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Abstract

Global naigation satellite system (GNSS) is developmagidly. Modern GNSS
technology is facing challenges for researchers to explore. One hot tiby@miglti-
systemGNSS device. The motivation for the antenna designers is to miniaturize the
size of the antermand meanwhile keep its standard performance. kthalkenging

task for an antenna array design to achieve a wide bandwidth, high gain, small size,
good coverageand simple fabrication technique all at the same tifies thesis
developsseveral diffeentnovelcompacs, highgain,and wide bandwidthkircularly
polarized (CP)antenna capable of providing wide coverdge GNSSfrequency
bands from 1.16 GHz to 1.6 GHa cover the GPS L:1L5 bands, GLONASS G1,

G2 and G3 as well as the Galileo E5a, E5h,dnd Elbands.

In the first @rt of the thesis, the author proposetewbroadband antenna to
cove the GPS LEL5 bands GLONASS G1, G2 and Ga&s well as the Galileo E5a,
E5b, E6 and ElbandsThe antenna is composed of fqarasitic elementthatare
excited bycoupling with theelliptical crossed diple in the center. By adjustirige
size oftheparasitic elemerdnd the edge of the dipoles, the conglstrength cabe
optimized The antenna employs a single feed and two orthogonally ellipticaégrin
dipoles. The dipoles areagsed through a 90° phadelay line of a vacarguarter
printed ring to achieve CP radiatiorhe main problem of an antenna equipped with
a metallic reflectoris often addresseblly including a quartewavelength space
between the radiating elements antlet reflector to obtain optimal antenna

characteristicsThesecanbe circumventethy using an artificial magnetic conductor
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(AMC) surface instead of a metallic reflectdrhe second contribution is the
development of two noVvéroadband antennas using two different material of AMC
substrate which is FR and RogerfRT6006 By combining the crossed dipole
radiators and the finite AMC surfaces, kprofile multiband CP antennas that are
nearly completely mt ched t o asouscé ang lhave High radvation
efficiencies havéeen implemented he proposedantenna has a idB return loss
overl.153i 2.36GHz and achieves a pegdalizedgain 0f5.86dBi. The interesting
features of the AMéased crossedigble antennas are nanly their ability to
achieve high efficiency with a loprofile but also to generate additional resonances
and the corresponding additional CP radiation features. These were utilized to add
other operating bands or to broaden thiemma bandwidthJammirg is the act of
intentionally directing electromagnetic energy towards a communication and
navigation system to disrupt grevent signal transmissioflGNSS jammers
broadcast their interference signal in the frequency band useaddtite navigation
Consequently the final contributionof the workis a novel wideband CP anti
jamming antenna array with the capability of generating multiple steerable beam
directions and enables effective jammer suppression with negligible phasteatist

A 2 x 2 antennaarray exhibits a wide bandwidth fro9952.333GHz and has a
peak gain of 7.6 dBiln order tohave a compact system, a total antenna array

miniaturization hapeen achieved

Collectively, these contributions advance thiteof-the-art in GNSS

adapive antennas in terms of performance, precisam practicality.
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CHAPTER 1:

INTRODUCTION

1.1 BACKGROUND

Since the deployment of the Global Positioning System (GPS) dyrtihed States

and a similaGLObal Navigation Satellite Systef@LONASS) system by the Soviet
Union around 19901]1[3], GPS applicaons have proliferated globally, not only in

the military arena but also in commercial and consumer markets. While the
importance of GPS antenna relative to GPS receiver is obvious and remains, the

performance and cost issues have fundamentally changed.

Application of GLONASS has been minuscule afiee dissolutionof the
Soviet UnionThe recentrecovery of the Russian eaamy propelled by the oil boom
has enabled the revitalization of GLONASS, which restarted doitistellation

operation in April 2011In 2002, the European Union started to develop Galileo.
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Originally targeted to start operation in 2008, Galileo sufferechfyears of delays

due to financial and technical troubles. In 2011, its delayed plan was to have full
global coverage in 2019. Gta began to develop Compass (Beidou) in the late
1990s, but has been fast moving in recent years, and is positioned to fodlve a

fledgedGlobal Navigation Satellites Systef@NSS within a few year$4].

Additionally, GPS, GLONASS, and Compass are also being augmented b
Geostationary Earth Orbit (GEO) satellites to complement their Medium Earth Orbit
(MEO) satellites. Several other countries hals started their regional satellite
navigati on syst e mZenithSatetite Syatam (QZ58)aAl these Qu a s |
sakllite-based systems constitute the GNSS, with GPS, GLONASS, Galileo, and
Compass being the four cornerstones with global coverage. upcoming
availability of so many satellites, and over such a wide frequency range, in GNSS
constellations, as well ase¢lmove toward more unified codévision multiple
access (CDMA) approacim the near futurewill offer superior performance and
lower life-cycle cost, as well as new features and capabilities. Thesedmeging
eventsare also enableby newly availald low-cost softwarelefined radio (SDR)
technologies and the unprecedented global econboweet the anticipated market
needs GNSS receivers covering two or more GNSS systems have been developed

and deployed at fairly low costs
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1.1.1 Radio Frequency (RF) Peormance Parameters of GNSS

Antennas

The impact of the fundamental changes from GPS to GNSlseleasecognizeand

taken advantage of by receiver manufacturers. Several GNSS receivers have recently
shownup in the marketplagceandthey can easily adapb large future changes in
GNSS waveforms since thaye basedn SDR technology. In the commercial world,

SDR derelopment and application have been growing rapidly since about 2000. On
the other hand, SDR antenna development has not had such succeszesivbr.

In this context, RF performance parameters of GNSS receive anterlhdee

discussegdhighlighting tvanges from those for conventional GPS.

1.1.1.1 Operating Frequencies and Bandwidsh

Table 11 displays signals and constellations of the four maNSS
systems: GPS, GLONASS, Galileo, and Compass, with the data on maximum
bandwidths largely derived frofd] and[5] for interoperability issug GNSS spectra
are spread densely across 11d@616 MHz, covering a frequency bandwidth of
470 MHz. Obviously, future GNSS antennas will strive to cover more bands and

constellations like antennas driven by the receivers.

Since the receivers will begreasingly more able to cover the entire GNSS
spectrumand take advantage of it, it is desirable and sometinessary that their
antennasd6 operating freqguencies and band

receivers. Additionally, large bandwidths areeded to mitigate detuning due to
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changes in tha n t e mstalalian environment. In practical applicatiotigere is
also a growing trend for GNSS antennas toward multifunction that covers not only

GNSS but also some satellite communications sudsatatlite radio, Iridium, etc.

Tablel.1: Frequency an@onstellations of GNSS Systems

GPS GLONASS Galileo COMPASS / Beidou
_ European _
Country USA Russia _ China
Union
27 MEO
Constellation| 24 MEO | 24 MEO 30MEO 5 GEO
31GSO
Coding CDMA FDMA / CDMA CDMA CDMA
El: 1575.42Q
L1: G1: 1602.006- k - B1:
a:
_ 1575.420 | x 0.5625* 1559.052~1591.788
Carrier 1176.450
L2: G2: 1246.0006- k B2:
Frequency E5b:
1227.600 | x 0.4375* 1162.220~1217.370
(MH2z) 1207.140
L5: G3: 1204.704 k B3:
E5: 1191.795
1176.450 | x 0.4230* 1250.618~1286.423
E6: 1278.750

N ]

I I Iz
= 2 S 3
b S I
bt bt oo

1237 MHz
1239 MHz
1260 MHz
1261 MHz
1300 MHz
1559 MHz
1563 MHz
1587 MHz
1591 MHz
1593 MHz
1610 MHz

Figurel.l: GNSSFrequencyBands[6].
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These satellite systems are fundamentally simiand one can typically
develop technology thaenerally applieso all of them. The research presented in
this work, which focuses on the receiver antenna and itsiatss signal processing
that applicable to any GNSS system so long as the antedrentenna electronics
are designed or t he required frequencies.
will be frequently used to refer to an antenna designed for anywonaultiple
satellite navigation system3he frequency bands for these GNSS systams$
performance requirements of a GNSS antenna protatygpshownn Figurel.1[6]

and Table 1.2 respectively

Tablel1.2: Performance Requirements of a GNSS Antenna Praotyp

Parameter Requirement

Resonant Frequency or Operational | ELT E6; L1, L2, L5; GIi G3; B1i B3
Frequency 1.16 t0 1.30 GHz and 1.52 to 1.61 G}

GPS, GLONASS, Galileo and

BeiDou/COMPASS
Bandwidth (VSWR < 2:1) At least 103 MHz on L1 band
Polarization Right Hand Circular Polarization
(RHCP)
Axial Ratio 0 dB to 3dB at boesight
Gain Variation Less than 15 dB from Zenith to 1

elevation angle

Zenith Gain Greater than 0 dBic (desired)

Desired to Undesired Ratio (D/U) Minimum 20 dB at 45° Elevation angl
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1.1.1.2 RadiationPatternand Polarization

Polarization can be define the track of the electric field vector for travelling EM
waves. An antenna can be classified as linear polarization (LP), elliptical polarization
(EP) and circular polarization (CP). Right hand circular polarization (RHG®) a
left-handcircular polaization (LHCP) are two types of circular polarizatidrhe

axial ratio (AR) can be defined to measure the levellaf The AR is O dB for a
perfect CP antenna. Usualiwhen the AR is less than 3 dB, the anteima CP

antenna.

Figure 1.2 depicts two iéal elevation gain patterns, one before and one after
2010, to highlight the fundamental changes. The polar patterns are in spherical and
rectangular coordinates, withe zaxis pointing to the zenith. The gain pattern
optimizes gain and coverage for $iities over 0 ©° — — and mitigates problems
due to multipath from satellite platform, ionosphere, troposphere, and platform
environment, as well as interferen@e®l noises over-" — 180°. The sharp turn
at elevatioriicutoff angl®—is a major design difficulty; a realorld GNSS antenna
generally has a smooth cardioid pattern with hemispherical coveraigea crucial
parameter varying betweeapplications buts moving higher toward the zenith with

the advent of GNS{5].
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A 7 (Zenith)
GPS ¢
1985-2010 (4
0,
Horizon
GNSS A 7 (Zenith)
After 2010 =g

Horizon

.
-

Figurel.2: Ideal antenna gain patterns for GPS antennas (28898) and GISS
antennas (after 20109].

NI

A minimum antenna gajnO in RHCP is desired over angles —.
Generally,©O >-10 dBic in RHCP is needed to provide sufficient sigoahoise
ratio (SNR) for detection. But this low gain requirement can be further relaxed by up
to 10 dB orso by using vaous software and hardware techniques for applications
with thelower precision requirement. At elevation angles belew.e., 180 > —>
—, a vanishingly small gain is desired to mitigate terrestrial multipath and

interference sigals geneally strong near the horizon.

The ideal gain pattern and spatial coverage vary from application to

application. Before 2010, conventional GPS generally called for86 > 70 for
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terrestrial applications and 106 — > 8 for airborne aplications. After 2010,
GNSS applications are expected to move toward a higher cutoff elevation angle,
probably about 70> — > 50 for terrestrial applications and 8¢ — > 60° for

airborne applications.

1.1.1.3 Multipath Mitigation and Interference Suppression

The multipath rejection performance of an antenna can be investigated with the help
of a desired (D) to undesired (U) signal ratio general, the multipath due to the
ground reflections can be mitigated by passing the D sigigiesitve elevation

angles into a reasonable gain GNSS antenna and by attenuating the U signals at the
corresponding negative elevation angles with the help of an antenna radiation

pattern.

The antenna is primarily a spatial filter to elevate the SMRne-of-sight
signals from selected satellites, by suppressing multipath and interference gignals.
GNSS antenna with higher cutoff angleabovethe horizon anda good axial ratio
(or low cross polarization) would have higher antenna gain ovee teispeature
to detect low lineof-sight CDMA signal desired, as demonstrated in the QZSS tests.
To suppress multipath and interference signals below the cutoff angle C, choke ring,
resistive loading, conducting ground plane, or metamaterials are ptabedia of
high-performance GPS antennas. The anticipated change would affect their
design methodology and usage in GNSS antennas, as they are generally bulky,

heavy, and expensive.
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1.1.1.4 Phase Center StabilitfPCS)

Stability of a GNSS antennads phase cent
serious problem fohigh performance GNSS antennas, especially as they strive to

cover more GNSS bands and wider bandwidth. This is an ultimate performance
parameter as well as a limitation posed by the GNSS an{&@pnahich will be

addressed later.

The observed values in navigation and positioning system are based on the
phase centelPCof receiver antenna; thus, the accuracy of positioning system was
directly affected by the precision of H8]. In reflector antenna system, only by
accurately measuring the PC position of feed can be ensured that the PC d the fee
antenna is installed on the focus of the refle¢®r In interferometer direction
finding antena system, the direction of an incoming wave is determined by
measuring the phase difference among the phase center of eacblemant. In
large phased array antenna system, such as the Synthetic Aperture Radar (SAR), PC
is used as the benchmark for inmag[10]; thus, the image quality is directly related

to the precision of PC.

The farfield equiphase surface of any practical anteravanot be an ideal
sphere because of the radiation mechanism of antennas. The PC can be considered
as the curvature center of thetenna main beam equiphase surface. However, the
curvature center in any angular range of the main beam could be difiéerthus,
phase center stability (PCS) is introduced to represent the size of such an area that

contains all or most of these differenteature centers in the main beam.
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Circularly polarized patch antenna is frequently used in satellite navigation
system8]. Thus, design of circularly polarized patch antenna with high phase center

stability is ofgreat significance and application va[i4].

1.1.2 GNSS Antenna Fundamentals

In this chapter, GNSS antenna performance requirements and antenmags tude

affect functionality and performance of a GNSS antenna are presented. The antenna
is a crucial froriend component of a GNSS receiver system. In general, the function
of any receiver antenna is to capture the electromagnetic signals frespedoeeand
convert them into electrical signals in order to be processed by the receiver. At the
receiver, the RF signal strength of a signal received from the GNSS satellite is very

weak and these GNSS signals can arrive from any direction.

The followingare somef the important GNSS antenna properties that affect
the performance and functionality of the GNSS antenna:
1 Radiation characteristics at the center frequency in the GNSS frequency
bands,
1 Antenna polarization,
1 Axial ratio,
1 Bandwidth,
1 Desiredto undegied ratio (D/U ratio) (e.g., gain pattern shape),
1 Antenna phase center, and

1 Multipath mitigation.



Chapter 1: Introduction Pagel|ll

1.1.2.1 Resonant Frequency

The resonant frequency or operating frequency is a frequency at which capacitive
and inductive reactance of an antenna caauaekachother. Usually, a resonant

frequency of interest can be achieved by tuning an antenna to a particular frequency.
In reality, there can be a shift in the resonant frequency of a microstrip type due to

the antenna packaging, ground plane sizeigmat feals.

Real and imaginary parts of the normalized impedance in a complex plane
can be represented on a Smith Chart, wher
imaginary part of impedance variesfreen t o . The end points |
and right sideon horizontal axis of a Smith Chart refers to the short circuit and open
circuit respectively. Similarly, the top and bottom most points on the vertical axis
represents the inductive and capacitive nature of the circuits, respectively. In order
to obtain agood impedance match at the antennas the input impedance should be at
the center of Smith Chart. The point at which the antennas impedance intersects the
horizontal axis and close to the center of the Smith Chart, indicates the resonant

frequency of anm@tenna.

1.1.2.2 Return Loss (RL)and Voltage Standing Wave Ratio (VSWR)

VSWR is a scalar measurement that characterizes the amount of signal reflected from
the antenna with respect to the signal incident, at the antenna terminal due to the
impedancenismatchVSWR corresponding to a perfect mismatch is infinity, and a

perfect match is.lHowever,a perfect match is difficult to achiewe reality. The
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Al osso obtained due to the mismatch can
VSWR is an importanineasuréo characterize the GNSS antenna performance. Due

to a very small delay of any reflections VSWR measure less than 2:1, (corresponds

to a RL of-9.5 dB) is used for most GNSS applications. A lower VSWR may be
suitable for certain high performanGNSS apptations. Equations correspond to

RL and VSWR are given in equatiofisl) and(1.2) [12].

e s Ena 2 sreg M s e L WYR'Yp (1.1)
YQO QieeiMo Qo pmn | C oGP
€1
YQO AieciMO QOO ¢l Gs (1.2)
Yot oYy 5% (1.3)
PSS

where,

Reflection coefficient; _—

Characteristic Impedance, ;
Load Impedancew is zero, infinity, and equal td ; for the short,open,and

matchingcircuits, respectively.

