Indeed, these applications need a CP antenna to be compact such as Radio
Frequency ldentification (RFID) which is valuable in security systems and remote

tracking applications.
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CHAPTER 4

DESIGN AND ANALYSIS OF MULTIBAND MONOPOLE PRINTED
ANTENNA USING MICROSTRIP FEEDLINE

4.1 Introduction

In this chapter, a new two multiband hybrid polarization antennas have been presented
for the requirements of modern wireless communication systems. These printed
antennas have been configured from a single-layer substrate as well as a single feed
with microstrip type contact with the open-loop hexagonal radiator. Actually, the
antennas are very similar but the difference in the ground plane area. Regarding the
construction, the antennas were built with a dielectric constant of 4.4 and a thickness
of 1.5 mm using a FR4 substrate. These antennas differentiate from others by compact
size also have unique features because they have multiband hybrid polarization and
multi-sense responses that are the demands in modern wireless systems. HFSS V.13
has been used to optimize the functionality of antennas and is widely adopted in
microwave research and industry. In addition, it is verified practically. The results

showed that this antenna has good frequency behavior and gains too.

All CP antennas built in this chapter exist at the end of this dissertation as two
publications in the list of "PUBLICATIONS RELATED TO Ph.D. THESIS"

4.2 Design and Analysis of Penta Band Antenna with Triple Sense CP
4.2.1 Antenna Structure

The configuration of the antenna is presented in Figure 67. The radiator pressed on a

substrate FR-4 that has a thickness of 1.6 mm with &, =4.4and tan3=0.02. The upper

surface of the substrate is imprinted by a hexagonal open loop radiator, whereas the
portion of the ground level is settled on the back of the substrate with double split

stairs.
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The antenna excited by a 50Q direct feed line. The radiator takes an area of 0.14 .

x0.08 A.. The proposed antenna parameters described in Table 1 were optimized by

intensive full wave simulation.

(@) (b)

Figure 67 Structure of the open ring penta band with triple sense CP antenna (a)

Top view, (b) Bottom view.
4.2.2 Design Procedure

The development steps of the penta band with triple sense CP antenna are shown in
Figure 68. In Ant.1, the radiator is closed ring and reduced ground plane without slits.
In this case, the antenna provides two bands (2.05-2.41GHz) and (5.50-6.75 GHz) as
shown in Figure 69 (a); however, as a result, it produces a wave with elliptical
polarization merits at the operating frequencies as indicated in Figure 69 (b). The first
operational band moved towards the L band (1.61-1.75 GHz) in Ant.2. Also, as shown
in Figure 69 (a), the second band is extended across the S and C bands with a frequency
range (2.95-5.45 GHz). In addition, the AR is strengthened at first operation band,
which became lower than 3dB as shown in Figure 69 (b), but AR in the second band
is not coupling with the |S11|. Concerning the operating frequency ranges, they
expanded in the Ant.3 by incorporating radiator loading components and operating
bands were (1.60-1.70 GHz), (2.93-3.42 GHz), and (4.10-6.61 GHz), but CP was
proved from (1.73-1.80 GHz) that was not in line to Ant.3's first operating band. Five
frequency bands are introduced in Ant. 4. On the other hand, the AR under 3dB
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observed at only three bands (1.60-1.75 GHz), (4.54-4.90 GHz), and (6.21-6.49 GHz).

Therefore, only these three bands are focused.

A

Ant.1 Ant.2

S

Ant.3 | UpperMetal Ant.4
I Lower Metal

Figure 68 Steps of open loop hexagonal penta band triple sense CP antenna
design

11| (dB)

00 300 400 500 600 700 Y00 300 300 400 500 600 7.00
Frequency (GHz) Frequency (GHz)

() (b)
Figure 69 Performance of each stage in Figure 67 (a) |[S11|, (b) AR

4.2.3 Current Distributions on Surfaces

It is important to grasp the mechanism of the antenna scientifically. The current is
obtained at surface of three regions:1.6 GHz, 5.25 GHz, and 6.5 GHz as observed in
Figure 70 (a), (b), and (c). The current enriched on the radiator part particularly in the
lower part of it as obtained in Figures 70 (a) and (b). Regarding the 3rd frequency, it
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intensified in the midst and upper part. Concerning another conducting surface (ground

plane), the current is heavy around the slits that participated effectively to boost the

matching of the 1st band. Also, to produce the 3rd band as demonstrated in Figure 69.
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Figure 70 Allocation of currents on antenna surfaces at (a) 1.6 GHz (b) 5.25 GHz
and (c) 6.5 GHz.
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Figure 71 Allocation of currents on antenna surfaces at (a) 1.65 GHz (b) 4.75 GHz

and (c) 6.35 GHz CP resonance frequencies.
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Figure 71 exhibits the current allocation at three operation bands 1.65 GHz, 4.75 GHz,
and 6.35 GHz with different time instants 0°and 90°so as to know the circular
polarization characteristics. In Figure 71 (b) and (c), the resultant vector (red arrow)
rotates anticlockwise which indicates that the wave is RHCP (right handed circular
polarization) whereas, it rotates clockwise direction in Figure 71 (b) creating LHCP
(left handed circular polarization). The opposite direction currents with the same
magnitude are not contributed to identifying the main direction of currents rotation as

demonstrated in transmission lines.

4.2.4 Parametric Study

The study of each antenna parameter will help to enhance its performance significantly
by adjusting each one to reach to optimize value. For this antenna, the parameters wl,

w2, w4, L1, s1, and s2 will study independently to know the weight of each one.

4.2.4.1 Impact of Parameter, wl

Figure 72 indicates the influence of w1l that represents the width of the open ended
side on the magnitude of the input |[S11| and axial ratio of the antenna. Also, Figure 72
exhibits the effect of rising wl gradually towards internal which causes the presence
of the 3" frequency of CP operation from (6.14-6.70 GHz) and CP performed from
(6.21-6.49 GHz) as seen in Figure 72 (b). In the meantime, on the 2" band, the CP
area moved to the left side to align more with the |S11|.
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Figure 72 The impact of wlon the antenna behavior (a) |[S11|, (b) AR
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4.2.4.2 Impact of Parameter, w2

The influence of w2 that acts the width of the long side on the radiator in reflection
coefficient and axial ratio on antenna performance is demonstrated in Figure 73 (a),
and (b), respectively. Figure 73, shows the power of w2 on over all bands, especially
for wide part (4-7 GHz). When w2=2.071mm, the |S11| is poor in all bands. Moreover,
the circular polarization displays in the 1st band only. The growth of w2 a bit leads to
the occurrence of 2" and 3rd circular polarization bands with AR less than 3-dB.
Hence, the w2=3.071 mm chooses based on this survey. When the value of w2 is
raised, the optimum value, it influences directly to the 3 CP band. Furthermore, the

2" CP band moved to undesirable area as shown in Figure 72 (b).

--------- W2=1.071mm e 5 5 e W2=2.071mm W2=3.071mm e . W2=4.071mm
0.00 ; 15.00 j—;_:. o L
500 Al 12.00 :
1000- "\ 4 @ 5
-10.00 o Dl .
8 R N Somd 1
] L s . X
-‘2-15-00'_ h ".:"' e 5 F
= ] g & [+ 2
e 1 - = 6.00 #
=20.00 ' ; !
] 4 =
25.00 A0
-30.00- : ! S— : 0. .4 : : : :
0‘1.)0 200 3.00 4.00 5.00 6.00 7.00 0(i.(}O 200 3.00 400 500 6.00 7.00
Frequency (GHz) Frequency (GHz)
(@) (b)

Figure 73 The impact of w2 on antenna behavior (a) |[S11], (b) AR
4.2.4.3 Impact of Parameter, w4

Figure 74 describes the impact of w4 that represents a width of external loaded part
linked with the ending of open direction rib to 1st band is not suitable for slightly
whereas, it works a significant role. concerning the others, when w4 increased
gradually, the 3™ CP band begin to emerge gradually, as depicted in Figure 74 (), but
this display must be associated with axial ratio. Also, the adjustment gives a desired
result when w4= 3.343 mm, the axial ratio confirm with the reflection coefficient at
(6.21-6.49) GHz as seen in Figure 74 (a), and (b).
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Figure 74 The impact of w4 on antenna behavior (a) [S11| (b) AR

4.2.4.4 Impact of parameter, L1

The L1 represents as shown in Figure 75 (b) the open rib in the hexagonal radiator,
whereas the |[S11| does not overly affect the efficiency of the CP as shown in Figure
75 (a). The CP function is clearly visible in L1=6,757mm, making it 2" and 3" bands.
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Figure 75 The impact of L1 on antenna behavior (a) |S11], (b) AR

4.2.4.5 Impact of Parameters, s1 and s2

Figure 76 clarifies the extent of effectiveness of sland s2 on the antenna performance
(reflection coefficient and axial ratio). Both the parameters act as the width of the
etched slit in the ground plane. When sl and s2 increased, the amount of harmony
raised particularly at the resonant frequencies 1.65 GHz, 2.55 GHz, and 3.2 GHz. Also,

the axial ratio became under the 3 dB especially at the second and third bands.
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Figure 76 The impact of sland s2 on antenna behavior (a) |[S11|, (b) AR

4.2.4.6 Impact of Existence of s1 and s2

Based on Figure 77, the s1 role is limited to the third band as depicted in Figure 77 (a).
Also, the CP of the last band disturbance is seen in Figure 77 (b). Regarding stair slit
s2, it plays a significant role in the improvement of antenna performance. When s2
does not exist, the second band is disappeared as well as the other last bands have lost
the circular polarization property. So, both of them remain in order to keep the |S11|
and circular polarization in all bands.
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Figure 77 The impact of the existence of s1 and s2, (a) |[S11|, (b) AR

4.2.5 Results and Discussions

From the above study, the appropriate values of all antenna parameters are listed in
the Tablel
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Table 1 Dimensions of open ring multiband CP antenna

Parameter unit Parameter unit Parameter unit
(mm) (mm) (mm)
W 45 G3 18 L6 1914
W1 4.071 G4 15 Lf 14.421
W2 3.071 G5 5.5 S1 0.5
W3 2 G6 4.5 S2 0.5
w4 3.343 L1 6.757 T1 4.5
Wt 3 L2 7.525 T2 10
L 65 L3 13.757 T3 4.5
Gl 40 L4 12.242 T4 4.5
G2 22 L5 8

4.2.5.1 Reflection Coefficient and Axial Ratio

As it is known, the reflection coefficient and axial ratio consider one of most important
parameter parameters for test any circular polarization antenna. So, the proposed
antenna has been simulated via HFSS then fabricated and measured practically by
vector network analyzer (VNA) as depicted in Figure 78. The axial ratio (AR) should
be within an operating band as seen in Figure 78. For instance, the first band starts at
1.55 GHz and ends at 1.72 GHz, the AR<3dB calculated within the mentioned
frequency ranges, and found that axial ratio bandwidth (ARBW) extends from 1.60
GHz to 1.75 GHz. If the AR<3dB locate out of operation band it will be neglected
such asthe AR < 3dB from (3.74-3.90 GHz) as illustrated in Figure 79. In other words,
the AR < 3 dB condition should verified within the desired band as possible as for
ensuring the high performance of the antenna.

Also, Figure 79 indicates that there is harmonization between simulated results and
practically for somewhat. The practically tests concerning the reflection coefficient
pointed that good matching in first and second bands. Also, they are similar with
simulated first and second band s almost. Regarding the third band, the coupling under
-10 dB is very poor while it observed that the realistic result moved about 500 MHz to
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the high-frequency region as compared to the simulated result and began from 4.66
GHz to 6.51 GHz. Concerning the axial ratio bandwidths (ARBWSs), the outcome is
comparable between simulation and experiment as presented in Figure 79. The circular
polarization bands visible in three regions as shown in Table 2. Regarding the middle
bands (2.51-2.64 GHz) and (3.10-3.31 GHz), they are linear polarization.

Table 2 The ARBWs for first proposed antenna

No. Simulated Measured ARBWSs in MHz
AR <3dBinGHz | AR<3dBinGHz | (Simulated, Measured)
1 1.60-1.75 1.59-1.73 15, 14
2 4.54-4.90 4.58-4.93 36, 35
3 6.21-6.49 6.25-6.50 28,25

4.2.5.2 Gain and Radiation Patterns

Figure 80 indicates the peak gains of the first suggested antenna while Figure 81
represents the radiation patterns. The simulated and experimented outcomes are

analogous for somewhat. The values of gains extract from its figure that indicates that

the measured values similar to the simulated values as shown in Table 3

Table 3 The simulate and particular gains at resonance frequencies

No. | Simulated gains Measured gains Frequency GHz
dBi dBi
1 1.87 1.75 1.65
2 3.83 3.72 2.55
3 3.2 3.2 3.2
4 5.95 5.87 4.75
5 7.67 7.61 6.35
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Figure 78 The fabricated antenna (a) Top view, (b) Bottom view, (c) During the
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Figure 79 The simulated and measured outcomes of reflection coefficient and axial

ratio of penta band CP antenna
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Figure 80 The peak gain against the frequency of the penta band CP antenna

Figure 81 presents the simulated and particularly radiation pattern at resonance
frequencies. The proposed antenna has been simulated and tested in both planes XZ
and YZ respectively. The experimental results imply that there is confirmation with
simulated results. In Figure 81 (a) and (e) the antenna radiates right-handed circular
polarization in +z direction whereas left-handed circular polarization in Figure 81 (d).
The cross-polarization in the first band about 22 dB while in the fourth and fifth band
is more than 25 dB at 6=0°. Regarding the second and third bands, they are considered
linear polarization.
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Figure 81 Radiation patterns of the open ring penta band triple sense CP antenna at
(a) 1.65 GHz, (b) 2.55 GHz, (c) 3.20 GHz, (d) 4.75 GHz, (e) 6.35 GHz