1.1.2.3 Antenna Bandwidth (BW)

BW of an ant en ntke range ofdfrequancies avithia which the
performance of the antenna, with respect to some characteristic, conforms to a
speci fi e d[13]s Based dupon dhe application type, there are several

measurements to define an antenna baditivji4], of which VSWR (e.g., < 2:1)
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and axial ratide.g., < 3 dB) are twonportant BW definitions for the GNSS antenna
application. The GNSS antenna designed here should have a minimum bandwidth of
103 MHz at VSWR < 2:1 (or RL 9.5 dB) around its center frequency (i.e., 1600

MHz).

The desired frequegidand for GNSS antenmafrom 1.16 GHz to 1.6 GHb cover
the GPS L% L5 bands, GLONASS G1, G2 and G3 as well as the Galileo E5a, E5b,

E6, and Elbands.

1.1.2.4 Antenna Polarization

Polarization of an electromagnetic field is defined as a curve traced by tifean

instantaneous electric field vector as the wave is propagating away from the
observation point{14][15]. Elliptical polrization is a more common type of
polarization with the linear andP as its extreme cases. The polarization of a GNSS

antenna describes how the antenna is sensitive to thazpttar of the wave

incident upon it. In general, GNSS use RHCP to mininheeeffect of polarization

fading and Faraday rotation. Moreov€R minimizesthe signal fluctuations due to

the orientation mismatches between the transmitter and the receiver antennas.
Therefore, to obtain the maxi mesignedRF si gn

GNSS antenna should be RHCP.

In wireless communication, electromatngEM) waves are the means of
transferring information between the transmitter and receiver. A general Transverse

Electromagnetic (TEM) wave has electric figliand magneti@ield, ‘Ocomponents
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perpendicular to each other and perpendicular to thectddn of propagation.
Further, it can be characterized at an observation point by frequency, magnitude,

phase, and polarization [3].

In the case when the two filed componei@s and’O are equal, then the

polarization will be linear at angle 46°. Furthermore, when the magnitude(fis
negligible, a vertical polarization is obtained. Similarly, a horizontal polarization
achieved whei® 1 IfO 'O, then the polarization is given at an angle of:
~ .0
Al— 1.4
- OAlS (1.4)

A schematic illustration for a linearly polarized wave is shown in FigLB§L6].
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Figure1.3: Horizontalandvertical linear polarizatiofiL6].

For a wave with a phase of wtmand O O, the field vector moves in a
circular path as can be seen from Figureand the polarization is said to be circular.
However,if O 'O, which is more common, then the field vector rotates

elliptical path and the polarization is said to be elliptical as illustrated in Figbre

[16]. When the wave rotates in a clockwise direction, towards the obsenver, a
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LHCP radiation is accomplished. On the other hand, if the wave rotatasaintia

clockwise direction, a RHCP radiation is obidl.

Figurel.5: Elliptical polarization[16].

Circular polarization is defined by the Axial Ratio (AR), aihnis the ratio of the

maximum and minimum semi axes of the ellipse and is given in decibflgby

e
O ¢l co— (15)
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from which it can be noticed that 0 'Y Ho A pure circulampolarisation can be
achieved when AR 1 or 0dB, which is difficult to achieve in practice. Thevsd,

a frequency range over which AR3 dB is considered and defined as

(1.6)

where, "Q and "Qare the boundary frequencies for AR3 dB and™Q is the

frequency of minimum value of AR.

CP antennas offer a distinct advantage over th&rcounterpart. That is,
there is no need to establish a similar orientation between the transmitter and the
receiver. As a result, the probability of linking a trartsed CP wave is higher since
it can be received in the horizontal, vertical as well as @age irbetween. In
contrast, LP wave is capable of radiating in one plane only, which is particularly
inefficient for mobile and satellite applicationsloreover,a CP wave that is
transmitting in all planes is less susceptible to unwanted reflectbat@sorption.
Reflecting surfaces may scatter the wave with a different phase, which results in a

weak LP signal.

However, a CP wave can be received regardleshefraflected plane.
Additionally, CP antennas are capable of reducing the Faraday rotdifemts,
which means that a linearly polarized wave may be rotated by an unknown amount
depending on the thickness and temperature of the ionosphere, as well as the

frequency and therefore causes a reductiondB 8 the signal strength of linearly
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polarized antenna$§l8], [19]. On the other hand, CP antennas témdose their
polarization and become elliptically polarized in the case ofmmal incident. In
addition, CP waves lose their sense if reflected by a PEC, wiftrdBection phase,
which may change RHCP wave into &HCP wave or vice versa. There¢oiCP

antennas are not recommended for indoor radio communic§ti®hs

1.1.2.5 Antenna Axial Ratio (AR)

AR of the polarization ellipse is the ratio of its major to minor axes |ddgifl5].
An AR close to one (0 dB) indicates goG&where, AR greater than one indicates
RHCP andess than one indicates LHCP, and an AR close to infinity indicates good

linear polarization. Calculations for AR are shown in equaioid) [20].

For GNSS applications, the AR is usually specified at the antenna boresight
because the AR will increase along with the increase in boresight angle (which
decreases with the increase in eteraangle). Low AR is desirable for most of the
elevation angle. At the upper hemisphere elevation angles (above 10°), the boresight
AR should be less than 3 to 6 dB for a high performance GNSS application. AR
should be between 0 dB to 1 dB for the hagid GNSS application antennas like

choke ring and geodetic ditg antennag21].

5 0 '
0 0 "OXaoOY 5 : (1.7)
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where,

O andO are the length of the major and mirexes of the polarization

ellipse,

O andO are the complex RHCP and LHCP antenna responses (in volts)

0 i 0O © (1.8)
Vg

0 i 0O © (1.9)
Vg

O andO are the linear field components alorgnd( directions (in volts) ang—

andu are spherical coordinates.

1.1.2.6 Antenna Pattern

The upper hemisphere GNSS antenna radiation pastesuld have sufficient and
uniform gain and efficiency to effectively receive the GNSS SV signals at the various
azimuth and elevation angles in the uppemisphere[22]. For most GNSS
applications, the antenrshould have a uniform radiation pattern over the upper
hemisphere with a sharp roll off at the lower elevations to reduce the multipath and
lower hemisphere terferencd22]. GPS receivers typically use a masklaraj 10°

at the lower elevation angles to minimize multipath and atmospheric §#8tts
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1.1.2.7 Desired to Undesired Ratio

The multipath rejection performance of an anteraralie investigated with the help
of a desired (D) to undesired (U) signal ratio; in general, the multipath due to the
ground reflections can be mitigated bgsping the D signals at positive elevation
angles into a reasonable gain GNSS antenna anddmuating the U signals at the
corresponding negative elevation angles with the help of an antenna radiation
pattern. In this research, D/U is calculated tynig the antenna RHCP gain (in dB)

difference between the positive and negative elevation ajifles

1.1.2.8 Antenna Phase Referee

The antenna phase response will vary as a function of the azimuth and elevation
angle. The antenna phase response can be measured with respect to an Antenna
Reference Point (ARP) where the measured antenna phase response can then be used
to compensatfor these antenna phase variations, with respect to the ARP, depending

upon the performance requirem¢2s).

1.1.3 DesignChallenges: e Constrants, Feed Network and Cost

Challenges facing the design of GNSS receive antennas stem from two major
premises: the greatly enlargedlandwidth requirement and the constraints by the
platform on which the antenna operates. Feed network and cost arenaioer

challenges. These are discussed as follows.
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1.1.3.1 Size Constraint

Antenna size constraint and simultaneobsoad bandingare conflicting

requirements facing fundamental physical limitations, established in a rigorous
analysis six decades afg6], which relates the fundamental limitation of the gain

bandwidth of an antenna to its electrical size. Also, for a GNSS antenna, its platform

(in a broad sense including t hsbowpandat f or mo
how well, the antenna can mitigate problems due to multipath signals from satellite
platform, ionosphere, troposphere, and terrestrial environment, as well as natural and

humanmade interferences and noises.

1.1.3.2 Feed Network

The feed network bridgs between a coaxial cable and the radiating aperture,
providing excitation to generate RHCP. Since the GNSS antenna needs to detect
extremely low GNSS signals, about 25 dB below noise level on Earth, the use of
LNA close tothe antenna is highly desirableNA elevates the signal strength so

that it would not be attenuated away before reaching the receiver, usually via a cable

1 to 3 m long, which adds more noise as well.

Additionally, the LNA augments frequency filtering and further enhances
SNR. Becausof the highperformance benefit and low cost, use of LNA as part of
GNSS antenna is ubiquitous today. For high performance, a user may select antenna
and LNA separately. With the transition from the narrowband and mostly single

band, GPS to the multibandroadband GNSS, feed network design will be
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fundamentally changed not only by performance considerations but also by
production cost issues. This challenge will be even more serious in the more complex
feed network of antinterference GNSS arrays witihe fixed or adaptive gain

pattern.

1.1.3.3 Cost

The cost of a GNSS antenna is a fundamental design consideration driven by the
market. A testimony is the patch antenna, whose widespread use is not only due to

its low-profile, platformcompatible structure, and oliam to small size, but also for

its |l ow cost enabled by its simple feed.
and cost advantages will be challenged by other antennas in the new

multiband/broadband GNSS scenario.

1.1.4 Basic GNSS Antenna Approaches

It is dso desirable to knowhe basic antenna approaches for GNSS antennas. The
answers can be found in several bo¢kg], [19], [27]i[30] covering GNSS
antennas, as well as in general antenna books, outsid@NSS contextinder the
category of antennas @Pwith a broad symmetrical unidirectional beam and a peak
directivity of 37 10 dBi (A higher directivity leads to a narrower beam, and thus a

higher cutoff angle— abovethe horizon)
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Wanget al in [6] summarized the basic antenna types applicable to GNSS
and a broad overview dheir characteristics in Table 3. Path antennas are the
most common and have a very wide range of variations, e.gloat#éd patch
antennas, stacked patch antennagsateh antennas, etc. However, the patch antenna
IS a resonant antenna, thus inhésenarrowband; many elaborate effonave been

made to add more bands and bandwidth.

The fourelement ring arrays consist of four radiating elements fed with a
four-way hybrid or beanfiormer of 0°- 90° - 180° - 270° to effectRHCP. Each
radiating elerent can be a slot, a conducting pattsa@me shape such as a triangle,

a Vivaldi element, an Hlot antenna, or an F or invertédantenna, etc. As a
multiband GNSS antenna, it is necessary that the element radiators have some

inherent broadband or muléhd potential.

The spiral antenna artde quadrifilar helix antenna are also common GNSS
antennas. Planar spiral antennas have several variations, mostly for changing their
bidirectional radiation to unidirectional. The travehwave (TW) antenna is one
technique that overcomes this probleyndmploying the spiral or other broadband

planar radiators and having a closely spaced conducting ground 31an2].
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Tablel1.3: Basic Antenna Types Used in GNSS and Their General Charactdi$tics
Basic Antenna Applications Inherent Gain Multipath | Interference Phase Size Profile Weight Cost*
Type Band- Pattern™ Rejection Rejection Center
width Stability
Patch antenna Most Narrow Strict Medium Medium Medium to Small to Low Medium Low if
poor medium single band
Quadrifilar helix | Handheld and small | Narrow | Somewhat Medium Medium Poor Small to High Small Medium
platform strict medium
Cross slovdipole Medium/large Narrow Strict Medium Medium Medium Medium Low Medium | Medium
platform
Planar spiral™* All but handheld Very Strict Medium to Medium Very good Medium Low to Medium | Medium
applications wide high medium
4-element ring All but handheld Narrow Strict Medium to | Medium to | Poor to food | Generally Low to Medium | Medium to
array applications to wide high high large high to heavy high
Traveling-wave All applications Very strict Medium to Medium Good to Medium to Low Medium Medium
(TW) antenna** wide high very good small
Adaptive 2- Handheld and small | Narrow Not strict Medium Medium Poor Small to Low to Light Low to
element array platforms medium high medium
Adaptive multi- Medium to large Narrow | Very strict High Very high Medium Medium to Low to Heavy Very high
element circular | platforms, mostly | to wide large medium
array military

* Large changes in a few years are expected.

**Spiral antenna and TW antenna overlap each other considerably.
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1.2 RESEARCH MOTI VATION AND OBJECTIVES

Modern GNSS technology is facing more challenges and new fields for researchers
to explore. One hot topic the multi-system GNSS device. Many reseagtbups

have demonstrated that a mudjistem GNSS receiver (e.GPS and Galileowill

usually provide more observations than a sksytetem receiver which provides
higher positioning precision. Accordingly, such a maltienna system requires

compact design which bringenewchallenge for the antenna engineers.

Meanwhile, compéacdesign always makes the commercial GNSS antenna
more competitive compared with larger size antenna with similar performance.
Smaller is always better. The motivation for the antenna designermisitiurise

the size of the antenna angkanwhile keepts standard performance.

The objective of this research is to design, simulate and investigate the
performance of a circularly polarized antenna prototype, which is expected to operate
at GNSS frequency banftem 1.16 GH to 1.6 GHzo cover the GPS L-15 bands,
GLONASS G1, G2 and G3 as well as the Galileo E5a, E5b, E6, and EMidmds
good multipath mitigation. A printed dipole design is chosen for this prototype
because of the following merits: ease of fabrication and mounting, multipath

performancetelatively low profile, easy integration with active components.
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1.3 CONTRIBUTIONS AND ORGANIZATION OF THIS

THESIS

This thesis consists gevenchapters that mainly focus on design, optimizataord

measurement of novel broadbamatennagor GNSSapplicdions. The structure of

the thesis and the outcome and achievements of eactecigagiscussed briefly in
this section to give a better viea’'the work. The chapters are organized as follows:

1 Chapter 1 introduces the background of this work, includimegnbotivation
and objectives of the research in this thesis.

1  Chapter 2 is an ovelew andfundamentalsof GNSS system and lbrief
introduction abouinterference, jammg attack and jamming effect on GNSS.
The history of the systeand communication aaiscussed.

1 Chapter3 gives an overvievof the development o®&NSS receiver antean
design usinghe different type of antensaand its design parametensth a
detailed literature review of the staieart for these applicationghen, it
discusses the &nna diversitysystems,and the existingcrosseedipole
antenna designs f@NSSapplicationsn detail.

1 Chapter4 introducesa newbroadbandavith broad beamwidtantenndo cove
the GPS LXL5 bands GLONASS G1, G2 and G&s well as the Galileo E5a,
E5h E6 and Elbands (@8 GHz i 1.69 GHz). This broadbandantenna
demonstrates a sigicant improvement on bandwidth and radiation patteyn
usingtheparasitic elementsnd loaded monopoldsatare excited bgoupling
with theelliptical crossed diple inthe centepof the antenna.

i Chapter 5presentsa new way of designing a dubbnd CP antenna by

integrating a CP radiator with a finite AM&irface The antenndemonstrates
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a low-profile broadband characteristic and excellent CP radidiniGNSS
frequency bands

1 Chapter 6 introducea new optimizedantenna that more compacobm the
previous antenna discussedChapter 4 and Shis chapter alspresents a
new antenna array configuration combining-@lemens antenna array and a
5-elemens antenna amy to provide wide coveragelhe antijamming
performance of the antenna with respect to differently polarjaetners as
well as its positioning capabilitgre also presead

1 Finally, Chaptei provides a summary of the major contributions of thisithe
In addition, some future work recommendasidor this research topic are

suggested.
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CHAPTER 2:

GNSSSYSTEM OVERVIEW

2.1 INTRODUCTION

The role of the Global Positioningatellite System (®ISS) has become
indispensable in our lives. Because of its significanesgarch is very active in this
sector and obtaining higher reliabilignd higher accuracy is essential to sustain the
integrity of the positionyelocity, and time (PVT) solutions. Initiallya miitary
satellite system that wéeterprovided partiallyto the public, BISS systenmas seen
explosive growth in the number of users. There are also many industry sectors that
rely on it such as precise timing, precise positioning used in geodesy artdratru

engineering, aviation, land and maritime navigateic.[3].

This chapter starts with a general introductiothefGNSS sy st embés sect

followed by the BISS observalds, the generic structure of the receiver and finally
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a summary of the BSSerrors which will pave the way towards the main objectives
of this research. Interference and jamming are then overvieweste their types,

causes, sources, effecasmd mitigaton techniques are described.

2.1.1 GPS Fundamentals

Operated by the United States, GPS is the-k®sivn satellitebased radio
navigation and positioning system among the GNSS, which provides accurate and
instantaneous Position, Velocity and Timing (PVT) sersior an unlimited number
of civilian and military users in all weather conditions. A GPS receiver needs at least
four visible satellites to calculate the thidienensional position and time solutio
Any GNSS including GPS system is mainly made up adghmajor segmen{see
Figure 2.):

1 Space Segment (SS) or Satellite

1 Segment Contrdbegment (CS) or Operational Control Segment (OC)

1 User Segment (US)

Ground Control
stations

User Segment I | Control Segment

Figure2.1: GPSsegments
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2.1.1.1 Space Segment (SS)

GPSconstellation as shown in FigurZonsists of 24 operational satellites in six
orbital planes with four satellites in each plane. It has been recently upgraded to 27
by the US air forcg33]. The number of satellites can increase up to 30. The
ascending nodes of the orbital planes are separated by 60 degkdse orbital
planes are inclined 85The orbit of each GPS satellite is nearly circular withnaise

major axis of 26578 km and a pmt of about twelve hours. The satellites
continuously orient themselves to ensure that their solar panels stay pointed towards
the Sun, and their antennas point toward the Earth. Each satellite carries four atomic

clocks is the size of a car and weighzoat 1000 kg34].
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Figure2.2: Expandable 24lot satellite constellati¢&3].
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2.1.1.2 Control Segmen{CS)

The control segment of GPSmade up of a network of tracking stations positioned
acrosghe Earth as shown frigure 23 with a master control station (MCS) located

at Colorado Springs, Colorado, USA. This MCS is staffed around the clock. There
are 16 monitoring stations locatedrdighout the globe. Six of them are operated
from Air Force bases antkn from the National Geospattahitelligence Agency

(NGA) [33]. They are locatedround the Earthrand their positions are known very
precisely. These stations are equipped with very sophisticated GPS receivers and a
cesium oscillator for trackingll the satellites in view. The MCS remotely operates

these gound control stations.

Greanland

P alaska
: 9
k““‘;‘;‘:'d:'m United Kingdam
Vandenberg AFE Ci. v Humpshine Ut ®
Calirf?:.m-'a Y P USHO Washington
@A Cape Canaveral
® Aorida $catnain
Hawais
G L T
@ Ecuador Ham Kuwmjslain
LT Y
LY
Ascension Diego Garcia
u !
. rugusy South Africa Aintralia Hew
[ ] Euli.lind
* Master Control Station .r Alternate Master Control Station
A Ground Antenna 4 AFSCH Remote Tracking Station
@ Air Force Monitor Station @ NGA Monitor Station

Figure2.3: Locations of the different sections of the control segment around the
world [33].

Among the tasksf the control segment are: (a) monitoring and maintaining

satellite orbits and health by maneuvering and relocation, (b) maintaining GPS time,



Chapter 2: GNSS System Overview Page|31

(c) predicting satellite ephemerides and clock parameters and (d) updating satellite

navigation messages perically [3].

2.1.1.3 User Segment (US)

The user segment consists of users (individuals, commeociahilitary) with
different radio receivers that receive signals from GPS satellites and estimate their
position, velocity, and time. Users of GPS can be classified into civil and military.
The u®r segment is experiencing exponential growth since inatigardue to
decreasing prices tfiereceiver and the increasing application of GPS in daily life.
When a GPS receiver is activated, it will acquire the GPS satellite sj§bal3he

signal is processed, and the receiver position is determined by the intersection of the
spheres created by the satellite pseudoranges. A minimum of four satellites with good
geometry is required. The satellites are required for the position fix, while the
fourth is required to account for the receiver clock offset. An in depth look at the

user segment can be found8®] and[1].

2.1.2 GLONASS Fundamentals

GLONASS is a Russian version of a GNSS that provides the dimrensional PVT
services across the globe in all weather conditions, similar to GPS madeaup of
satellite Space Segment, monitoring Control Segmadtlser Segment. The Space
Segment has ght, equally spaced satellites (a total of 24) in three orbital planes.
Each satellite takes 11 hours, 15 minutes and 44 sec to complete an orbit with 64.8

inclination to each othgB7]. The GLONASS transmission frequeyis determined
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by its channel number, K and its frequency bands are calculated using the following
expression.
Q0 Q uYQ 2.1)

(2.2)

where,
Q peTOCOME MQ v P& QOWE bpi 0 DOERQ

Q pc PO E MQ T oHQOWE i 0dOE Q

The Control Segment consists of a satellite tracking and command stations network
locatedacross Russia to monitor the satellites and provide the corrections to the
orbitd parameters and navigation data as ne§gigd The User Segment is equipped
with receiver equipment to receive and process the GLONA@lsi transmitted

by the satellites to determine the user PVT solution. GLONASISrigally has used
FDMA in similar frequency bands as GPS (i.e., L1, L2, L5), and is now developing

a CDMA-based GLONASS GNSS.

2.1.3 Galileo Fundamentals

Galileo is the European GNSS, which is planned to provide highly accurate global
positioning services toarious users. Once deployed completely, the Galileo Space
segment will consist of 27 operational satellites and tspaee operationahtellites

(total 30) in three circular MEO orbit planes inclined at &6d 29,601.297 km semi
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major axis. The ControBegment and User Segment are similar to GPS and

GLONASS as discussed earlier.

2.1.4 Signal Characteristics

These satellite systems are fundamentally similar, and one can typically develop
technology thagienerally applieto all of them. The research presenitethis work,

which focuses on the receiver antenna and its associated signal processing that
applicalke to any GNSS system so long as the antenna and antenna electronics are
designed for the required frequencies. In this work, we will frequently usertine t
AGNSS antennao to refer to an antenna
navigation systes1 Each GNSS satellite uses an array of transmit antennas to
broadcast RHCP Electromagnetic (EM) energy with a radiation pattern that aims to
evenly covethe entire visible portion of the earth. As mentioned above, this signal

is quite weak, and it is mathted with unencrypted Pseudo Random Noise (PRN)
code and navigation data. In this sectitiese three properties of the GNSS signal:

its RHCP natures low signal strength, and its use of PRN cogidsbediscussed

2.1.4.1 RHCP Electromagnetic (EM) Energy

EM energy propagates throudiee spacesuch as the space between the GPS
satellites and our antenna, at the speed of light. EM energy also propagates a
conductive structures, such as groynt@hes and the coaxial cables that deliver the

energy fromthe antenna to the receiver, at near the speed of light. The waves that
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travel from the satellites to our antenna take the form of transverse electréimagne

plane waves.

Figure2.4: An RHCP wave where thred spiral traces the RHCP energy, and the
blue and green sinusoidal waves trace the contributions fromakis and yaxis
yeld comBlonent s

In the case of GNSS, tbe electromagnetic plane waves are RHCP. An
RHCP wave can be decomposed into two ort
whichcaledasasnxa xi s ye-hdi angebhdyfor some arbitra
in the plane parall el eldcomponergs ane brinogenalwa v e .
not only in space but also in time, withth@ax i s y el d -dxaigsgiyegl d hkey
90°, as can be seen in Figurd.ZThe red spiral traces the RHCP energy while the
blue and green sinusoidal waves trace the contributions tihe xaxis and yaxis

yeld component s.
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2.2 INTERFERENCE AND JAMMING

As mentioned earlier, interference and jamming signals prevent RFeindnrom
functioning correctly. It has been reported2j that no matter what tracking and
acquisition have been implemented in the digital part of the receiver, they will be
rendered useless. The latter conditi®true if the GPS signals were totaltyrrupted

by the nonlinear behavior of the freemd. Spectral characteristics such as the carrier
frequency and bandwidthlQ and 6 respectively, can lead to a broad
classification of interferences. Bgherlevel classification would include #and

andout ofband signals.

Table2.1: Classification ofinterferencefased orSpectralCharacteristics

Class Spectral Characteristics
Out-of-band interference "0 >0 +—

or

Q <Q1T —
In-band interference (@6 — <'Q <Q+—)
Wideband interference 6 ao
Narrowband interference 6 LO

The former would encompass any signal whose carrier frequency is close but
outside the GPS band while the latter would encaspiagnals found inside the GPS

band. A more specific classification for theiand interferences would differentiate
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between the bandwidths of different interference sources and categorize them into

narrowband and wideband interferences.

The differentclassifications are demonstrated in Tablevzhered and™Q
correspond to the GPSer#faquemcydftér she Ib atagd wi dt h
[39]. Most interference signals are generated by licensed emit¢dothot transmit
in the L1 band; nonetheless, harmonics of these Isidina their way into the GPS

L1 band.

A summary of the different types of interference signals based on their

modulation types as well as their potential sources is slovable2.2 Some of

/

TR
!ll!ll!llllllll

= (I

L i

the most common interference and jamming sources are g&atex inFigure2.5.
Multipath Propagation

Broadcasting Stations’ Harmonics
GNSS
Receiver '

Spoofers Jammers

Figure2.5: Common interference and jamming source
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Table2.2: Types of RAnterference andheir ProbableSources

Class Type Potential Sources
Narrowband | Continuous Wave | Intentional CW jammers or neaand
(Cw) unmodul ated transm
Narrowband | Swept CW Intentional swept CW jammers or
frequencymoduation (FM) stations
transmitterso harm
Narrowband | Phasefrequency | Intentional chirp jammers or harmonics
modulation from an amplitude modulation (AM) radic
station, citizens band (CB) radio, or
amateur radio transmitter
Wideband Pulse Any type ofburst transmitters such as
radar or ultravideband (UWB)
Wideband Wideband Intentional matche@dpectrum jammers,
matched spectrum| spoofers, or nearby pseudolites
Wideband Wideband- Tel evision transmi
phase/frequency | band microwave link transmitters
modulation overcoming thdront-end filter of a GPS
receiver
Wideband Wideband- Intentional matched bandwidth noise
bandlimited jammers

Gaussian
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2.2.1 Jamming Attack on GNSS

GNSS antijamming was always considered a priority of theitamy sector,
unfortunately, due to primarily, the growing demand of personal privacy devices
(PPDs),[40]i [43] jamming is being viewed as a threat to the public; especially with
the increasing dependence on thESS system. Jamming attacks have a sole
objective of preventing the ceiver from providing the desired solution. Although
jamming is illegal and therefore criminalized, it has been reported that offenders have
been using jammers to prevent stolen vehicles from being tracked or simply to
remain undetected. Equally, PPDs &@ecoming cheaper and easier to acquire
leading to the in@ased threat of BSSoutages for the everyday consurft][45].
Therefore, the struggle agat jamming has been moved from the battlefield to the

streets. Different types @NSS Jammeare shown in Figurg.6 [40].

Figure2.6: Privacy GNSSamme [40].

A GNSS jamming signal is typically transmitted on or around the GPS L1 frequency,
which is 1575.4MHz. It is not necessarilyequired to be very complex or powerful

due to the fact that the GPSsais are extremely weak.
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The jamming signal can effortiemdssl! y
and prevent the actual signal from being processed. Unfortunately, this occurs
becaisethe spreading gain (approximately 30 dB) is not yet applied tsighal. At
that time, even after the spreading gain is applied, the jamming signal is also
amplified therefore preventing further processing of GPS signals. The gain of the

amplifier adqusts itself to the jamming signal, which is more powerful.

2.2.2 Jamming Effect on GNSS

Several studieplO], [41] have explored the effects of jamming andeesqlly PPDs

on Global Navigation Satellite Systems (GNSS) performance. Jamming deteriorates
the positioning solution accuracy, leads to the total loss of lock on the satellite signals
and therefore impairs thpositioning availability. It has been repattiat the typical
frontend is saturated in case of broadbaaditive white Gaussian noigdAWGN)
signals, high power narrowband and pulsed signals. Contrarily, thesindnwas not
saturated when low poweramowband, spoofing and meaconing signalsewer
applied. Several authors have studied the effects of jamming on acquisition and
tracking [46]i [49]. Acquisition success is documented[4®]; where it has been
identified that CW has the most damaging effect compared to swept CW and
broadband noise which come in second place such that 10 and 15 dB Jamming to

Signal Ratios (JSRIs required to prevent acqitisn respectively.

ov
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2.3 ANTI-JAMMING TECHNIQUE

Successive detection is followed by mitigation if the receivers are equipped for it. A
multitude of techniques Babeen proposed for agamming and interference
suppression. They can be classified mainly istogle antenngbasedtechniques,

which perform jamming mitigation based on receiver processing, whether-in pre
correlation or postorrelation, and antenreray-basedtechniques, which benefit

from the presenceof the array to spatially mitigate the jammgi signals by
electronically controlling the radiation pattern of the array. Since all the mitigation
techniques used by single antenna systems are present in the receiver, then it is

appropriate to imply thahey are all applicable in muléintenna systes.

2.3.1 Single AntennaReceiverbasedSolutions

Mitigation solutions in the fronénd of the receiver are usually accomplished either
usingspectral or temporal excision. Mitigation of certain types of interfersnch

as pulsed interference can be accost@d using a technique called pulse blanking.

It is an appropriate technique aimed at mitigating pulsed interference. Interference
excision is implemented in the time domain on the samples obtained from the ADC
that are above a certain threshold. Altenelyi, frequency excision is implemented

in the frontend; it is based on determining the frequencies occupied by the

interference signal.

Typically, a jammer is used to jam the signals of specific GNSSs aradl not

systems at the same timbleverthelesssuch jammers can be acquired at an
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expensive cost. A solution for this problem is to switch to another GNSS when
service denial is sensed, such as GPS, GLONASS, GALILEO and BEIDOU (which
has limited coverage) v8tching from one GNSS to another requiresenadvanced
hardware such as multiple frequency antennas and -ocmustellation capable

receivers.

2.3.2 Antenna Array Based Solutions

An antenna array is a group of antennas for which the outputs are combireatdo cr
an overall radiation pattern that is féifent from that of each antenna element
individually [50]. These antennas are arranged in spagerting on the array
geometry. Theyre proessedsuch that the radiation pattern of the array increases
the gain towards a selected direction while rejecting signals emitted from other

directions[51].

Thus, the interference signal(s) are rejected in space, rather than in the
frequency or time domain. Interference mitigati®significantly enhancelly using
an adaptive antenraray (also known as a smart antenna) through the capabilities
of spatial fltering techniques. These techniques frequently attain higtaamtning
(AJ) margins. They are effective against both narrow and especially broadband

interference signals thatngjle antenna systems cannot conjbaj.

Hence, adaptive arrays ingue SNR in the presence of jamming which

enables signal tracking in environnte that would otherwise lack code and carrier
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phase observables. The most common techniques applied in adaptive spatial filtering

are null steering and beamforming.

2.3.2.1 Null Steeing

Null steering, also known as side lobe canceller (SLC), is based ¢ercthtbat the

GPS signal power is lower than the noise floor. Null Steering considers any signal

with a power level higher than that of the satellite to be an interference signal.
Accordingly, the antennads beam iss steer
directed towards it. The objective is to decrease the output power subject to the
constraint that one antenna element is always on while trying to maintain unit gain

in all other directions. The rest of the channels have their output phase and amplitude

adjusted in order to block jammers.

2.3.2.2 Beamforming

Beamforming on the other hand, enhances signal reception by directing beams
towards desired signals. The desired antenna tsume weighted using different
sets of complex beamforming coefficientsthe case of §SS, multiple beams are
required; one for every satellite. Maximizing the power of the beam achieved by
beamforming will also utilize the available degrees of freetlmshape the spatial

null and minimize GISS signal cancellation.