4.2.5.3 Comparison of Penta Band Triple Sense CP Antenna with Previous
Works

Table 4 summarizes the comparisons of the presented antenna in Figure 67 with some
other previously works. During the comparison, it found that current work has many
merits more than the others like compactness, low profile, number of bands as well as

carry out an enhancement in ARBW.
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Table 4 Comparison of penta triple sense CP antenna with previous works

. <|— -
Ref Size IBW (GHz, fc, %) |Sll| 0 3-08 ARBWS ASRCI;?N Polarization
| mm?) " dB (GHz, fc, %)
Bands Bands

1.57-1.85, 1.71, 16.37 1.56-1.62, 1.57,3.70 RHCP
[20] 45x65 | 1.99-2.19,2.09,9.56 | Triple | 1.98-2.08,2.02,4.90 | Triple LHCP

2.52-2.77, 2.645, 9.45 2.50-2.63, 2.55, 5.06 LHCP

1527-1.917, 1.722,

227 1.579-1.637, 1.61, 3.6 LHCP
[21] 55%66 | 5 598-3.248, 2.923, Dual 1 5 67.2.822 2.74. 5.6 Dual RHCP

223

1.55-1.60, 157, 3.18 1.5275-1.5925, 1.56 RHCP
[94] 95x93 | 2.37-2.53,2.40,6.66 | Triple | 2.3875-2.4725, 2.43 Triple RHCP

2.96-3.03, 3.00, 2.33 2.985-3.015, 3.00 RHCP
[102] | 54x64 | 1.84325 141,554 | Single | 1.86-353, 1.67,61.96 | Single LHCP

1.55-1.72, 1.60, 10.62 1.60-1.75, 1.65, 9.10 RHCP
our 251-2.64,255,509 | | e _ Lp
Worc | 45X65 | 310-331,320,656 | Penta | e Triple Lp

4.08-5.83, 5.20, 33.65 4.54-4.90, 4.75, 7.58 LHCP

6.14-6.70, 6.50, 8.61 6.21-6.49, 6.35, 4.41 RHCP

4.3 Design and Analysis Triple Band Antenna with Dual Sense CP

4.3.1 Antenna Structure

The physical shape of the triple band with dual sense CP is demonstrated in Figure 82.

The open ring radiator print on a substrate while the reduced ground plane past on

another side. Concerning the partial ground plane (tgxw), two pairs of slits have been

etched in it. Also, two strips with rectangular shapes (nhxnw) are emerged from both

sides (left and right) of the reduced plane. The type of substrate is FR4 type with relative

permittivity 4.4 and thickness1.6 mm. Concerning the excitation of the proposed

antenna, it fed via a direct feed line (hfxwf). The length of the antenna is 70 mm, whereas

the width is 45 mm. All parameters that are presented in Table 5 and Table 6 have been

built by the HFSS V13 simulator and verified experimentally.
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Figure 82 Structure of the open ring hexagonal triple band dual sense CP
modified antenna (a) Top view, (b) Bottom view
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Table 5 Dimensions of open ring triple band dual sense CP antenna

Parameter | Value (mm) | Parameter | Value (mm)
L 45 h5 7.41
w 70 h6 2.5
wl 4.07 hf 14.42
w2 3.27 gl 15
w3 2 g2 18
w4 1 g3 4.5
w5 2.25 g4 15
wf 3 tg 14.2
hl 6.75 nhl 4.3
h2 7.52 nh2 4.3
h3 13.75 nwl 5
h4 12.24 nw2 5

Table 6 Dimensions of stair slits

Parameter | Value (mm) | Parameter | Value (mm)
tl 1.7 t11 2.5
t2 4 t12 15
t3 2.5 t 2.7
t4 3.5 sl 0.5
t5 4.2 s2 0.5
t6 4.5 s3 0.5
t7 4 s4 0.6
t8 55 s5 0.5
t9 3.5 ul 2.5

t10 1.8 u2 2

4.3.2 Current Distributions on Surfaces

The allocation of current on the surface conductors is needful for explaining CP
propagating manner. It implemented an open ring modified at the first band with
resonance frequency of 1.575 GHz and second band at 4.5 GHz, as observed in Figure
83 sequentially. Figure 83 describes the allocation of current in two time instants first
when t=0" and second at t=90" for 1.575 GHz and 4.5 GHz, sequentially. As noted in

Figure 83, the circular polarization can be observed clearly at t=0"and t=90". For
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instance, at 1.575 GHz, the identical amplitudes of current with phase difference
90°checked on surface conductors, particularly in j, with j, and J; + J, with J; + Js at
t=0" and when t=90°, the j5 with j, and J; with J,. Concerning the resonance
frequency of last band (4.5 GHz), when t=0°, the perpendicularity and identically fruited
at the upper and lower part of open-loop hexagonal radiators such as js with j, and J; +
J» with j5 + 7, as well as the currents in stair slits region and left rectangular strip
emerged from the ground plane. Also, as related to t=90°, upper and lower part of open-
loop hexagonal radiators such as Js with j and j; + J, with j; as well as the currents in
stair slits region and left rectangular strip emerged from the ground plane. From Figure
83 (a), it observed that the kind of propagated wave is RHCP in the direction of
propagation since the summation of the current vector ( jsum, ) roll around
counterclockwise as time raises on the contrary at 4.5 GHz, it viewed that the J;,,,,, rolls
around clockwise trend as time raises. Thus, LHCP radiation is made along the direction
of propagation. The current vectors intensity with reverse way are disregard, as shown
in Figure 83 (b).

o

0 .
Z f{/’/§ . _.jﬁ J7
X Is| />
I i Ja
A7 Jsum .
1k Js Is
A ik P
A Ih Iz
Isurfla_per_n] Y =
1 211}! i¢
[RCRCUPCE P R—— ¢ Frmmrry
e A RS e s ol S s
2, SEEEE B 1 hpa»p&x:xzt I3 T Al J2vrrewl
B - e e - P - o e A \ .r**;:-?*wrrr'
DNBLEEHEEE | [ e s .I...;."_L_____"r"’.__}._...