Therefore the probability that GPS signals will be preserved increases. Itis a

known disadvantage of null steering that there will be a probable reduction in the
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received BISS si gmeald gy leevel and especially

Arrival (DoA)iscloe t o t he | bBlerfererds DOA

2.4 SUMMARY

In this chapterGNSS antenntechnologiesind overviewhave been reviewed. It has
been clearly shown that the researcledISS antenne o great significance to the
modern industry and it will still be an important research topic for the coming
decades. The studies afntennagdor GNSSapplications have been highlighted and
discussed in detail. The information presented in this chieptezful to gain a better
understanding on the state of artantennadesigns and meanwhile identify the

research challenges and problems for us to overcome in this work.
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CHAPTER 3:

GNSS RECEIVER ANTENNA DESIGN: OVERVIEW

AND STATE OF THE ART

3.1 INTRODUCTION

Global navgation satellite systems (GNSSs), including global positioning system
(GPS), GLObal NAvigation Satellite System (GLONASS), Galileo, and Compass,
will be fully deployed and operational in a few yef8s An antenna for a GNSS
receiver requires broadband characteridticsuch as impedance matching &hd

dB axial ratio (AR) bandwidths, rigkttand circularly polarized (RHCP) radiion, a

wide CP radiation beamwidth (> 100°) facing the sky, and a high-todvaick ratio.

The use of a variety of single armtliatband CP antennas in the GNSS
frequency bands has been reported: e.g., crossed ¢iddi¢58], monopole59]i
[62], slotted[63]i [68], patch[69]i [74] and dielectric resonat§r5]i [79] antennas.

However, most of these antennas have insuffi@ed® AR beamwidth to meet the
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requirements of GNSS applications, owing to the lack of techniques to broaden the

CP radiatiorbeamwidth

3.2 GNSSANTENNA: OVERVIEW

A CP antenna for muHirequency operation can be achieved by using Aayger
patches. By usingmulti-layer structure, it is easier to achiesaulti-frequency CP
operation. The dimensions of each pattainly determine the resonant frequencies.

The geometry of the proposed antenna is shown in Fgre

Upper patch Qﬂ - a N
P1 Middle patch A3 ‘ ™ o Probe
sy s ht “soldering
wer patch to the
- Lm £l Th2
P3 54> |y Lower +— patch
Substrate C
Ls ‘/I;3
=" Ground plane
™~ Coaxal probe Upper patch
(a) (b)
Le . : g 66.00mm
Af 1 o [ — )
qyC—1 S
‘ e 4 t LtVia hole
P O.,/Vla hole 4 -
oumm
a—bn N O
B@Weo— o
—Y
Middle patch ~ 4) Lower patch
(© (d)

Figure3.1: Geometry of thestackedpatch CP antenna (a) side view (b) upper patch
(c) middle patch and (d) lower patft0].
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A single probe f eed oonéctedtO the upperpatah thiouglp e d a n ¢
via holesin the middle and lower patches while the middle and lower patches are

excited through electromagnetic coupling. The via has contributed a capacitive
coupling to rgate the inductance effect due to the inner conductor of the probe. The

use of slit on theedge of the lower patch introduces the dual orthogonal mode
necessary for CP radiation pattern. Both the middle and upper patches are perturbed

by corner truncationvhich produces near degenerated resonant mode resulting in

CP.

I
/m -5/ |
ke
2 I
5-10F |
é |
e . fporsssnmu
Q
2 wokesss R R . S e : -------
- : |
13 | [
3 -25 X |
3 i !
g -0 ! :
1
=1 -7 - — Measured S11
1 e == Simulated S11
-40 L
1 1.2 1.4 1.6 1.8 2
Frequency/GHz
(@)
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e Axial Ratio |

Fréquency/GHz

(b)

Figure3.2: (a) Measured and simulated reflection coefficients of the antanda
(b) Simulated axial ratio of the proposed antejTita.
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Falade et al[70] have proposed a design on stacked patches with a single
feed for GPS frequency bandde lower,middle, and upper patches are designed
to resonate at L5, Land L1 frequency bandsspectively. The patches are etched
onthree different substrates. The lower substrate has a thickn€ss-df.524 mm
andrelativepermittivity - = 3.38, the middle and upper substrates are similar with

a thickness ofQ ="Q =1.6 and permittivity of = 4.4,

The measwed value of 10 dB impedance bandwidth for GPS L1, L2, and L5
frequency bands are 28Hz (2.0%), 18 MHz (1.5%), and 30MHz (2.0%),
respectiely are shown in Figure& The simulated axial ratio at broadside direction
illustrates that the minimum axial rattoincides with the resonant frequencies in the
three bands. Tha-dB axial ratio bandwidth is 40 MHz (3.40%) in L5 frequency
band, 10 MHZ0.81%) in L2 frequency band, and 13 MHz (0.83%) in L1 frequency

band.

CP can also be generated by using a dielecegsonator antenda5]i [77],
[80]i[82]. A hybrid antenna comprising dielectricresonator antenndRA) and
four feed slots as shown in FigulB8 has been investigated and analyzed to enhance
the AR bandwidth in order to cover the current GN8&uency bands in one
antennd77]. The cylindrical DRA has a radius of 31.@6n, aheight of 22nm and
a permittivity of 10. It has been designed to resonate around GBZ5CP is
generated by a 90° phase feed network. The slots have to be arranged and their
dimensions optimized to sare proper coupling to the dielectric resonator @and
have good impedance matching. A substrate made of FR4 was chosen to

accommodate the feed circuit of the DRad the slots were etched in the ground
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plane. The ground plane dimensions are 160 x 166, amd the slot length is 36
mm, and its widthis 8.8 mm. The coordinates of the slots arenth along the x
direction and 19.4nm in the ydirection. The feed line is 12rBm long and 1Inm
away from the slot center. The prototype of the DRA and its padince are shown
in Figures3.3 and 3.4. However,the disadvantage of the hybrid DRA over other

GNSS antennas is imilky in size.

Microstrip il |Tssy oY /[

Lz> / G;;::d
. ]

L 4 |

P v

Feeding lines Substrate

Figure3.3: The diagram of the hybrid DRA7].
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Two novel broadband singfeed printed compact wideband circularly
polarized antennassdescribed irf59], consisting of kshaped monopole drilted
cross on the ground plane with and withouslantedbranch. By introducing a
protruding cross at the ground, widebd®id is generated. The antenna has a very
compact structure with a dimension of 88 x 88 am the substrate. The antenna

uses FR4 substrate 1.6m thick with a permittivity of 4.4.

(a) (b)
Figure3.5: Fabricated prototype of (a) antenna 1 (b) antend®]2

The geometry of the proposed broadband planar antenna with broadBand
is shown in Figur&.5. All the metallic components of the antenna are printed on the
same side of the substrate. The antenna consists of a square ground with a cross
shapedoranch aits corner. The simulated and measured reflection coefficient and

boresight AR of two antennas are compared in Figuéa) and (b).

In Figure3.6(a), antenna 1 exhibits simulated (excluding the cable model) and
measured10 dB impedance Ib@widths 0f54.71%, from 1.130 to 1.981 GHz, and
55.10%, from 1.160 to 2.042 GHz, respectively. Besides, antenna 2 exhibits
simulated (excluding the cable model) and meastir@dB impedance bandwidths

of 68.70%, from 1.096 to 2.243 GHz, and 70.44%, frbrh22 to 2344 GHz,
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respectively. The results reveal that the slant branch is useful to improve the
impedance matching. FiguB6 (b) shows that antenna 1 has measurei AR
bandwidths at dual bands 1.356.637 GHz (18.78%) and 1.7942.487 GHz
(32.38%). Also, antenna 2 has measured 3dB AR bandwidths at dual bands-1.270
1.600 GHz (23.00%) and 1.75@.450 GHz (33.33%). The measured results agree
well with the simulated results with the inclusion of the cable model. If the feed cable
was excluded, 130- 1.981GHz (54.71%) and 1.0962.243 GHz (68.70%) CP
bands for two antennas are predicted in simulation, whkibload enough to cover

GNSS spectra.

—— Antennai(Simulated wlo cable) a
—{ Antenna1(Simulated with cable) \ /\
24 || —#— Antennal(Measured) U o
Antenna2(Simulated w/o cable)
—{1— Antenna2(Simulated with cable)
-28 4| —#— Antennal(Measured)
—-10dB
0
_32 T T T T T T T
1.0 1.2 14 16 18 20 22 24
Freq (GHz)
(a)
8
\ —— Antennai(Simulated w/o cable)
\ —{— Antenna1(Simulated with cable)
b —— Antennai(Measured)
—— Antennaz2(Simulated w/o cable)
6 [ ~— Antenna2(Simulated with cable)
—#— Antenna2(Measured)
—3dB
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Figure3.6: Simulated and measured (ajlection coefficient and (b) axial ratio
[59].
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3.3 GNSSCROSSED-DIPOLE ANTENNA

S. X. Taet al. [56] have proposed aulti-band, RHCP, crossednulti-branch,
barbed dipole antennaith a broad impedanematching bandwidth, and a high
front-to-back ration theGPS L1- L5 bands.The multibranch barbed dipole with a
meander line in each branch is used to achieve not only multiple resonances but also
a significant reduction in the radiator sizevécant quarteprinted ring is used as a

90° phase delay line to generakte CP radiation.

Along with the development of wireless communications, many applications
require antennas that radiate a unidirectional pattern with a significantdrbatk
ratio to ensure high security and efficiency in the propagation channetsdiggy,
the crossed dipole is generally equipped with a reflector to generate a desired

unidirectional pattern witlCP or dual polarizatiofi83].

The artenna is composed of two printed digs, a coaxial line, and a
reflector. The reflector is an inverted pyramidal cavity witlheatangular bottom
measuring 120 x120 mn¥, a top apertureneasuring 160 160 mnt, and a height

of 40 mmas shown in Figure 3.7
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Figure3.7: Geometry of the posed antenna (a) radiator (b) vaegunarter
printed ring and dipole arm (c) side view with the inverted pyramidal cgp6ly

The crossed dipole was designed on both sidesGff x 60 mm Rogers
RO4003substratewith permittivity of 338 and thickness of 0.508 mifihe outer
conductorof the coaxial line is connected to the arms on the bottom side of the

substrate. The inner conductor of the coaxial line extends through the substrate and
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connects to the arms on the top siflee crossedipoles are equipped with a cavity
backed refledr to provide a unidirectional radiation pattern with a wide AR

beamwidth and a high fromb-back ratio in both bands.
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Figure3.8: Simulated and measured (a) reflection coefficients (b) axias of the
multi-band antennfb6].
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The proposed antenna has bandwidths of 11312 GHz (181 MHz),
1.3691.421 GHz (52 MHz), and 1.548.610 GHz (67 MHz) for impedance
matching withSu1| <-10 dB and 1.165L.190 GHZA25MHz), 1.195 1.240 GHz (45
MHz), 1.37G 1.395 GHz (253VIHz), and 1.5/ 1.585 GHz (20 MHz) for an AR of

< 3dB as shown in Figure 3.8

On the other hand[84] reporteda novel composite cavity with unequal
length crossed fins is designed and integrated with the an@endance thiont-
to-bak ratio FBR) of the antennalt is well known that the surface wave
propagating along the ground plareradiates at the ground plane edge and thus
increases the sidebes as well as théack lobeof the antenna. Therefore,
suppressing the propagation siirface waves can reduce thack lobeof the

antenna.

Figure3.9: Geometry of the proposed anterwi¢h a composite cavity84].

The antenna is etched on a 0.817 mm thickdRoBO4003C substrate with a relative
permittivity of 3.55 and a loss tangent of 0.00Fnrthermore, the patches are
employed to tune the impedance matching of the proposed antenna by introducing

proper capacitanceSimilar to the conventional crossed dlip CP antenna, the
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proposed antenna radiateshidirectionalthat makesRHCP toward the broadside

and LHCP backwardhe proposed composite cavity placed underneath the antenna

shows better badkbe reduction ability by minimizing diffracted waves
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Figure3.10: (a) Prototype of ultravideband composite cavity backed CP antenna
and VSWRand (b) smulated and measured ARstbE antenna with and withoat
cavity [84].
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3.4 GNSS ADAPTIVE ANTENNA ARRAYS

Modern GNSS receivers require antennas tbegicwider bandwidths over a wider
range of frequencies than older G&3y antennas. One way to achieve greater
bandwidth is to employ wideband antenna designs, such as bowtiesdypapiral
antennas. Unfortunately, these antennas tend to be reldvgdyin siz§85]i [87].

A critical challenge wh these smaller antennas is the feed structure, which must
achieve RHCP radiation, employ simple materials and bonding, and must be
affordable. Therefore, it is important to employ readily available matesiadon

contactproximity feeds, as was doie[88] and[89].

The 33 mm diameter thand GNSS antenna and associatedjantming
GNSS array ii88] were amogqg the first proximity excited multiband antennas to be
presented. lvas fed by a single coaxial cable leading to a Wilkinson power divider

together with a quartevavelength delay foCP.

The antenna is a stacked patch, a sigment version of the ay with 114
mm in diameter. Its geometrical configuration is shown in Figure 3.11, indicating
two stacked circular patches printed on different substrates material. The antenna
was designedot support two orthogonal modes that combine to deliver a CP

operaion.
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Figure3.11 (a) Prototype using higitontrast substrates ang) @ssociated
Wilkinson divider for feedingising a single coax feed at Port 1 acidy@ain of the
patch[88].
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The geomatrical parameters for the feed in Figure 3.11 (b) that were found to
achieve good gain at all frequencies are: D = 33 s, 26 mm,Q =22 mm,Q =
6mm, andQ = 8 mm. Figure 3.11 also shows the boresight gain curves, which show

2.5 dBi to 5 dBi at the lower (L5/ E5a, E5b, and L2) and higher (L1) bands.

Referring to Figire 311, this GNSS antenna covers all said bands and has the
following optimized parameter3he simulated and measured gain performance is
shown in Figire 311 (c). Its gainin the band®f interestis always greater than 0 dB
and even reachesore thar dBi at some bands. Specifically, the lower mode of the
stacked patches covers the E¥a,E5b, and L2 bands with RHCP gain ab&8veB,

whereas thédigh modecovers the IL band with a gain of 5 dB

For the array formation, the antenna in Figure 3.11 was used to form a six
element circular array shown in Figure 3.12. Key to this performanceupling

reduction between adjacent antenna elements within the array.

For snaller array sizes, it is important to reduce the antenna element size even
further than shown above. A 25 mm GNSS antenna element was first presented by
Zhou et al.[90]. Instead of using highaontrast dielectric substrates that would
reduce bandwidth, slots are introduced on the printed surface of the GPS antenna. A
similar concept was introduced[@l] and [92] adoged four spiral slots to degn a

proximity-fed duatbandstacked patch
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(b)
Figure3.12 (a) GNSS antenna array design and (b) fabricated prot{ggjpe

Kasemodel et a]85] and Svendsen et §#.3] presented a spirarray antenna
capable of continuous operation from 1.1 to 1.6 GH® array is shown iRigure
3.13. The array is designed to be placed on a ground plane, making it suitable for
mounting on small vehicles. [85], the dielectric layeis formed from a polymer,
allowing precise control of its dieleatriconstant while also reducing weight and
increasing mechanical durability as compared to more rigid and brittle dielectric

materials.
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Figure3.13 Fourelement and skelement spiral arraj85], [93].
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The array elements are connected in the center with resistar<eite
beads are used to terminate the spiral arms. These techniques improve return loss
and axial ratio while maintaining good gain and upper hemispherical covémage.
the absege of interference, the array is designedperate in a reference mode
where all elements are excited with equal weight and progressive phase. This
produces a rotationally symmetric boresight pattern with RHCP polarization. The
densely packed array promks significant mutual coupling between elements.
However, the array hasebn designed with each element effectively exciting the
entire aperture. The small size of the array and the wideband nature of the spiral

results in desirable phase and delay charsstics.