3., 5355¢+068

1, 3296 +200

5. B0a8e-B0L
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4.3.3 Parametric Study

4.3.3.1 Impact of Parameter, w4

Figure 84 (a) demonstrates the effect of the parameter w4 on [S11| (reflection coefficient)
while Figure 84 (b) describes the AR response. It observed that the w4 plays a major
role at 2.55 GHz. The impedance matching enhanced at w4=1 mm. Regarding the AR

level, the CP condition (AR<3 dB) increased from 0,55 GHz to 1.03 GHz which implies
that the perpendicularity of the electric field raised to the max.
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Figure 84 The impact of w4 on antenna behavior (a) [S11|, (b) AR

4.3.3.2 Impact of Parameter, s1 and s2

Figure 85 explains the influence of the parameters sl and s2 on the reflection
coefficient and axial ratio level. The mentioned figure clarifies that the stair slit s2 has

a major role in impedance matching improvement regarding the first band. Also, it
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observed that the second band is disappeared completely when s2 goes to zero. So, it
Is in charge of the mentioned band production. Concerning the s1, its role appeared at
first and last bands, As related to the first band, one of them is adequate to satisfy the
CP condition. However, for the last band, the axial ratio bandwidths (ARBW) become
superior when s1 and s2 exist together in the ground plane.
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Figure 85 The impact of s1 and s2 on antenna behavior (a) |S11|, (b) AR

4.3.3.3 Impact of Parameters, s3, s4, and s5

Figure 86 presents the essential impact of parameters s3, s4, and s5 on the [S11| and AR.
The significance of them appeared on the last band, whether in reflection coefficient or
axial ratio. The optimum case viewed when s3=s4=0.5 mm, s5=0.6 since they offered a
max axial ratio bandwidth. Moreover, they generate an appropriate matching impedance

at the last band that coats it completely with an axial ratio lower than 3dB.
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4.3.3.4 Impact of Parameters, rectangular strips (nhxnw)

The function of rectangular strips (4.3x5) mm? together was clear in axial ratio
bandwidth (ARBW) improvement. At the last band, the ARBW is boosted from 4.8%

to 23.2%. In addition, the reflection coefficient became coupled with the axial ratio as
observed in Figure 87.
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Figure 87 The impact rectangular strips on antenna behavior (a) |S11, (b) AR
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4.3.4 Results and Discussions
4.3.4.1 The |[S11| and AR

For verifying the simulated outcome, the antenna should be fabricated and pass the
measurement successfully. Figure 88 demonstrates the practical side of it. Figure 88
(@) and (b) present the fabricated antenna: front side and backside whereas the other
two subfigures show the antenna under test. The reflection coefficient of it tested by a
vector network analyzer (VNA) while the axial ratio, gains, and radiation patterns

tested at the anechoic chamber.

(d)

Figure 88 The fabricated of the modified antenna (a) Top view, (b) Bottom view, (c)
Under VNA test (d) Measurement of radiation in the anechoic chamber
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Figure 89 The |S11| and AR against frequency of the modified antenna.

The outcomes of the simulated and measured of the reflation coefficient and axial ratio
collected in Figure 89. It indicates that there is unison between simulated and practical
results at bandl as related to impedance matching and axial ratio level whereas the
others are a little moved towards the right side (high-frequency zone) because of the
dielectric material characteristic and connector sensitivity. Moreover, the AR is under
3 dB at both the band1 and band 4 zones. This matter implies that the modified antenna
can be propagated or receive the signals that own a circular polarization characteristic.
Concerning the second and third bands, AR>> 3 dB, so they have linear polarization
(LP) merits. As related to the third band, it is omitted due to the S11> -10 dB. Table 7

presents the all simulated and measured values regarding the [S11| and ARBWS.

Table 7 The simulated and experimented outcomes of the modified antenna

Bands | (Simulated) IBWs (Measured) IBWs (Simulated) 3-dB (Measured) 3-dB
(GHz, f2-f1, %) (GHz, f2-f1,%) | ARBWS (GHz, %) | ARBWSs (GHz, %)
Band1 (1'515'1'17561)' 246, | (LAT8LTIN. 236 | (1 508-1.604), 6.2 | (1510-1.606), 6.2
Band?2 (2'496'27'617 9,183, | (5 54..72), 180, 6.8 None None
Band3 (3'178'353763)' 185, 1 (3.32-3.42), 100, 3 None None
Band4 (4'054"1'57 22)' 669, | (4.20-4.89), 600, 13.1 | (4.025-5.081),23.2 | (4.035-5.07), 22.7
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4.3.4.2 Gain and Radiation Patterns

Figure 90 and Figure 91 demonstrate the gains and radiation patterns of the modified
antenna respectively. They are obtained by HFSS simulator and practically in far field
region at anechoic chamber. Concerning the gains, the simulated and experimental

outcome shown in Table 8.

Table 8 The simulate and particular gains at resonance frequencies for modified

antenna
No. | Simulated gains Measured gains Frequency GHz
dBi dBi
1 2.17 2 1.575
2 3.94 3.5 2.55
3 5 4.9 4.5
6.00~
5.00
% 4.00 : Y
§=! ] \
S S_GDE
E 2.00- 4
R i ’
1.00- —— Simulated by HFSS
0.00 e casured |

1.00 150 200 250 300 350 400 450 500 5.30
Frequency (GHz)

Figure 90 Simulated and experimented peak gain values of the modified antenna.

Concerning another criterion (radiation pattern), also the simulated and practical
results compared and the results were convergent at XZ and YZ planes at center
frequencies shown below. At first band, the right hand circular polarization (RHCP)
propagated along with the +z trend while left hand circular polarization (LHCP) along
the reverse side. Regarding Figure 91 (b), the co and cross polarized wave plotted in

both planes. When phi=0°, the divergence between them becomes 15 dB in the trend
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of propagation. In addition, the wave shape of co polarization is omnidirectional while
its bi directional in another plane. At a center frequency of the last band, the radiated
shape can be seen in Figure 91 (c). It indicates that the antenna radiates left hand
circular polarization (LHCP) along the direction of propagation. Furthermore, the
pattern form is a little tilted from the major axis in XZ and YZ planes due to the

asymmetrical structure of the radiator.

X7 plane YZ plane
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Figure 91 Normalized radiation patterns of the open loop hexagonal triple band dual
sense CP antenna (a) 1.575 GHz, (b) 2.55 GHz, (c) 4.5 GHz.
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4.3.4.3 Comparison of Triple Band Dual Sense CP Antenna with Previous Works

The designed antenna as demonstrated in Figure 82 is distinctive from other recently
published works in one of specification at least. Table 9 describes the comparison
between current work and others. It observed that it is compact as compared to others

as well as ARBW has been enhanced.