Meanwhile, in[93] altered the square spiral array[85] and presented a
duatband array for handheld GPS receivers. Haltapplications are more
challenging since the antenna array must be extremely lightweight, be very robust,
occupy a small volume, be inherently portable, and be easy to fabribatarrby
presented in consists of a tightly packed 2 array of squaregpiral elements that
form a small, 4 4inch? (102x 102 mn¥) aperture that can flip out from a handheld
receiver. Again, the array operates in a reference mode with no interference. The
resulting RCHP polarized pattern is broad with good peak realizedgae authors
show simulations of the antenna performandh spacetime adaptiveprocessing
(STAP. They demonstrateheir ability to operate in scenarios with several

narrowband and wideband interference sources.
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Figure3.14: (a) Antenna array geometry formed by five identical patch antennas
and @) radiation pattern ai = 0° andd = 90°[94].

A recent study by94] has proposed a new method to extract the optimal

complex weights for suppression of the jamgsignals in a GPS antenna array in
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the presence of mutual wpling. The proposed antenna array geometry is shown in
Figure 3.14. All patch antennas are printed on a square RO4003 substrate with a

length ofL = 20 cm, 30 mm thickness and relative permifgiof - = 3.55.

The full wave simulation patterns of the standalone GPS antenna element and
the reference active element patterns in the array (fifth elements) is shéwgs.in
3.14(a) and (b) It showsthe normalized antenna radiation pattesne mp ar i son at
= 0, lare®wvehergpthe antenna gain is 5.24 and 3.94 dB for the stand alone and
reference antennas, respectivaliie null steering method was performed by using
the exactactive element patterns of the array antenna. These patterndeirible
mutual coupling déct and thenearby antennascatterd such as holder which
increase the antenna performance to deal with the jammer sources which was not

considered in the literature based on the author knowledge.
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3.5 SUMMARY

Neverthelessye can summarize the basiotenna types applicable to GNSS, and a
broad overview of their characteristics, in TaBlg

Table3.1: Basic Antenna Typed Used in GNSS System and Their General

Characteristics
Ref. Antenna Size |S11]<-10dB Axial Ratio
Structure (mm?3) BW BW
Ref DRA 90 x 90 x L1, L2, L5 1to 1.6GHz
[76] 51.6
Ref Stacked 80x80x | 1.51-1.59GHz(L1) 3.19% (L1)
[69] Patch 6.024 1.2-1.245 (L2) 3.04% (L2)
Antenna 1.1681.185 (L5) 2.21% (L5)
Ref -Stacked 90 x 90 x 1.17 to 1.6GHz 1.47t0 1.63GHz
[72] patched 8.135 (L1, L2, L5) (L1)
antenna 1.15t01.33GHz
-dual feed (L2, L5)
+ hybrid
design
Ref DRA + 160x 160 | 1.125to 1.62%5Hz <1.5dB
[77] hybrid x 23 (L1, L2, L5) (L1, L2, L5)
feeding
network
Ref DRA + 250x 250 | 1.164t01.614GHz <3dB
[64] feeding x 50 (L1, L2, L5) (L1, L2, L5)
network
Ref Monopole | 88x88x | 1.122 to 2.3445Hz 1.27t01.6 (L1)
[59] antenna 1.6 (L1, L2, L5)
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Ref Crossed 120x 120 1.274t0 2.360 1.39t01.82GHz

[57] dipole x 30.55 (L1, L2) (L1, L2)
antenna

Ref Crossed 120%x 120 | 1.555t01.665GHz | 1.565to0 1.595GHz

[55] dipole x 40 (L1) (L1)
antenna 1.220t01.38% GHz | 1.260to 1.300GHz

(L2) (L2)

Ref Crossed 120x 120 1.05t01.79 1.12t0 1.64GHz

[95] dipole x 62.5 (L1, L2, L5) (L1, L2, L5)
antenna

In this chapter, some significant achievementSNES antenntechnologies

have been reviewed. It has been clearly shown that the rese@dE& antennes

of great significance to the modern industry and it will still be an important research

topic for the coming decades. The studiesmtennafor GNSS applicatons have

been highlighted and discussed in detail. It was foundhtbatexistingantennasn

the literature have not been focused on broadbatehnasiue to the difficulty and

complexities in the design. The information presented in tlaigtehn is uskil to gain

a better understanding on the state of aantennadesigns and meanwhile identify

the research challenges and problems for us to overcome in this work.
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CHAPTER 4:

A CROSSEDDIPOLE ANTENNA WITH PARASITIC

ELEMENTS

4.1 INTRODUCTION

With the deloyment of a few noteworthy Global Navigation Satellite Systems
(GNSSs) for exampl&PS, GLONASS, COMPASSand many more frequency
bands will be accessible for positioning applications. GNSS applications have
multiplied internationally, not onlyn the miitary field but also in business and

consumer markets.

Global positioning systems typically transmitGRdue to its features of nen
sensitive to Faraday rotation introduced by the ionosphere and its potential of
reducing polarization mismdicand multpath interferenceifferent designsof

single and duaband CP antennas in the GNSS frequency bandstegn reported:
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e.g., crossed dipol&8], monopoleg59], slotted[64], [65], stacked patck69], [70]

and dielectie resonatof75]i [77] antennasNeverthelessalmostall these antennas
haveinadequat8&-dB AR bandvidth to meet the requiremesof GNSS applications,

due to thelack of techniques to broaden the CP radiatiandwidth. Recently,
singlefeed CP antennas with a compact radiator have been designed for GNSS
applicationg55], [56]. However, their operational bandwidth does not completely

cover the GNSS spectra.

This chapterpresentsa broadban@nd broadeamwidh circularly polarized
antenna to covehe GPS LXL5 bands GLONASS G1, G2 and G&s well as the
Galileo E5a, E5b, E6 and E1lbandD@.GHz1 1.69 GHz). A printed vaantquarter
ring is used as a 9fegree phase delay line betwdba dipole paito prodice the
CP radiation. The detailetimensions are presented, and good results are obtained.

TheCST Microwave Studio is employed for the numergiatulation.

4.2 AN ANTENNA WITH PARASITIC ELEMENTS

4.2.1 Antenna Design Configurations

Figure 4.1 and Table4.1 show he geometry and the dimension of the proposed
broadband CPantenna,respectively The antenna comprises two printetbss
dipoles and a coaxial line. The dipoles are printed on both sides of a Rog2$RO

substrate with a relative permittivity of 10.2dathickness of 1.2&m.
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Figure4.1: Geometry of the proposethtenna(a) top view and (b) side view

Table4.1: Dimension ofThe ProposedAntenna

Parameter Value (mm) | Parameter Value (mm)
Lg 90.0 L 66.0
R1 4.7 R2 5.5
W1 20.0 W2 8.0
W3 8.5 Hi 15.5

The proposed antenna is designed to meet the needs of multiple GINSS.
critical part is the feedingtructure which is relativelyew, and the dimensions
should be optimizedTheelliptical crossdipole antenn produced on both sides of
the PCB boardThe antenna was fed witha® coaxi al | ine. The ot

of the coaxial line was connected to the dipole arms on the bottom side of the
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substrate wie the inner conductor of the coaxial line was extended through the

substrate and connected te thipole arms on the top side

The pair ofdipolesis linked by avacant quarteprinted ringto generat®0°
phase delay linand produce thRHCPradiatian field at the front side of the antenna
and the LHCP radiation field at the back sidée reason of choosing the cross
dipole in this desigrare the impedance bandwidth of the crdigmole is much
broader than a conventionaticrostrip patch antenpand it is much easier o
generate the CP raion and obtaia broader CP bandwidth by using the feeding

mechanism as mentioned above.

Furthermore, He antenna is composed of fooarasitic elemenand four
metallic cylinderthatare excited bygoupling wih theelliptical crossed diple in the
center.Figure 4.2 shows the theoof how to broaden the beamwidth. The ordinary
microstrip antenna radiates mainly towards the elevation angle of 90°. Meanwhile,
thecrossed dipolesadiate mainly towards the elei@t angle of 0°. Therefore, when
the ordnary microstrip antenna is combined with the loaded monopoles, the two
elevation angle of highest gain of the two radiation patterns could be merged into
one, and their radiation fields are added together, formimmgad radiation pattern
in both theld wand & dplanes. Based on this theory and our numerical simulations,
the verticalhalf power beamwidthHPBW) of the microstrip antenna could be

widened.
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(a) (b) (c)

Figure4.2: Vertical radiation patterns for the antennas.efptical crossdipole
(b) parasitic elemerdandloadedmonopoleand(c) crossed dipole surrounded by
parasitic elenentsand monopoles

By adjustingthe size ofthe parasitic elementznd the edge of the dipoles, the
coupling strength can be optimizethe antenna was optimized via CST Simulation
Software For the initial design of the proposed antennaaisfirst to design in free

spaceo provide resnance in the GPS L1 and L2 bands

4.2.2 Antenna Performances

The simulatedY , axial ratio and gain of the antenna with different values of the

ground plane lengtib are depictedin Figures 4.3 to 4.4, respectivly. The

bandwidth of the antenna foY < -10 dB is improved by reducing the sizetbé
ground plane. The impedance bandwidth of the antenna covers from 1.08 to 1.69
GHz when the size of ground plane isrfath x 90 mm which is completely cover

the enire GPS bads (L1: 1.575 GHz, L2: 1.227 GHz, L3: 1.381 GHz, L4: 1.379
GHz and L5: 1.175 GHz) and Galileo (E1; 1.575 GHz, E5: 1.191 GHz and E6: 1.279

GHz).
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Meanwhile, the CP bandwidth (AR 3<dB) shows a decrease at the lower

frequency when the size tife ground pane is reducedut at the upper frequency

bands, the axial ratio is reduced. It covers from 1.55 to 1.63 GHz which involves the

L1 and E1 frequency bandsdfrom 1.12 to 1.26 GHz for L2, L%nd E5.

— {nglOO)
— (Lg=90) |

-25

1 1:1 1:2 1:3 1:4 1:5 1:6 1:7 1.8
Frequency (GHz)

Figure4.3: The simulatecs:1 with different values ob  of the proposed antenna

Axial Ratio (dB)

1 11 1.2 1.3 1.4 1.5 1.6 1.7 1.8

Frequency (GHz)

Figure4.4: The simulated axial ratio with different valuesiof of the proposed
antenna
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Figure4.5: The simulateds:; with different values o¥V of the proposed antenna

Axial Ratio (dB)

1 11 1.2 1.3 14 1.5 1.6 17 1.8

Frequency (GHz)

Figure4.6: The simulated axial ratio with different valuesvigfof the proposed
antenna

In another case, the antenna also simulated with different val\tésadfich
is the radius of a parasitic element at the upper cylinder. The simulated resulfs of S

axial ratio and gain are presentedrigure 45 and Figure 4. It is shown that the
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impedance bandwidth of the antenna did not change much, but the resonant
frequency seems to be shifted to the higher frequency bands when the radius of the

parasitic element is too small.

However, as shown in Figure64the CP bandidth (AR < 3dB) is higHy
sensitive to the variation of tiparasitic elemerdize. The axial ratio decreased when
the size ofthe parasitic elemerns enlarged at the lower frequency. Meanwhile, at
the upper frequency bands, the axial ratio decreased Wie size othe elemen
reduced. The optimal value @fis 8.5 mmto cover the desired bandwidth. Thus, as
shown in Figure 4, whenW = 8.5, the CP bandwidth for AR <dB is from 1.13
to 1.22 GHz for L2, L5and E5 bands and from 1.53 to 1.59 GHzlfdrand E1

bands.

4270

240

180
(b)

RHCP with parasitic elements

RHCP without parasitic elements

LHCP with parasitic elements

LHCP without parasitic elements

Figure 4.7: The simulatedadiation patternvith and without the parasitic elements
of the proposed anteniaa (a) GNSS L2 (b) GNSS L1.



Chapter4: Performance Analysis of CP Antenna for GNSS Applications Pagel|75

The simulatedradiation patterns are demonstrated-igure 4.7 indicating
that hemispherical shape radiation patterns with good symmetry is obthioad.
be seen that the radiation pattern is greatly enhanced by the introduction of the

parasitic elements for botperating bands.

Figure 4.8 presas the RHCP radiation patterns in two orthogonal planes.
For both the® dand & & planes, the HPBW is more than 170°. The operation at
other frequencies is given in Table 4.2. At each frequency, the antennaasivides

angular coverage for both HPBW andlB axial ratio beamwidth.

—— Phi=0(d
330 30 ooy

10 ]
0]

Figure4.8: RHCP radiation patterns it wand & @planes at 1.575 GHz.

Table4.2: 3 dB Beamwidthof The Proposed Antenna

Frequency band HPBW (deg) 3-dB axial ratio
LAy LA beamwidth (deg)
Ll
GNSS:L1 172 /170 157 /140
GNSS:L2 120/120 140/120

GNSS:L5 180/174 134/ 156
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The ynal design was Tha tompadsantaf the and m
simul ated and measur tafabricatpdamtennsashownn oef yci e
Figure4.9 (a) and (b) The antenna was measured in an anechoic chamber using a
vecta analyzer The simulated and measuredflection coefficients of the antenna

are depicted in Figure 20.

It can be seethat the rsults agreed reasonably well within the bandwidth
The |S1/<710dB measured bandwidths of the lower and upper bands were merged,
and he result ranged from @60to 1671 GHz. The simulated bandwidths were
1.0771 1.683 GHz.Figure 4.1 shows the simulattand measured axial ratid the
proposed antenna. It can be seen that a very good agresaseobtained between
simulation and measuree nt . The CP bdBmsédoml.098to 1.26R ~ 3

GHz (164 MHz) and 1.542 to 1.666 GHz (124 MHs)expected.

(@) (b)

Figure4.9: Photograph of fabricated antenf@a front view and (bpersgective
view.
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Figure4.10: Measured and simulated resuwfshe proposed antennj&|.
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Figure4.11: Measured and simulated reswfghe proposed antennaR.
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4.3 SUMMARY

A new broadband crosdipole antenna has beeroposed and designddr the
GNSS applications. Thenpedance bandwidth is webroad to cover the entire GPS,
Galileg, and GLONASShands. The structui the antenna is compact and unique.
The dimension of the antenna98 mm x 90mm x 15.5mm which is small and
compact The proposed antenna has bandwidth of 1.06 to 1.671 GHz (611 MHz) for
impedance matchin®:| <-10 dB and 1.093 to 1.257 GHz (164 MHz) and 1.542 to
1.666 GHz (124 MHz) for an AR 3-dB. All the results have demomated that the

antennas anexcellent candidate for the GNSS application.

Table4.3: Comparison witlexisting GNSSAntennaDesigns

Ref. Size (mn7) |S11] <-10dB BW Axial Ratio Antenna Type
(GH2) BW (GHZz)
Ref[16] | 160x 160x 23| 1.125t0 1.625 (L, | <1.5dB (L1, | DRA + hybrid
L2,L5, E6) L2,L5) feeding
network
Ref[5] | 88x88x 1.6 1.122t0 2.344 1.27t0 1.6 (L1, Monopole
(L1, L2, L5, E6) E6) antenna
Ref[3] | 120 x 120 x 1.2742.360 1.391.82 (L1) | Crosseedipole
30.55 (L1, L5) antenna
Proposed | 90 x 90 x 15.5 1.06 to 1.671 1.093 to 1.257 Crossed
Antenna (L1, L2, L5, E6) (L5, L2) dipole antenna
1.542 to 1.666
(E6)
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In order to evaluate the achievements of the proposed antenna with respect to
available designghe proposed antenna is compared with recently published designs

as tabulated in Tablg3.
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CHAPTER 5:

A CIRCULARLY POLARIZED ANTENNA BACKED

BY AN AMC GROUND PLANE

5.1 INTRODUCTION

Artificial Magnetic Conductor (AMC) is a type of implemented metamaterial in
seveal antenna and microwave design applications. By utilizing the unique
characteristics of metamaterials which do not exist naturally, the performance of
various microwave deges can be enhanced. Ttimpterlaborates on the technical
perspective and reat works on AMC for antenna applications. The technical
perspective discusses the theoretical aspects, simulation design procedures, and the
measurement setup used to chamape the AMC unit cell. Subsequently, various
recent works of antenna designtthrevolve the incorporation of AMC are discussed
thoroughly. Each of the recent works is highlighted with specific performance

enhancements that can be achieved with thedattion of AMC.
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5.2 ARTIFICIAL MAGNETIC CONDUCTOR (AMC)

AMC is a metamaterial which imics the characteristics of a perfect magnetic
conductor (PMC). A useful PMC characteristic that mimicked by AMC is the ability
to provide zeradegree reflection phases ats itresonant frequenf86].
Electromagnetic band gap (EBG) technology has become a significakttyorigh

in the radio frequency (RF) and microwave applications due to their unique band gap

characteristics at certain frequency ranges.