Table 9 Comparison of triple band dual sense CP antenna with previous works

|s11]
Ref Size IBW <-10 | 3-dBARBWs | . . .
| mm?) (GHz, fc, %) dB (GHz, fc, %)
Bands
1.474-1.566, 1.5,
1.26-1.654, 2.46, 26.7 6.1 RHCP
[12] | 80x80 | 5%y 5738 250 113 | PUdl | 25122677, 26, LHCP
6
1.54-1.68, 1.6, 8.7 1541675, 1., RHCP
L | 7O 1.96-2.47, 2.2, 23 2l S LHCP
90~ e 2.02-2.45, 2, 19
1.6-2,18,22.2
1.57-2.04, 1.75, 26.04 -5, RHCP
[24] | 635%55 | 5037 500 1903 | Dudl | 315-353.325, L Hop
1053
g | 0% 1.42-1.6,151, 12 Dual | 149-153,151,3 RHCP
0 2.14-2.56, 2.35, 18 2.34-2.43,2.38, 4 RHCP
2.42-2.47,2.45,
2.4-25,2.45,9.1 1.842 RHCP
[83] | 60x60 4.98-6.5,5.8, 26.2 Dual 5.72-5.89, 5.8, RHCP
2.97
2.428-2.471,
2.4-253,2.45,527 2.45,1.76 LHCP
[84] | 60x60 5.6-6.15, 5.8, 9.36 Dual | 567755877, 5.8, LHCP
267
2.238-2.285,
[g5) | 100x10 | 2015-237,219,162 | [ 2.256, 2.1 LHCP
0 2.64-2.95,2.79, 11.29 2.645-2.69, LHCP
2.667, 2
1.609-1.619,
1.595-1.632, 1.61, 2.3 1.61,0.6 LHCP
[86] | 8080 | 5395 5574 245 72 | Dudl 2.474-2.509, RHCP
249 1.4
1.51-1.606,
This 1.48-1.714, 1.59, 14.7 1558, 6.2 RHCP
work 70x45 2.54-2.72, 2.63, 6.8 Triple | - LP
4.29-4.89, 459, 13.1 4.035-5.07, LHCP
4552, 22.7
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CHAPTER 5

DESIGN AND ANALYSIS OF MULTIBAND CIRCULAR POLARIZATION
SQUARE SLOT ANTENNAS (CPSSAS)

5.1 Introduction

New designs of multiband circular polarization antennas have been presented in this
chapter. These monopole antennas feed by coplanar waveguide (CPW). The behavior
of these antennas have been inspected via HFSS simulator which gave clear
information regard to each operation band. For instance, an axial ratio level considers
an important parameter to know the circular polarization in each band. Furthermore,
the other parameters such as radiation pattern, gain, radiation efficiency have been
expressed and analyzed. The suggested technique displays a new alternative to build
low cost, omnidirectional radiation pattern CP antennas suitable for a wide range of

wireless communication system.

5.2 Design and Analysis Triple Band CPSSA.
5.2.1 Antenna Configuration

The physical shape of the suggested antenna is displayed in Figure 92. The radiator
and ground plane are printed on one side of the substrate. The radiator consists of two
hooks with opposite contacted direction. Regarding the ground, it composed of open
loop square ring with loaded by two rectangular strips (alxbl, a2xb2). These strips
are located at opposite corner of inner square ring to produce CP waves. The thickness
of substrate, relative permittivity (&,), and loss tangent tan 6 is 1 mm, 4.4 and 0.02
respectively. The overall dimension of the antenna is as consolidated as
40x40x1 mm3. Regarding the radiating part, it seems to be two hooks with the
opposite connected direction which fed by CPW (coplanar waveguide) 50 Q. The
optimized parameters of the proposed antenna after numerically studied on HFSS are
listed in Table 10.
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W |

Upper Metal

= - Dielectric Substrate

Figure 92 The structure of the triple band CPSSA.

Table 10 Dimensions of the triple band CPSSA

Unit 40 8 95 40 18 6.5 6.5
(mm)

Parameter | W4 W5 W6 W7 Wy Wi al
Unit 5.5 2 12.5 3.5 4 3 3.5
(mm)

Parameter a.2 bl b2 b3 rl I‘2 I‘3
Unit 6 10 10 6.5 3 45 4
(mm)

Parameter | 4 rs 6 a3
Unit 8.5 2 15 1
(mm)

5.2.2 Design Procedure

The proposed antenna passed through four scientific steps as shown in Figure 93. The
results of Ant.1 were negative. The results came logically because there is no clear
radiator part. In Ant.2, the radiator started to appear as a hook. The responses were
positive comparatively. The first band configured with impedance bandwidth (IBW)
from (4.2 to 6 GHz) whereas second band appeared from (10.8 to 11.3 GHz) and axial
ratio (AR) near to 3-dB as seen in Figure 94 (a) and (b) respectively.
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In Ant.3, the radiator modified and became to be as two inverted hooks which changed
the antenna characteristics by improving the reflection coefficient |[S11| value at 11
GHz region. In the last stage, so as to reach or satisfy the circular polarization target,
the axial ratio must be less than 3-dB in operating frequencies. One of method is that
adding two patches in opposite direction of corners [22,91]. The method is activated
in this design. when unequal rectangular patches added, the CP waves started to appear
clearly in two operating bands. Furthermore, a new band appeared at (7.60 to 8.40
GHz) with ARBW 5%.

Ant.1 Ant.2

Ant.3 Ant.4

Figure 93 The steps to perceive the triple band CPSSA
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Figure 94 The response of each step of the proposed CPSSA (a) [S11], (b) AR
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5.2.3 Current Surface Distributions

The radiated wave from circularly polarized antenna may be right or left hand
circularly polarized. To investigate this property from proposed antenna, the current
distribution on the surface conductor must be known. As shown in Figure 95, the
current allocation is inquired at all operating bands 3.2 GHz, 8 GHz and 11 GHz

respectively.

Isurf[a_per_m]

l 5. 0000 +B8 1

1.3572e+081
3. 6348 +088

1. BRGE e +088

Jsurf[A per_m]

5. BE60 e +ER1

1. 3572e+@01
3. 642 +EaE
1. BAAE g +AAE

Jsurf[a_per_n]

5. 0088 +@81

1.3572e+801

3. B34Ee +BER

1. BREEE +AEA

Figure 95 The surface current distribution of the triple band CPSSA at (a) 4 GHz,
(b) 8 GHz, (c) 11GHz in 0°and 90° phase
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The current distribution at 3.2 GHz, 8 GHz and 11 GHz presented in Figure 95 (a), (b),
and (c) respectively with different time instants 0°, 90°. They viewed that the resultant

current vector rotates clockwise direction leads to contribute left-handed circular
polarization (LHCP) radiation.

5.2.4 Parametric Study of Triple Band CPSSA.

The parameters al, bl, w7, r2, and r3 contributed to be the proposed antenna a
multiband CP. In order to know the weight of each one, the study has been carried on

by a superposition way. Then the effect these parameters on each band became
obvious.

5.2.4.1 Effect of Parameter, al

The al represents the width rectangular strip located on the ground plane (far from the
radiator) as noted in Figure 96. The impact of it observed on AR, especially in the
second and third bands. By taking values from (9-12) mm, the |[S11| and AR responses
gave appropriate response at a1=10 mm as shown in Figure 96 (a) and (b).
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Figure 96 The effect of al on antenna performance (a) |S11|, (b) AR

5.2.4.2 Effect of Parameter, bl

The bl acted the length of the rectangular strip located on the ground plane as shown
in Figure 92. Indeed, it plays an important role in |S11| and AR responses. As seen in
Figure 97 (a), when the value of b1 raised, the |[S11| is decreased in the first band while

the middle band affected negatively at b1=4.5. Regarding AR, the bl influences
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significantly on the last band. As per Figure 97 (b), the AR became less than 3-dB in
the last band when the b1 =3.5 mm so the mentioned value nominated.