Since 1999, the EBG structures have been investigated for improving
performances of numerous RF and microwave @svidilizing the surface wave
suppression and the artificial magnetic conductor (AMC) properties of these special
type metamaterial. Issuesch as compactness, wide bandwidth with low attenuation
level, tunability, and suitability with planar circuitryl @lay an important role in the

design of EBG structures.

EBGstructure can be defined as fabricated periodic elements that may hinder,
allow, or confine electromagnetic waves propagation within a specified span of
frequencieqg97]. These structures are formed by arranging dielectric material and
metallic conductors periodically. When plane waves are incident upon an EBG
structure, the reflection coefficient phase varies with frequency fistqaency the
incident wave encounters a reflection phase of zero degrees. At this frequency, the
EBG functions asreAMC. This structure when integrated onto a microstrip antenna
below the radiating patch functions either as a reflector or as an artifioiahd

plane[98].
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The main problem of an antenna equipped with a metallic reflectdten
addressd by including a quartewavelength space between the radiating elements
and the reflector to obtain optimal antenharacteristics.These can be
circumventedoy using anrAMC surface instead of a metallic reflector. The AMC,
which consists of a latticef anetal plates on a grounded dielectric substrate
with/without grounding vias, can mimic a perfect magnetic condPfgC) over a

certain frequency band.

By combining the crossed dipole radiators and the finite AMC surfaces, low
profile multiband CP aethnnas t hat are nearly compl etel
source and have high radiation efficiencies hdeen implemented More
interestingly, surface waves propagating on the finite AMC are excited to generate
extra operating bands for the radiatingtegs Itwas showrthat the extra bands

couldbe favorably used to enhance the bandwidth of the antenna.

5.2.1 AMC Properties

AMC-based antennas have been intensely developed for enhancing their
performance, including bandwidth and unidirectional radiationepatiwith a
miniaturized profile. The AMC surface, also known as a fingpedance surface
(HIS) [99], anEBGs[97], or a reactive impedance surfg&€0], can mimic a PMC
within a certain frequency range. Therefore, the AMC surface allows for the
placementbf the antenna in proximity with good impedance matching and highly
efficient radiation. In many applications, an ama works at two different

frequencies simultaneously; consequently, the AMC structure requiredpahal
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operation that can matchtheamina dés wor ki ng frequencies.
AMC surface[101]i [105] havebeen presented for ddaénd operation, but there are
still a limited number of studies on CP antennas loaded wétdtatband AMC
structures. Recently, a ddadnd LP dipole was designed on a eoahd
polarizationdependent EBG surface to realize aaldhand CP antenn§l06].

However, its AR bandwidth is insuffent for some applications.

AMCs are used in lovprofile microstrip antennas to generally improve their
gain and bandwidtj107]i [110] and directivity [111]. Usually AMC cells are
fabricated as periodic structures. Howevei1ib2], a multi periodic AMC struce
is used to improve gain and also to widen the impedance bandwidth of a planar
antenna. 11113], a periodic AMC structure is designed by using genetic algorithm
is found to improve the bandwidth of a wideband planar antenna. Sidelobe

suppresion is also possible with AMC structures as investigatgtlih.

In addition, AMC can also be implemented in a resonancéycanienna as
a ground plane to achieve profile reduction by almosthaile while maintaining
high gain performancgl15], [116] Radar crossection reduction can also be
achieved by combining two AMCs which have overlapping bandwjdtd. These
promising improvements on the characteristics offoofile planar antennas have
triggered various investigations on the possible geometries which form the AMC

structure.

AMC is also known as High Impedance Surface (HIS) becautserasonant

frequency, it exhibits high surface impedafit#8]. The surface impedance consists
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of real and imaginary parts. AMC can be constructed with anbout vias
connection118]i [121]. However, for incidence wave normal to the AMC, the vias
are not reqgired as there are no currents excited [pa®]. Via is a shorting pin from
the metallic patch of AMC unit cells to the grmbas shown in Figuré.1 (a). As
shown inthe figure the AMC is consisting of several periodically arranged metallic
unit cells of uniform dimensions with individual vias. The equivalent inductance
capacitance presented in the AMC/HIS structure and itkaittmodel shown in

Figure5.1 (b) and Figure 5.1c), respectively.

()
C
i | |
¥ | |
l, R -_—
L
(b) (c)

Figure5.1: (a) An array of AMC unit cells with each vias connected to the
ground plane, (b)the equivalent inductance capacitance circuit, and
(c)circuit model[102].

Conventional antenna tends to use Perfect Electric Conductor (PEC) (or in

practical, conductive layerké copper) as a conventional background p[428].
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The PEC layer functions as the reflector of the antennaeMenvthe drawback of

the PEC layer is the produced reflettgave that is 180out of phase with respect

to the source waved,as shown Figuré.2 (a). The source wave is a wave (wave 1)

that initially flows along the radiating part of the antenna. Thebphase reflected

wave (wave 2) induces destructive iféeence with the source wave. This
interference cancels out or greatly attenuates the source wave from the antenna,

hence reducing its radiation efficiency.

2 ]
c c
Good g Good C| High o @
O ¢ oosr ngedanca [} §
q <
ﬂ. | el o 1 wave 1
1 Destructive 1 e q ’ Constructive
phase C Interference phase ( m pgr?;teit Interference
e shi — .| wave 2
wave 2 n — -|
Sl <<h
+>- <
4 L
(a) (b) ©)

Figure5.2: Antennaseparateda) closelyand(b) furtherfrom the groundplane.
(c)Antennaincorporatedvith AMC is in very closeproximity with theground
layer[98].

Subsequently, the gain of the antenna decreases. In this case, the antenna
might not properly match due to the strong field cancellation. The undesfect
of the PEC layer can be minimized by having the PEC layer at a minimum distance
of a4 from the mdiating antenna as in Figuse2 (b). The corresponding distance
considered the' phase shift of the reflected wave (from the PEC) that will
construetively interfere with thesource wave (from the antenna). Additionally, the

impedance matching at the oesint frequency is also improved. Unfortunately, the
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drawback of the introduction of such distance increases the overall antenna

dimensions.

Thus, he antenna structure is no longer Ipvofile, a characteristic most
desirable in antenna desigespecially in space limited conditiorssich as in
microwavecircuitry of portabledevices.In contrast, PMC (or AMC in practical)
generates reflected wavestlare similar in the direction of the original current with
the reflection coefficient of magnitie S Sthat equals te-1. As illustrated in Figure

5.2(c), the reflected wave by AMC is-phase with the source wave.

The additional reflected waves canstively interfere with the source wave.
The combining effect from both reflected wave and souregewimproves the
radiation efficiency and gain of the antenna. Thus, apaoviile antenna can be
realized without adding an unnecessary distancadobetwveen the AMC ground

plane and the antenna (as in the case of PEC ground layer).

5.3 CP CROSSEDDIPOLE ANTENNA WITH AMC SURFACE

ON FR-4 SUBSTRATE

5.3.1 Antenna Design Configurations

A new way of designing a duabnd CP antenna by integrating a CP radiator with a
finite AMC surface Thebroadbandoperatiorwas obtainedn Figure5.3. It consists

of a compact crossed dipole above a 5 x 5 AMC surface. The antesraptimized
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for GNSS frequency bands with lepvofile broadband characteristics and excellent

CP radiatio.

I Top side

Bottom side
AMC layer

AMC Air gap
|
Coaxial feed
()
'# PEC
P
patch
W,
] ‘J <} substrate
WS o
= — |

(b)
Figure5.3: Geometry of the proposed anten(a:top and (b) crossectional view
of the proposed antenna

The proposed antenna is designed to meet the needs of multiple GNSS. The
critical part is the feeding structure which is ralaly new, and the dimensions

should be optimized. The elliptical credpole antenna is produced on both sides of

the PCB boardThe antenna was fed witha¥0 coax i al | i ne. The
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of the coaxialline was connected to the dipole arms on blo#tom side of the
substrate while the inner conductor of the coaxial line was extended through the

substrate and connected to the dipole arms on the tap side

Figure5.3shows the geometry of the duzdnd, crossed, asymmetric dipole
antenna on the disdand AMC surface. Therossed dipoles were suspended at a
height from the top of the reflector. The primary radiator element, which is similar

to the one presged in Chapter 4, was designed on both sides of PCB.

Figure 5.3 (b) shows the geometry oé timit cell of the AMC structuré 5
x 5 metal patch array forming an AMC surface was backed as a reflector of the
proposed antenndhe unit cell was printedrmoa 100 mm x 100 mm FR substrate
with a relative permittivity of 4.4, a loss tangent of 0.802nd a thickness of 10
mm. There was no via. Four slitgere symmetrically insertedto the square patch
of the AMC unit cell A sample othefabricatedantennais shownin Figure5.4.The
AMC structure was optimized via adjusting the slit shape te libg resonances

frequency
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Figure5.4: Photograph ofhefabricated antenn@),(b) frontview and (c) back
view.
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5.3.2 Antenna Performances

The crossed asymmetric dipoles were fiogttimized in free space for GNSS
frequency bands with good CP radiation and then incorporated with PEC and AMC
reflectors to render a unidirectional radiation pattdim.achieve a unidirectional
radiation patterngood impedance matching, and good Jonefile CP radiation at

both operating bands, a crossed asymmetric dipole antenna was incorporated with
the AMC surface. Interactions between the radiator and the reflsatth as the air

gap and finite size of th&@MC surface, were meticulously considered for the

optimization

1 ] . |=—simulated |
BN N NN s | . measured||

v

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

1Syl (dB)

-40 - ; : ; - ; - ; -
1.0 1.2 1.4 1.6 1.8 2.0

Frequency (GHz)

Figure5.5: Measured and simulated resuifshe proposed anternn|& .

The overall size of the final design wE30 mm x 100 mm x 14 mimcluding

the substrate thickness of the radiator. Siac&0 mm thick FR-4 sheet was
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unavailable, the AMC was fabricated by stacking several thin sheets and binding
them together bysing faur plastic screws (not included in the simulations) to

achieve the desired thickness.

The crossed asymmetric dipole on the enmdd AMC surface was fabricated
and measured. A comparison of the simulated and mea&irahdAR valuesis
givenin Figure5.5 and Figure 5.6The measured impedandandwidthsof 10 dB
were1.196 to 2.1765Hz, values that agree closely with the simulated bandwidths

of 1.607 to 1.84%5Hz.

The measured\R < 3-dB bandwidths werd.148 to 1.761GHz, while the

simulatedAR <3-dB bandwidths werd&.1803 to 1.79%Hz.

— simulated
measured

()]
1

Axial Ratio (dB)
w

0 T | T | T T T T T T T T T T T
1.0 11 1.2 1.3 1.4 15 1.6 1.7 1.8

Frequency (GHz)

Figure5.6: Measured and simulated resuifshe proposed antennaR.
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Figure5.7: Measured and simulated resultdluéradiation pattern at (a) L1 and (b)
radiation pattern at L2

Figure 5.7 (apnd (b)shows the radiation patterns of the antenriast5 GHz
(L1) and 1.227 GHz (L2), respectiveljhe measurements agregdll with theCST
simulation results and showed RHCP radiation, a wide CP radiation beamwidth, and
asymmetrigpattern in both th&z andyzplanes. At 1.35 GHz, the measurements
resdted in a gain of 5.9 dBic, a frob-back ratio of 24 dB, and &dB AR
beamwidth of 200° and 199° in tkeandyzplanes, respectively. At 2Z GHz, the
measurements resulted in a gain of 6 dBic, a froitack ratio of 24 dB, and &
dB AR beamwidthof 168° and 150° in thexz and yz planes, respectively.
Additionally, the measured radiation efficiencies wab®ut90% and 87%, and the

simulated values were 95% and 89%, aPT1.@Hz and 1.35GHz, respectively.
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5.4 CP CROSSEDDIPOLE ANTENNA WITH AMC SURFA CE

ON ROGERS RT6006 SUBSTRATE

5.4.1 Antenna Design Configurations

Figure 5.8 shows the geometry of the proposed antenna which comprised of two
printed dipoles as a primary radiat@hich is similar to the one presented in Chapter
4, was designed on botlides of PCBa coaxial line, and an AMC surface. The
printed dipolesvere suspededat height H above the AMC surface. The AMC was
composed of 5 x 5 square metal patch structuresmbi periodically printeen

the conductebacked substrate.

Figure 58 (b) shows the geometry of the unit cell of the AMC structurg.
x 5 metal @tch array forming an AMC surface was backed as a reflector of the
proposed antenn@he unit cell was printed on a 100 x 100 friRogers RT 6006
substrate with a relative pertivity of 4.4, a loss tangent of 0.0023, and a thickness
of 12.7 mm as shown iappendices section. There was no via. Four sldse
symmetrically insertethto the square patch of the AMC unit céllsample ofthe

fabricatedantennads shownin Figure5.9.
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Figure5.8: Geometry of the proposed anten(e):top and (b) crossectional view

of the proposed antenn@&) perspective view
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Figure5.9: Photographs ahefabricated antenna
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The AMC structure wasptimized via adjusting the slit shape to have the
resonancefrequency The AMC substratevas madef an RT6006material with a
relative permittivity of 10.2 anch loss tangent of 0.0023. The characteristic
| mpedance of t he c o dneipasdedthroughdehe veater of h@ q, a
AMC reflector to feed the radiatofhe antenna was optimized via CST Simulation

Software.

5.4.2 Antenna Performances

This desigrusinga5x5 cel | AMC c¢ o n=ylg Uunmavtsifabncatedi t h H
and measured. The printdgoleswere fabricatedn both side oFR-4, and AMC

r e p ewas fabricatecdbn RT6006 Because 42.7 mmthick RT6006sheet was
unavailable, the AMC was fabricated by stackimgp sheets and binding them

together bytapeto achieve the desired thickne$tie antenna was measured in an

anechoic chamber usinghatworkanalyzer.

The comparison of the simulated and measdir r epect i onhecoef yci
antennais shownin Figure5.10. The |S1]< 110 dB measured bandwidths of the
lower and upper bands wemeerged, and the result ranged frorhSRto 2.36 GHz.
The simulated bandwidths were 841t01.929 GHz. The slight diference between
the measurement and the simulation cdddattributedo the effects othe binding

process.
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Figure5.10: Measured and simulated resufshe proposed antenni&|.
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Figure5.11: Measured and simulated reswfshe proposed antennAR.
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Figure 511 shows the measured and simulated AR bandwidth valuteeof
antennas, which also yieldedyoodagreement between the two. The meas@red
dB AR bandwidths were 1707 1.970 GHz. The simulate®-dB AR bandwidths
were 11997 1.9 GHz. Figure5.12 (ad) shows the radiation patterns of the crossed
dipole on the ANC surface at5 (1.176 GHz) L2 (1.277 GH2), E6 (1.3 GHz) and
L1 (1.575 GHz), respectivelland which shows good agreement between the

measurements and the simidas.

The radiation was RHCP and symmetric in bothcdh@nd thew ¢planes At
1.176 GHz, the measurements yielded a gain of 7.55 dBic, atértaick ratio of
24 dB, halfpower beamwidths (HPBWSs) of 108nd 102 in thew candw ¢planes,
respetively, and 3dB AR beamwidthsof 161° and 120 in the ® éandw ¢planes,
respectively. At 1.227GHz, the measurements yielded a gain of 7.7 dBic, a-front
to-back ratio of 26 dB, HPBWs of 100and 102 in the @ gand w aplanes,
respectively,and 3dB AR beanwidths of 112 and 134 in thew ¢andw dplanes,

respectively.