----- b1=2.5mm == m = == D1=3.5mm m—n s mm= b1=4.5MM e w—b1=5.5mm

0.00 15.00 = Ty
RE HE
£i60 P H i Rt H il
-5.00 . A tit = 1
k L L WY 4 12.00 X Rt ;i i Y
5 M F 3 12y i L% 21 i
-10.00 \ , L L] oy iy M il gl
L F [ W] if a8 s iy 7 An gy
—~ % 3 = 9.00 3 | HE F -»st =
g1so0y % ‘{s‘i’ ¥ | fiy B 1% EM
= -3 ¥ R X O
g0y F ? %' 2 6.00- ¥ £ Ty ;U
- ) : E 3 5 s
25.00 i e # i Y
T E - !y

-30.00 g 3.00 18 ey g_ll -

Y

-35.00 - - - - - r - T 0.00 - - - - r - v >
3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 97 The effect of b1 on antenna performance (a) |S11], (b) AR

5.2.4.3 Effect of Parameter, w7

The w7 strip is a part of radiator. When the w7=3.5 mm, it contributes effectively for
decreasing the AR level under 3-dB as noted in Figure 98 (b) as well as the AR for
second and third band shifted to right for raising the matching between |S11| and AR
as illustrated in Figure 98 (a) and (b).
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Figure 98 The effect of W7 on antenna performance (a) |S11], (b) AR
5.2.4.4 Effect of Parameter, rl

The effectiveness of rl appears in the AR graph as illustrated in Figure 99 (b)
specifically from 3 GHz - 5 GHz. The AR in the mention region exceeds the threshold

of CP condition when it’s equal to 3 mm. The second role is that it plays to increase
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the axial ratio bandwidth (ARBW) for the middle band. Regarding |S11| response, it
does not respond to major variation when the value of r1 changed from 1mm to 3 mm.
when r1=4 mm, means it conducts to feed directly all of the responses will be changed

except the last band, it keeps the CP characteristic as shown in Figure 99 (a) and (b).
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Figure 99 The effect of r1 on antenna performance (a) [S11|, (b) AR

.00

5.2.4.5 Effect of Parameter, r2

The r2 strip considers a part of the inverted hook. The influences of it do not appear
significantly on |S11| response as seen in Figure 100 (a) except when r2=5 mm which
means the strip contacts with another hook. The impact of it becomes clear at the AR
response. From Figure 100 (b), the AR varied with r2 values. When r2= 4.5 mm, the

AR response in all bands is settled under 3-dB especially in the second and third band.
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Figure 100 The effect of r2 on antenna performance (a) |S11|, (b) AR

5.2.4.6 Effect of Parameter, r3

The r3 strip resembles r2 relatively. The roles of it can be note in the upper band. When
r3= 4.5 mm, the axial ratio level decreased and reached to satisfy the CP condition.
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Furthermore, it contributes to matching between AR<3 dB and |S11| responses as
noted in Figure 101 (a) and (b).
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Figure 101 The effect of r3 on antenna performance (a) |[S11|, (b) AR

5.2.5 Results and Discussions

5.2.5.1 The |[S11| and AR

In this subsection, the simulated results of the reflection coefficient and the axial ratio
are presented in Figure 102 (a) and Figure 102 (b) respectively. The first band operates
at (3.59-5.01 GHz) whereas the axial ratio under or equal to 3-dB appeared at (3.15-4.69
GHz). In the second band, the reflection coefficient extends from (7.64 to 8.43 GHz)
while the AR< 3-dB located at (7.77-8.17 GHz). The last band appeared at (10.81-11.28
GHz), while the AR< 3-dB for that band observed at (10.84-11.25 GHz). Finally, the
AR< 3-dB was evident in all operation bands which means that the CP exists in all

operation bands.

5.2.5.2 Gain and Radiation Patterns

The simulated peak gain against frequency is illustrated in Figure 103. It noted that the
proposed antenna appears variation in first band from (1-4 dBi). In second band, the
peak gain is about (3.1-3.2 dBi) while in last band about (4.7-4.9 dBi). As per of the

results, it obvious that all CP bands have good gains.
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Figure 104 presents the simulated radiation patterns at frequencies 4.5 GHz, 8 GHz,
and 11 GHz in E-plane and H-plane respectively. CPSSA radiates LHCP wave in +z
direction while in opposite direction, it radiates RHCP in all selected frequencies. The

cross polarization level at 8 = 0° is 16 dB, 15 dB and 26 dB in first, second, and third

resonance frequency respectively.

Figure 104 Radiation patterns of the triple band CPSSA at bands (a) 4.5 GHz, (b) 8
GHz, (c) 11 GHz.
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5.2.5.3 Comparison of Triple Band CPSSA with Previous Works

Table 11 exhibits the comparison of the proposed antenna, which is triple-band CPSSA
with previous works that have been presented recently. During the comparison, it
observed that the proposed antenna features several properties. First, the number of CP
bands. Second, the ARBW is enhanced obviously on all operation band as compared

to others.

Table 11 Comparison of triple band CPSSA with previous works

Number
Ref size mm?3 S11<-10dB 3-dB ARBWs of CP
(GHz, fc, %) bands
1871-3321
[14] 40%40 3731-7012 4.6-6.1,5.35, 28 1
7887-11196
2.56-3.8 2.77-3.2,2.98, 14
[99] 50x50 2
10.01-12.53 10.25-11.25, 10.75, 9
[100] 40%40 1.5-3.15 2.1-2.67,2.38, 24 1
3.40-3.77 3.64-3.77,3.7, 3
[110] 33x34 2
5.15-8.00 5.51-6.40, 5.9, 15
[116] 60x60 2.67-13 4.9-6.9,5.9, 33 1
3.59-5.01 3.15-4.69, 3.92, 39
Our
40x40 7.64 10 8.43 7.77-8.17,7.97,5 3
work
10.81-11.28 10.84-11.25, 11, 4

5.3 Design and Analysis Triple Band with Dual Band CPSSA

This antenna derivative from the first model antenna that considers a basic model for
the others. The reason or justification for this update is to increase the purity of the
circular polarization characteristic at the first band. As seen in Figure 105 (b), the axial
ratio (AR) (Red line) for the first band of the previous model is near to 3-dB boundary
means that the circular polarization was unstable for somewhat. To decrease the axial
ratio, some parts of the basic model need to be changed or added. Depending on the

approach employed in Refs. [115, 116], the basic model updated by adding an inverted
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L-strip to the ground plane on the far corner of the radiator as shown in Figure 105.
Actually, the adding of the mentioned strip directly to the ground plane leads to an
impact in the first band positively. On the other hand, the second and third bands
influenced negatively as illustrated in Figures 105 (a) and (b). Also, as per Figure 105
(b), the AR response at the last two bands is shifted while the impedance resonances
of them remain in the same frequency as compared to | S11 | of the basic model as
noted in the Figure 105 (a). This means that there is mismatching occurred between
axial ratio under 3-dB and reflection coefficient responses at these bands. Moreover,
the reflection coefficient increased at last bands in another meaning, the reflected
power increased which affects negatively the antenna behavior. To solve this issue, the

parametric study was implemented for getting more suitable results.