At 1.3 GHz, the measurements yielded a gair8.1 dBic, a fronto-back
ratio of 25 dB, HPBWSs of 10%and 103 in the® andw ¢planes, respectively, and
3-dB AR beamwidthsof 124° and 148 in the @ ¢and w ¢planes, respectively. At
1.575 GHz, the measurements yielded a gain of 7.94 dBic, atfrtwaick ratio of
27 dB, HPBWs of 90and 96 in thew dandw ¢planes, respectively, anddB AR
beamwidths of 168and 135 in the @ dand w dplanes, respectivelyAlso, the
measurements resulted in high radiation efficiencies, which were 87%, 88%, 90%,

and 91% at 1.176 GHz, 1.227 GHz, 1.3 GHz, and 1.575 GHz, respectively.
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(d)

Figure5.12 Measured and simulated radiation pattersults of the proposed
antennaat (a) L5; (b) L2; (c) E6; (d) L1
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5.5 SUMMARY

The size of the AMC surface was a <cruci
additional operating CP basaf the antenna. The measured results of the proposed

design with a size 0100 x 100 x 10 mm® FR-4 material AMC and yielded an

impedance bandwidth df.196 to 2.176GHz for the |&|<i 10dB and3-dB AR

bandwidths ofL.148 to 1.76 GHz. Meanwhile, the meased results of the proposed

design with a size of 100 x 100 2.7 mm® Rogers RT6006naterial AMC and

yielded an impdance bandwidth df.153 to 2.365Hz for the |%|<i 10dB and 3B

AR bandwidths ofL..1707 1.970GHz. Additionally, the proposed antennghbited

RHCP and high radiation efyciency (> 90%
broadband characteristics,angii r adi ati on efyciency, the
be widely applied to duddand GNSS applications as well as in many other kinds of

satdlite communications.

The interestingdeatures of the AM&ased crossed dipole antennas are not
only theirability to achieve high efficiency with a low profile but alkpngenerate
additional resonances and the corresponding additional CP radiatiore$cBhese
were utilized to add other operating bands or to brodakderantenna bandwidth.
However, furtherinvestigations of these phenomena have not been rigorously
pursued. The challenge is to develop a theoretical modetdhate used to predict
the extra resonances exist all of the antennaonsequently, futurevork should
consider the suppression utilization of these resonances depending on whether or

notthey would be beneficiab the antenna in selected applications.
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In order to evaluatthe achievements of the proposed antenna with respect to
availabledesigns, the proposed antenna is compared with recently published designs

as tabulated in Tabk 1

Table5.1: Comparison with Proposedwenna without AMC

Ref. Size (mnT) | |Si1| <-10dB BW | Axial Ratio Antenna
(GHz2) BW (GHz) Type
Proposed 90 x 90 x 1.06t01.671 | 1.093to01.257| Crossed
Antenna without 15.5 (L1, L2, L5, E6) (L5, L2) dipole
AMC 1.542 to 1.666 antenna
(E6)

Proposed 100x 100 x 1.196t02.176 | 1.148t01.761] Crossed
Antenna with 10 (L1, L2, L5,E6) | (L1,L2,L5, dipole
AMC surface on E6) antenna

FR-4 substrate

Proposed 100x 100 1.153t02.36 | 1.1701t01.970 Crossed
Antenna with x 12.7 (L1, L2, L5, E6) (L1, L2, L5, dipole
AMC surface on E6) antenna

Rogers RT6006

substrate
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CHAPTER 6:

DESIGN OF ANTI-JAMMING ANTENNA FOR THE

GNSS RECEIVER

6.1 INTRODUCTION

Global Navigation Satellite Syste(@®NSS) receivers are highly susceptible to radio
frequency interference (RFI) due tihe weak signalsof the satellites. The
interference sources could be intentional, such as high naediunipowered
jammers with various signal modulations, or unintentional, such-laand signals
of civilian and military terrestrial navigation systems andaftdband hamonics of
terrestrial digital video broadcastif§ji24]. Due to the vast number of applications
relying on QNSS, interference mitigation is of higimportance in military and

increasingly in civilian sectors.
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6.2 OVERVIEW OF INTERFERE NCE THREAT

Radiofrequency interference on GNSS frequencies can originate droeamiety of
sources, including aircraft avionics and grodnased sources such esmdarand
aeronautical emittefd 25]i [127]. In sane cases, navigation signals share spectrum
with other signal$l125], [127J[129]1.1 n a mor e di c ericdcouda s e,
come fromhostile jamming. Theris a range of interference and jamming waveforms
including continuous wave (CW), pulsed CW, narrowband and broadband Gaussian
noise, anghaseshift keyed pseudaoise. Toundr st and t he detr.
interferenceit is necessary to appreciate the weak signal strength of GNSS satellite

signals.

Spoofing and meaconing are structural wideband intentional interference
which misdirecttarget GNSS receivers into generatifigfitious position and/or
timing solutiongd130], [131] Meaconing is a replayed version of a recorded genuine
GNSS signal whereas spoofing is a fake signalistdgsigned to mimic the authentic
signal 6s structure. Under a spoofing or
and timing solutions with good signal quality measures. However, the solutions do
not represent the actual location or time of thaiwi user. Due to the widespread
use @ civilian GNSS dependent systems, motivation has increased to spoof GNSS
signals for scores of illegal activities. Therefore, spoofing is becoming a more serious
type of threat for future applications and this nedatess proper countermeasures
[132], [133]. Many research groups have been involved in the vulnerability analysis

of GNSS to spoofing attack (e.§{130], [131] and[133]i [135]).

t h

me n t
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Stateof-the-art interference suppression systems for GNSS receivers utilize a
multi element antenna arrayith an adaptable reception patteAdaptive arrays
allow greater performance over a single element antenna by their ability to provide
beamforming/ null steering thHersystenpspatialy c di r

degrees of freedom with which to separtite desired and undesired signals.

6.3 CIRCULAR POLARIZED CROSSEDDIPOLE ANTENNA

6.3.1 Antenna ElementDesign

Reducingpn antenna arrayo6s si ardenrtaeceifeishasi nt o ¢
been a majofocus of the researdh this area in the pagtw yearq136]. In order
to have acompact arraythe previous design has been optimizededuce the

electricalthe size oaintennalementandextend the impedance and CP bandwidths

In addition to the existingnductive loading approacta combinationof
elliptical and circleloop radiator for the dipole arms to develop a snsék
broadband CP antenhas been proposetihe electrical size of the complete antenna
can be furthereducedo 0.22as x 0.228 x 0.0012s. Moreover the proposed antenna
enales a broadbandperationfom1 . 03 to 2.58 GHz. To the a
we have probably reported the smallest electrical size for CP crossed dipoles with a

similar frequency coverage and a relatively evithndwidthe.g., FBW > 30%)

The 3D disassebted view of the proposed crossed dipole antenna with

parasiticelemensg is depictedn Figure 61. There are two layers of PCBs employed
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in this design. The substrate materials for both circuit boards ateviheost FR4

with a relative permittivity of 8 and a thickness of 1.6 mm. The crossed dipole

antenna is located at the bottom layer and printed on both sides of the PCB. It is fed

by using a typical 50 Y coaxi lmhddioa, bl e t ha
a parasitic element is printed tive top layer substrate and stacked over the crossed

dipole without a gap. It couples to the crossed dipole through the substrate without

any electrical connections to the antenna.

To have a better illusti@an of the design, the detailed geometry o th
proposed antenna is shown in lig6.2. There are several notable features in this
design. The mai ncondbinationelliptical and cirge hsaupcehd al dio p o
structure is to improve/broaden thepedance bandwidth as well as the axial ratio
(AR) bandwidth of the crossed dipole. It can also reduce the resonant frequency of

the antenna, or in other words, miniaturize the physical dimension of the antenna.

/ Parasitic Element

-~

Loop
Radiator
D— 64x 64x 10.6 mm?
FR4 Substrate
™~ Loop
“/v : Radiator
Crossed Dipole YL .
Antenna Coaxial Cable

Figure6.1: 3D disassembled view of theoposed crossed dipole antenna with
parasitic elemest
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(b)

Figure6.2: Detailed geometry of the proposed antenna (a) Crossed dipiaiena.
(b) Side view of the antenna

The antenna was builhd modelled using the CST software. After software
simulation and optimization, the final antenna parameters (as givenureFeg
are listed in Tabl&.1 The lowest resonant frequencytbé antenna was found to
be about 1.03 GHz. According to the emta dimension in Tabk 1, the electrical

size of this antenna is only around 088 0.22a.
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Table6.1: OptimizedParametersf The Proposed Antenna

Parameter Value Parameter Value
(unit: mm) (unit: mm)

Wr 28 Wb 15
Lr 35 Ro 6

WL 0.8 Ly 1.6
Ls 64 Lv 0.5
We 6 L, 0.5
Lr 8.4 Lx 8.0

To have a better understandinigtluis novel antenna design, the evolution of
the antenna designskown in Figure 6.3t can be seen that the starting point of this
design is gypical CP crossed dipoighere the arms dhedipole are strip linewith
a width of6 mm and a length of 3m. The feeding structure is identical to that of
the proposed antenma given in Figure 8. in this scenariothe total length of the
dipole is about 84 mm after taking the feeding structure into acdbtime. antenna
is considered as a typical halvelength dipole, the resonant frequency of this

antennacan be estimated at around 1.7 GH27].

Figure6.3: Evolution of the antenndesign: a conventional crosseigole is
converted to an egshaped loop radiatofinally, the proposed antenna is designed
with combination elliptical and circle shaped loop radiator.
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Next to broaden the bandwidth of the crossed dipole, the arms argethan
to elliptical, eggshaped tsuctures. The loop structure also reduced the resonant
frequency of the antenna. Finally, the antenna optimized by changing a few points

of the radiator to get the combination structure.

It has been demonstrated that by difying the crossed dipole from
conventional reference structure to the proposed novel structure, the lowest resonant
frequency has been reduced from 1.3 to 1.03 GHz, while the impedance and CP
bandwidths have been improved from 37.5% and 12.5% to 8@B&8687%
respectively. The elegtal size of the proposed antenna is only ardu@as x 0.22
a. Figure 63 shows the evolution of the antenna design from a conventional crossed
dipole to an egghaped crossed dipole with radiator and finally the proposed antenna

with combination otlliptical and circle loop of radiator.

= +Reference
- = = Egg-shaped
= Proposed

.....

S11 (dB)

7T T T T T T T
10 11 12 13 14 15 16 17 18 19 20

Frequency (GHz)

Figure6.4: Simulated & of the reference crossed dipole antenna, thesegged
crossed dipole using loop radiators andgteposed antenna
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Figure6.5: Simulatedaxial ratio (AR)of the reference crossed dipole antenna, the
eggshaped crossed dipole using loop radiators and the proposed antenna

6.3.2 Antenna Element Performance

In order to gain a better understandirigh® operation mechanism of the proposed
antenna, the simulated current distributions at three different frequencies are shown

in Figure6.6 for phase = Dand 90 respectively.

It is noted that, when the phase % the currents are mainly distributed on
the vertical arms of the crossed dipole as well as the vertical part of the parasitic
element. While the current distribution on the horizontal dipole and horizontal part
of the parasic element becomes stronger when the phase =T8s means that the
vacant ring feeding structure has delayed the phase bged@een the dipole pair.

A CP radiation field couldthereforepe generated by using this single feed antenna
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A/m
38.8

Figure6.6: Simulatel surface current distribution of the proposed antenna with
parasitic element at (a)1k GHz, (b) 121 GHz and (c) 1.57 GHz

At the resonant frequencgf 1.15 GHz,the current distribution on the
parasitic element is stronger than that of higher fregjeer(e.g., 21 GHz), which
demonstrates that the parasitic element can be driven by the crossed dipole at a lower

frequency band using the coupling between them.
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Figure6.7: Simulated 3D radiation p&irn of the proposed antenna with parasitic
element at (a) 1.15 GHz. (b) 1.21 GHz. (c) Gi3z. (d) 1.57 GHz

The simulated 3D radiation pattern atAGHz is given in Figre 6.7 (a). It
can be seen that the proposstennais almost ofthe omnidirectianal radiation
pattern with a realized gain of aroun@1dBi. From Figure6.7 (b), the pak currents
at 1.57 GHz are located around the top edge of thdoeggstructures, which shows
that the antenna works at the hativelength dipole mode. This featuran also be
verified from the 3D radiation pattern of the antenna (seer€i§.7(c)), where the
proposed antenna has a symmetricalil@ctional radiation pattern with a realized

gain of 21 dBi.
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(b)

(©)

Figure6.8: The fabricated antenna exampl@s. The crossedipole at the top of
PCB, (b)the bottom of the antenpand(c) overall antenna witlaradome



Chapter6: Design of AnttJamming Antenna for the GNSS Receiver Page|113

Having optimized the complete antenna, the prototype aaterample was
fabricated using the parameters as given in TéldleThe picture of the fabricated
artenna example is shown in ki@ 6.8 The overall size of the complete antenna
was about 64 x 64 ¥0.6 mm?. Figure 6.9depicts the measured and simula$gecbf
the proposed antenna in an anechoic chantbisrnoted that the simulated antenna
performane was better than the measured ower ahe frequency band. This was
because the gap between the two PCBs cannot exactly be O mm in reality. Therefore,

the coupling effect was reduced for the fabricated antenna prototype.

e [ 2 @5 LITR D
-5 1 b ===+« Simulated

S11 (dB)

[OMalicn  f
1 L g

——— .

-25 T T T
1.0 1.2 1.4 16 1.8 2.0

Frequency (GHz)

Figure6.9: Simulakd and measuréesi; of the proposed antenna.

The measured impedance bandwidth was therefore counted from 1.016 to
1.598 GHz (FBW = 85.8%) fds1<-10 dB. The simulated and measured axial ratios
of the proposed antenage given in Figure &0. A reasonkle agreement is obtained

between the simulated and measured ones. The measured AR was smalleiBthan 3
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for the bands between 1.0481.142 GHz, 1.150 1.231 GHz and 1.28R 1.572

GHz (FBW = 56.3%).

s [\ 2 25 LT 2]
----- SimulatedL
m 6
s
= .
T |
i .
©
< .1
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1.0 1.2 1.4 16

Frequency (GHz)

Figure6.10: Simulated and measured axiatio of the proposed antenna

Figure 6.11shows the simulated and measured radiation patterns over the
XOZandYOZplanes at L5GHz, 13 GHz andl.575GHz. The proposed broadimh
CP antena generated a bidirectional radiation field, i.e., the broadside radiation field
was RHCP, while the backside radiation field was LHCP. The HPBW were found to

be about 207° at 15 GHz, 113° at B GHz and 71° at.575GHz respectively (for
RHCP).
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Figure6.11: Simulated and measured radiation pattern d¥@r-plane (left) and
YOZplane (right) at three different frequencies. (4b1GHz. (b) 13 GHz. (c)
1.575GHz.



Chapter6: Design of AnttJamming Antenna for the GNSS Receiver Page|ll6

3

Realized Gain (dBi)

/| EESLINE ||
1 aes Simulated

-1 : : .
1.0 1.3 1.5 1.8 2.0

Frequency (GHz)

Figure6.12 Simulated and measuredial ratio of the proposed antenna.

The simulated and measured realized gains of the proposed antenna are
shown in Figure @2. It can be seen that the gain is arountb B dBi over the

frequency band of interest. The total efficierfoy all frequency bandvas greater

than 80%.

6.4 ARRAY DESIGN CONFIGURATION

In this section onwardsa new method is proposed to extract dpémal complex
weights for suppression of the jamming sitpin a GISS antenna arrayAs depicted
in Figure 6.13, the controlled reception pattern antennas (CRRAadaptive
antennas, nusteering antennaw beamforming antenndbkat specialized antenna

thathelps protect GNSS receivers from interference andring.
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CRPA unit

Figure6.13. CRPA unitis receiving satellite and jammer signals.

The need is, therefore, from the antenna side, to develop miniaturized high
performance arrays, with reduced footprints, thoughntaéming as much as possible
the capabilities (i.e., gain and bandwidth) of larger array® quest for small
antennas satisfying both gain and bandwidth requirements has been an active topic
of research over the last decades. Several miniaturizationiqeels have been
proposed (for a wide review s¢&38]), with the use of materials having a high

dielectric castant being one of the most common.

Moreover, in order to have a compact system, a total antenna array footprint
miniaturization has to be achieved. The array Ba® thus, to shrink, meaning that
the single antennas will be electrically closer tcheatber. Such aim is by no means
easily achieved, as higher degrees of miniaturization also imply increased mutual
coupling and more difficult antenna matchid@9]i [141]. Various efforts to solve

this problem are found in the literatueeg., by the means of adding a decoupling
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and matching networkl42]i [144] able to decouple the coupledtieans of the
antennas, or by using, for instarmmesplit-ring resonator$145]i [147] to limit the
coupling bet ween t These technejume mates doweyerp r t s .
manufacturingntensive and cannot always be implementedy., edue to

requirements on simplicity and versatility

6.4.1 Antenna Array Configurations and Performances

It is necessary to understand how the design parametersaaffesha performance.
To optimize the antenna performance, some important design parasedetheir
effects are studied.here are two designs presented inskigtion In the first design,
thefive-elementarray antenna has been proposed (see Figide 6eanwhile, the
second design which &four-element arrayFigure 621) has beeproposedo have

a compact systemvith a good performance.

6.4.1.1 Five-elements array antenna

The geometry of the proposed antenna aisapown in Figure 64.and Table &.
The substratematerials for the circuit boari$ the lowcost FR4 witha relaive

permittivity of 4.3 andathickness of 1.6 mm.

Thefive elements othearray are placed sequentially rotated with a phase of
0°,72°, 144°, 216°, and B8°. These sequdially rotated configurations produce a

broad axial ratio bandwidth. The space betw®enadjacent elements is selected to
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be 80 mm, whi & tbminimize anstumlucouplifg. without substantial

degradation of the radiation pattern by the sidel¢b4S].

234 . 00mm

(b)

Antenna
(FR-4 layer)

w

foam PTFE
radome

(c)
Figure6.14: Five-element antenna array configurations (a) perspective view (b) top
view and (c) side view of the antenna.

Table6.2: Dimensionof The ProposedAntenna

Parameter Value (mm) | Parameter Value (mm)

Ly 0.5 L, 8.0

Lx 1.6 Lv 0.5
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The RF signal is fed to &xway power divider for eachlementsarray The
antenna array scanning is simulated using CST Microwave Studio as showre Fig
6.15. Each of the power divider output is then fed to an individual phase shifter for
each anteran element of eachlementarray where various phaseogression was
made to enable beam steering. The phase shifter outputs are finally connected to the

antenna array.

i

s
N

[tn

__“_

Figure6.15: Array scanning setup fdive elemeng array in CST MWS.

The antenna arrayuers the frequency range@B74i 2.342GHz as shown
in Figure 6.5. The antenna has a total efficiency greater 8@ throughou.971
T 2.15GHz and below 2B axial ratiofor the entire frequency bands shown in

Figure 6.18 and Figure 6.19
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Reflection Coefficient (dB)

Frequency / GHz

Figure6.16: Simulatedreflection coefficiers of the proposed antenna.

Transmission Coefficient (dB)
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Figure6.17: Simulatediransmissiorcoefficiens of the proposed antenna.
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Figure6.18 Simulatedaxial ratioof the proposed antenna.
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Figure6.19: Simulatedotal dficiency of the proposed antenna.
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Realized Gain (dBi)
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Frequency (GHz)

Figure6.20: Simulatedrealized gairof the proposed antenna.

6.4.1.2 Four-elements array antenna

To make it more compact, the designingroved by nmimizing the number of
element and size deantennaln Figure 621, the fourelements of the 2 x 2 arrmy

are placed sequentially rotatedth a phase of 0°, 90°, 180and 270°.These
sequentially rotated configurations produce a broad axial ratidwielth. The space
between two adjacent elements is selected to be 80 mm, whaichis u to, t® . 7 &
minimize mutual coupling without substantial degradation of the radiation pattern by

the sidelobe§l48].
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Antenna
(FR-4 layer)

w

foam PTFE
radome

(c)
Figure6.21: Fourelement antenna array configuratiga$ perspective view (b) top

view and (c) side view of the antenna.

Table6.3: Dimension ofThe ProposedAntenna

Parameter Value (mm) | Parameter Value (mm)
Ly 0.5 L, 8.0
Lx 1.6 Lv 0.5

The antenna array ceks the frequency range@B5971 2.333GHz as shown
in Figure6.23. The antenna has a total efficiency greater 8@ below 3dB axial
ratio for the entire frequency bamsdas shown in Figuré.24 and Figure 6.2

respectively
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The RF signal is fed ta4-way power divider for eachlementsarray The
antenna array scanning is simulated using CST Microwave Studio as showre Fig
6.22. Each of the power divider output is then fed to an individual phase shifter for
each antenna element of eadbmen array where various phase progressvas
made to enable beam steering. The phase shifter outputs are finally connected to the

antenna array.

Figure6.22 Array scanning setup fdour elemergarray inCST MWS.
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Reflection Coefficient (dB)

Frequency (GHz)

Figure6.23: Simulatedreflection coefficienof the proposed antenna.
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Figure6.24: Simulatedaxial ratio ofthe proposed antenna.
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Figure6.25: Simulatedtotal efficiencyof the proposed antenna.
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Figure6.26. Simulated total efficiency of the proposed antenna.
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6.5 ANTENNA PERFORMANCES

To provethe effectiveness of the proposed antenna for intméerin practical
applicationsthe performance of the antenm@sents in this sectioHeretheaimis

to evaluate the effect of mutual coupling in the null steering process. For this
purpose, the simple-dlements GNSS array designed previous sectionss
considerd. The jammer is assumed to be located at 90° andd; = 90° with a
jammer to signal rati@QJSR) of 30 dB. Notice that since the GPS signal is below the
noise floor, the JSR can be considered as the jammer to noise ratio, also. Moreover,

we consider thevhite Gaussian noise witlf, = 0.001 inthe simulations.

Z
A

Antenna
Pattern

Antenna Y
Element

Figure6.27: Antenna array with ideal (point source) and real radiation pattern.
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Figure6.28 GPS Antenna array with pointw@es and real radiation patterns for
SJR=30dB,SNR20 dB and ,ﬁ = 0.001. The jammer |
MVA. pd)ane WOAhhp)ade with G = 90A.
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The results of using these two complex weight vectors are depidigulame
with dj=90° (Figure6.28( a ) ) -plane dith@ = 90° (Figure 6.28(b)). It can be
seen clearly that mutual coupling affects the antenna performance, significantly. In
the realcase where the mutual couplings are considered, the jammer signal is
encounteredavith more than 50 dB null depth, while it is low in the ideal case and
maybe not acceptable. These results clarify the importance of mutual coupheg in

extraction of theeomplex weight vector.

6.5.1.1 Multi Jammers

As it is well known, an array with N elenmgs can reject Nl jammer sources.
Thereforethe method with 2, 3 and 4 jammer sources which have the same JSR as
30 dBis evaluated The jammer sources locations in these three scenarios are
tabulated in Tablé.4, and the corresponding simulation reswate shown in Fige
6.30. It can be seen #hthe proposed method can crespeoper null in the direction

of jammer sources to reject their power.

Table6.4: The Jammer Source Locations in Three Difféi®@oenarios

Jammer Sources Jammer 8urce Locations
Scenarios
2- Jammer (20°, 0°), (20¢, 300°)
3- Jammer (20°, 0°), (20° ,300), (6C°, 215)

4- Jammer (20°, 0°), (30° ,90°), (6C%, 215), (2C°,30C°)
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Figure6.29: Array patterns after null steering with SJR =di®for different

jammer locations reported in Tal8el.
(a) 2 jammergb) 3 jammerg(c) 4jammers.
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Figure6.30: GPSAntenna with different signal to jammer ratio for SNR28 dB
and G = 0.001. Tth e45 anthmds’( diplanpvite=e d a't

45 A -flamg witlf = 45°

Moreover, it can be seen that the null depth is highBtedto the number of

jammer sources. In other words, the results show that although the null csath is
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enough in all scenarios, the null depth in th@r@mer source scenarios is much
higher tlan the 3 and 4ammer source. To achieve more null depithwonstant

jammer sources, the number of array elemesutsbe increased

6.5.1.2 Jammer to Signal Effects

Since the proposed method works based on the array minimization, it is expected
that JSR enha@ment can help more to recognize the jammer signalstfi®moise.

To show this fact, one jammer source in= 45 and—= 45° with three different

JSR as 30, 20 and 10 dB is considered. The simulegsuitsare shown ini-plane

for —= 45° (Hgure 630( a ) ) -plane fbre o= 45° (Fgure 630 (b)). As can be

seen, the null depth is related highly to the JSR. For example, we have about 60 dB
null depth for JSR = 30 dB, while it is about 40 dB for JSR = 20 and only about 25

dB for JSR = 10 B.

6.6 SUMMARY

This chapter presentsreew antena array configuration combining &elemens
antenna array and&elemens antenna array to provide wide coveragbe anti
jamming performance of the antenna with respect to differently polarized jammers
as well as its positioning capability are alsoserged. All the results have

demonstrated that the antenna is an excellent candidate for the GNSS application.
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An antijamming GNSS antenna was designed in this section. The designed
antenna array was formed by four elements antenna in planar arragtgecrhe
null steering method was performed by using the exact active element patterns of the
array antenna. Theggatterns include the mutual coupling effect and the nearby
antenna scatterer such as holder which increase the antenna performanceitb deal w
the jammer sources which was not considered in the literature based on the author
knowledge. Moreover, the proped method can be easily used in conformal array
structures due to using active antenna pattern in the method. The simulation results

clarified the antenna ability to reject the jammer sources effects.
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CHAPTER 7:

CONCLUSION AND RECOMMENDATIONS

The overarching questiotisatthis thesis tries to answer are:

1) How to designcompact,low profile and yet efficienCP antennato deliver a
GNSSappicationwith high performance and wide frequency coverage?
2) How to design compact antenna arrysneet the evelincreasing demand for

wide coverage and wide bandwidth tortrjammingGNSS applicatiori

In the first part, this thesis provided areoview of state of the art and extended the
understanding dENSSsystemsandfundamentalérom anantenna and propagation
perspective to propose and design a new and interesim@actantenna. In the
second part, requirement$ the compact GNS@intemas have beeanalyzedand

various designs have been proposed to achieve these stringent requirements. The

requirements included wide bandwidth, wide cover&jecapability and low cost
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of production. In this chaptemé contributions of this thesis the development of
novd antennas arsummarized Section7.1 provides a summary of the research
work. The key contributions of this thesis are discussed in SecttbhnSome

suggestions for future work are discussed in Segtidn

7.1 CONCLUSION

This thesisses out to explore gpropriate miniaturization methods for reducing the
size of antennas for XESS systems. The motivation for this study stems from the
desire to develop @ompaciGNSSantenna that would providegbroadbandwidth at
GNSS frequencyandswhich is from 1.1 GHzo 1.6 GHz.CPwas desired with an
axial ratio of less than 3dB over each band, with a minimum gaird8i.0Due to

the requirements of bandwidtiGP with the low axial ratio, and gain, many

miniaturization methods fail to meet the required performance.

In Chapter 1, the problem was defined, and the motivation of this research
was discussed. The objectives of the study were defined with the gitaeddping
a compactcircularly polarizedantennafor GNSS applicationsn Chapter 2, an
overview of the studies aintenna for target applicatiomf GNSS systems been
presented. Some important technigdies antijamming have beerdiscussedn

detail.

Following a thorough investigation of the limitations of the existing designs

and umerstanding the antenna fundamentaispverview @ the current state of the
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art of theGNSS receiver antenrdesigns has been introducedChapter 3. The

knowledge and prior worgresented in this chapter could help readers to understand
state of theart in antennadesigns and also realize the research challenges of this
topic. It should be valuable for researchers who are presently working on this topic

and who are going to invegate this area in the near future.

In Chapter 4, the study was focusexh the desigiof a crossedlipole antenna
with parasitic elementsThis broadbandantenna demonstrates a significant
improvement on bandwidth and radiation pattern by usingdhesitic elementand
loaded monopolethat are excited byoupling with theelliptical crossed diple in
the center of the antennghe structureof the antenna is compact and uniqliee
dimension of the antenna9® mm x 90nm x 15.5mmwhich is small and compact
The proposed antenna hasbandwidth of 1.06 d 1.671 GHz (611 MHz) for
impedance matching{:| < -10 dB and 1.093 to 1.257 GHz (164 MHz) and 1.542
to 1.666 GHz (124 MHz) for an AR <@B. All the results have been demonstrated

that the antenna is an excellent candidate for theSsaplication.

In Chapter 5, anew way of designing a duabnd CP antenna by integrating
a CP radiator with a finite AMGurfacewere introduced and their application in
protecting dipole antenna from metallic objects was reviewdte antenna
demonstrasa low-profile broadband characteristic and excellent CP radiation for
GNSS frequency band6.he si ze of the AMC surface was
the original and additional operating CP bands of the antenna. The measured results
of the proposedesign with a sig of 100 x 100 x 10 mhFR-4 material AMC and

yielded an impedance bandwidthlofi96 to 2.1765Hz for the |%|<i 10dB and 3
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dB AR bandwidths of..148 to 1.761GHz. Meanwhile, the measured results of the

proposed design with a size of 100 x 100 x 12.7 rRogers RT6006 material AMC

and yielded an impedance bandwidthLdf53 to 2.365Hz for the |%|<i 10dB and

3-dB AR bandwidths ofL.1707 1.970 GHz. Additionally, the proposed antenna
exhibited RHCP and high radiatialwefyciert
proyl e, broadband <characteristics, and t
antenna could be widely applied to dbaihd GNSS applicatis as well as in many

other kinds of satellite communications.

In Chapter 6, this chapter also presentsnaw antenna array configuration
combining a4-elemens antenna array and &elemens antenna array to provide
wide coverage.The antijjamming perfomance of the antenna with respect to

differently polarized jammers as well as its positioning capability acepksented.

7.2 LIMITATION AND FUTURE WORK

Based on the conclusions above and considering the limitations of the work existed,
many directionsdr further improvement and development present themselves. The
following topics provide potential sheteérm and longterm directions for future

work.

1 As these systems become more established and integrated into mainstream
receivers, so will the jammer desi gned t o i mpede t

performance. Therefore, it is recommended that this work be expamded
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addtion to bearing in mind a unified jamming detection platform that
operates on mMuHGNSS receivers. Modifications to the methods proposed
in this thesis should be applied whemnsidering other GNSSs, nonetheless,
the approaches and the methodologiedodad remain similar. It is
foreseeable that the application of this research to different GNSSs will pose
different challenges depending on #ignals under study.

1 Decoupling techniques to improve the antenna array isolation needs to be
explored fominiaturizationof antenna arrays.

9 It is challenging to implement lroadbandantenna element in an array
configuration. The spacing between the adig antenna elements needs to
be optimzed for both the frequency bands. If the antenna element spacing is
setas0.»> f or the higher band, thendi sol ati
becomes poor. If the antenna element spacing isarourd 0.6 or t he | ow
band, the increase in the grating lobes reducettigedgain in the higher
band. Using appropriate dummy psitic elements could be a solution for
this issue and needs fher study.

1 For the case of a singkdement antenna, this could be donedijecting live
data from a diffeential GNSS receiver and pgstocessing it in order to
estimate antennaduced lases. These biases could then be compared to
chamber measurement Thi s w othat the ocalibratiprr i of
sufficient cuality despite environmental effis and other sources of
uncertainty.

1 Inthe case of an antenna array, STAP hardware weuldduired; however,

it would offer considerable credibility to the grosed approach.
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The future work inGNSSantennaapplicationis not limited to the works proposed

in this thesisVastly broadened spectra and constellations of over 100 MEO and
GEO satellites in GNSS are gammiganging events that are reshaping antenna
requirements toward much broader bandwidth and higher cutoff elevation angle.
They pose new challenges not faced by conventional GPS and give rise to new
features and applications as waslcost structures. For size reduction, the siave
technology appearto be a practical solution for applications from handheld to
mediumplatform butneeds considerable research. For pattern control, in particular
higher cutoff angle above horizon, use of metamaterial will be pursued by some,
especially for medium and Ige platforms. Smart antenna techniques will be
developed to enhance performance in small and handheld platforms in the
increasingly noisier terrestrial environmenhere is no doubt an exciting future is

waiting for this technology.
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