000

1000 =]

S| (dB)

2000

\/ — With inverted L-strip
m— Without inverted L-strip

100 400 400 &0

Ty £00 2,00 1000 11,00 12.00
Fregeency (GH:)
()
.00 " " s
— With inverted L-strip
] — Without inverted L-strip
HC-I:I] —
ﬂ 4
F /
1 ] /
<
. she e 7m0 Eb0 sho 1o e 1200

Figure 105 The responses after adding inverted L-strip and before (a) |[S11|, (b) AR
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Figure 106 The structure of the first updated CPSSA

5.3.1 Parametric Study of First Updated CPSSA.

By testing all of the parameters, it found that r1 and r5 strips were behind the
mentioned disorder on new model performance as observed in Figure 107 and Figure

108, so the structure updated depending on this study as shown in Figure 106.
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5.3.1.1 Inverted L-strip

The parameters t1 and t2 compose the inverted L-strip, which considers a cornerstone
regarding the stability of AR under the 3-dB level at the first band. Moreover, the value
of t1 and t2 play a distinct role in satisfying the CP condition at the last band as
illustrated in Figure 109 and Figure 110. By testing in the HFSS simulator, the t1 and
t2 values were taken 9.5 mm and 12.5 mm respectively.
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Figure 109 The effect of t1 on first updated antenna performance (a) |[S11|, (b) AR
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Figure 110 The effect of t2 on first updated antenna performance (a) |[S11|, (b) AR

5.3.2 The Results and Discussions of First Updated Antenna

In this part, the simulated results of the first updated antenna have been demonstrated
in Figure 111. Based on Figure 111 (a), there are three bands have been appeared. The
impedance bandwidth of the first band extends from 3.2 GHz to 5.39 GHz. The IBW
of the second band started from 7.55 GHz to 8.21 GHz while the last band extends
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from 10.79 GHz to 11.31 GHz. Concerning the polarization of each band, it can be
found by knowing the axial ratio (AR) level. The AR at the first band region is less
than 3-dB it extends from 3.32 GHz to 4.58 GHz which covers 57% of the band.

Concerning the second band, the axial ratio of its more than 3-dB, so, can be

considered or classified as a linear polarization band. Regarding the last band, the axial

ratio level at its region satisfies the circular polarization condition that extends from
10.79 GHz to 11.13 GHz that covers 65% of the band.
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Figure 111 The |[S11| and AR versus frequency of the first updated antenna (a) |S11],
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5.3.2.1 Gain and Raddiation Pattrens

The peak gain against frequency is presented in the Figure 112. It obtained that the

proposed antenna appears variation in the first band from 1.7 dBi to 4.9 dBi. In the
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second band, the peak gain is about 3.2 dBi while in last band about 5.1 dBi. As per
the results, it obvious that both first and last CP bands enhanced as compared to the

peak gain of the basic model.
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Figure 112 The peak gain of first updated CPSSA

The radiation patterns for the first updated antenna is simulated and obtained at phi =
0°and phi = 90° at 3.6 GHz, 8 GHz, and 11 GHz respectively as noted in Figure 113.
For the first band, the radiated wave is LHCP in the +z direction whereas radiates
RHCP in the opposite direction as shown in Figure 113 (a). Regarding the middle band
as shown in Figure 113 (b), the difference between co and cross polarization about 5
dB because the axial ratio (AR=15 dB) is not high value sufficiently. For last band, it
similar to first band it radiates LHCP in +z direction. The cross-polarization level in
broadside is 33.6 dB and 19.3 dB at 3.6 GHz and 11 GHz respectively.
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Figure 113 Radiation patterns of the first updated CPSSA at (a) 3.6 GHz, (b) 8 GHz,
(c) 11 GHz

5.4 Design and Analysis Quate Band with Triple Band CPSSA

The second update of the basic model came to generate a new CP band by varying the
impedance of the feedline part. This addition makes the second updated antenna to be

more applicable for wide applications. Actually, the second updated antenna is based
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on basic model and first update with some manipulations fulfilled to give new
beneficial results. In the previous models the enhancement carried on the ground plane
while the current model is used a different technique. As known, the feedline plays an
essential role for antenna operation. Second update focused on feedline part as well as

other previous techniques in first update and second update. The feedline in this model

was etched gradually until arrived to wanted response (new band) in the final stage.

B radiator

| Ground Plane

Figure 114 The structure of second update CPSSA

As presented in Figure 114, the feedline was etched. The width of the slit is 1 mm
while the length is 9 mm. The last part of the feedline (near to SMA connector) is

common with a length of 0.5 mm.

5.4.1 Surface Current Distributions at 5.8 GHz

The surface current distributions already did in the first section of this chapter at 3.6
GHz, 8 GHz, and 11 GHz. Now, it has been done for the new band at resonant frequency
5.8 GHz. Figure 115 presents the surface current distributions on time instants at t=0"and
t=90°at 5.8 GHz. Also, Figure 115 indicates that the resultant current vector rotates
clockwise direction leads to contribute left-handed circular polarization (LHCP)

radiation.
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Figure 115 The surface current distribution of the second update CPSSA at 5.8 GHz

5.4.2 The Parametric Study for Second Updated Antenna

5.4.2.1 Effect of Parameters, s1

In Figure 116, the etching stage is clarified. Actually, the etching stage take several
stages. When s1=0 means that there is no etching it observed that the band at 5.8 GHz
is absent. Even in s1=3 mm there is no response at the mentioned band as shown in
Figure 116 (a). The first thread of response appeared when s1=6 mm. when s1=9 mm,
the band became manifest with a good response. The occurrence belongs to resonance
happened then the power radiated not absorbed. Regarding the axial ratio (AR), it's
under the 3-dB shows in three regions obviously at s1=9 mm. Actually, these regions
are matched with S11 response well as noted in Figure 116 (b), then the second update
model can be operated at four different useful bands the three of them are CP bands

whereas another band is LP.
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The parametric study performed to know the impaction of each parameter to the
response of antenna. Basically, the two responses are tested in each parameter |S11|

and axial ratio (AR).

5.4.2.2 Effect of Parameter, r5

Regarding the r5 strip, it considers a part of the radiator, it noted that connected directly
with W7. The mentioned parameter tested in three different values 1 mm, 2 mm, and
3 mm. When r5= 1 mm, the |S11]| response kept common bands while the axial ratio at
the last band was effected significantly as seen in Figurel17 (a) and (b). At r5=2 mm,

the reflection coefficient increased at 5.8 GHz. Also, the axial ratio at last band lost

the CP condition as shown in Figure117 (b).
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Figure 117 The effect of r5 on second updated antenna performance (a) |S11|, (b)
AR

5.4.2.3 Effect of Parameters, t1 and t2

The t1 and t2 parameters compose the inverted L-strip on the ground plane in first
update model. The same strip exists in the second update model, but with different
length values. After testing each element separately (t1 and t2). It observed that the
impaction of them on |S11| with different lengths is poor as illustrated in Figures 118
(@) and 119 (a) while the effectiveness appears on axial ratio especially in the last band.
When t1=10.5 mm and t2= 8.5 mm, the CP condition (AR<3 dB) is satisfied as shown

in Figures 117 (b) and 118 (b).
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Figure 119 The effect of t2 on second updated antenna performance (a) |S11|, (b) AR

5.4.3 Results and Discussions

5.4.3.1 The [S11] and AR

The reflection coefficient (|S11|) and the axial ratio (AR) of the second updated antenna
have been demonstrated in Figure 120 (a) and (b) respectively. There are four bands
with good impedance bandwidth as illustrated in Figure 120 (a). The first band operates
at (3.27-4.88 GHz), while the second, third, and fourth band operate at the regions (5.62-
5.89), (7.68-8.27 GHz), and (10.83-11.33 GHz) respectively. To know the status of each
band in terms of polarity, the axial ratio against the frequency has been plotted. Based
on Figure 120 (b), the condition of CP (AR<3 dB) exists in all bands except the third
band with center frequency 8 GHz. The CP exists in the first band from (3.17-3.64 GHz)
whereas for second and last band exist from (5.72-5.91 GHz) and (10.64-11.1 GHz)

respectively.
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5.4.3.2 Gain and Radiation Patterns

The simulated peak gain against frequency is illustrated in Figure 121. It noted that the
proposed antenna appears variation in first band (3.27-4.88 GHz) is from 2 dBi to 4.2
dBi. In second band (5.62-5.89 GHz), the peak gain is about 2.3 dBi while at LP band
(7.68-8.27 GHz) is from 3.6 dBi to 3.7 dBi. In last band (10.83-11.33 GHz) the gain
about 3.9 dBi to 4.4 dBi.
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Figure 121 The peak gain of the second update CPSSA

The radiation patterns for the second updated antenna has been plotted in XZ-plane
and YZ-plane at frequencies 3.5 GHz, 5.8 GHz, 8 GHz, and 11 GHz as presented in
Figure 122 (a), (b), (c), and (d) respectively. It is observed that the radiation pattern
differ in each band. The reason for this is that the current distribution is different in
each frequency in other meaning, the current distribution is changing if the wavelength

changed and this leads to appear different shapes when the frequency is changed.

It’s noted from Figure 122 (a) and (b) that the antenna radiates LHCP wave in +z-
direction whereas RHCP wave in the —z-direction. When 8 = 0°, the simulated cross-
polarization level at 3.5 GHz about 23 dB, whereas 25 dB at 5.8 GHz. Also, in both
planes, the co-polarization pattern is a bi-directional shape. At 8 GHz, the radiation
pattern has been presented in Figure 122 (c), which describes the radiation shape in
both planes. It noted that the cross-polarization level low for somewhat. It is about
7dB. Concerning the radiation pattern at 11 GHz, it can be observed in Figure 122 (d).
the antenna at this band radiates semi-omnidirectional also, the CP type is LHCP wave
in the +z-direction and RHCP wave in the opposite direction. Regarding the cross-

polarization level, it is about 20 dB.
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Figure 122 Radiation patterns of the second update CPSSA at (a) 3.5 GHz, (b) 5.8
GHz, (c) 8 GHz, (d) 11 GHz
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CHAPTER 6

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORKS

6.1 Conclusions

In this dissertation, new multiband circular polarization antennas are proposed for
modern wireless applications. In the first part of this dissertation, a new open loop
hexagonal monopole antenna loaded with two stair-shaped slits in the partial ground
plane is proposed in this paper. Penta operating bands with two different polarizations
are obtained due to the resonances of the monopole and the slits. Three bands out of
five are circularly polarized (CP) generated due to the interaction between the currents
of the radiator and the loop current on the partial ground plane, which acts as a
magnetic monopole. There are two linear polarization (LP) bands generated besides
the CP bands, the frequency band (2.51-2.64) GHz is produced due to the existence of
a slot on the ground plane whereas another frequency band (3.10-3.31) GHz is
obtained from open loop hexagonal radiator. Then it is modified by etching and adding
another pair of stair slits and rectangular strips with dimensions of nhlxnwl and
nh2xnw2 on the partial ground plane. The aim of the first design in part one is to create
a different polarization and triple sense in one antenna structure while the second
design was come to increase the ARBW, especially in the last band. Regarding the
second part, new designs of multiband circular polarization antennas have been built.
These antennas are feeding by CPW. Depending on current distribution, the antennas
are uniting sense. The proposed technique indicates a new alternative to build low cost,
omnidirectional radiation pattern CP antennas suitable for a wide range of wireless
communication systems. The research highlights can be summarized as follows:
1. The radiator shape plays an important role to find the multiband and also gives
an essential indication if it can radiate a circular polarization wave or not.
2. Exist a loaded part on the radiator may contribute to enhance the orthogonal
electric field or to equalize the amplitude of two vectors and therefore the
circular polarization has displayed.
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3. Exist slits in stair shape contribute to enhance ARBW as well as decrease the
AR which leads to transfer elliptical wave to circular.

4. The pair of rectangular strips in the ground plane have a significant role in
increasing the ARBW of band4.

5. The method of adding two patches in the opposite direction of corners in the
open square ring in the second design contribute to appear positive results
regarding the CP. When unequal rectangular patches added, the CP waves

started to appear clearly in three operating bands.

6.2 Suggestions of Future Work

Recommendations for future works are following listed:

1. Regarding the demonstrated work in section 4.2 (Penta band antenna with triple
sense CP), additional research work can be performed by changing the
polarization of the middle bands from linear to circular. This operation can be
implemented by etching suitable slits in the ground plane.

2. The gain of the proposed antenna in section 4.3 (Triple Band Antenna with Dual
Sense CP) can be enhanced by employing metamaterial technique with keeping
the compact size.

3. The proposed antennas can be employed in a 4x4 MIMO wireless system for
the fifth generation (5G) applications.

4. Concerning the triple band CPSSA in section 5.2, it can be invested to be a
reconfigurable antenna to radiate RHCP and LHCP by adding suitable diodes

based on the parametric study and surface current distribution.
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