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Abstract

Jović, S. M.A.Sc. Royal Military College of Canada, August, 2019. Circularly
polarized dielectric resonator antenna with periodic loading for GNSS applica-
tions. Supervised by Dr. Yahia M.M. Antar and co-supervised by Dr. Michel
Clénet.

A novel dual-sense circularly polarized (CP) dielectric resonator antenna
(DRA) concept for the Global Navigation Satellite Systems (GNSS) is pre-
sented. The concept introduces a loaded annular dielectric resonator (DR)
excited using 4-ports fed in a quadrature. The excitation is based on vertical
conformal strips where strips are incorporated into the design and contribute
to the overall antenna performance. The most unique feature of this antenna
is the resonator load, which modifies the boundary conditions of the resonator
core. The load consists of a one-dimensional array of periodic elements that
behave like an electromagnetic band-gap structure (EBG). The impact on the
antenna performance is multifold, including improved bandwidth, radiation
efficiency and reduced mutual coupling between the excitation ports. The an-
tenna also exhibits a radiation stop-band.

The experimental results show that this antenna effectively covers both
the lower (1165-1300 MHz) and upper (1560-1610 MHz) GNSS bands. The
0 dBic gain and 3 dB axial ratio (AR) bandwidth significantly exceed the 10
dB return loss bandwidth. The 0 dBic gain and 3 dB AR beamwidth range
from 105° to 120° and from 135° to 165°, respectively. The radiation stop-band
is at 1355 MHz covering a 10 dB radiation suppression band of about 15 MHz.

The antenna is about 24.5 mm high and uses a 90 mm diameter ground
plane. It improves upon the current state of the art by resolving its two main
limitations; the height of the antenna (38% reduced) and lack of a real-estate
for the antenna front-end electronics. At the same time, the antenna main-
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tains radiation performances comparable to the state of the art. The main
disadvantages of this antenna are the cost and fabrication complexity.

Keywords: dielectric resonator antenna, wideband, circular polarization,
Global Navigation Satellite Systems, engineered surfaces, electromagnetic pe-
riodic structures, electromagnetic band-gap structures

v



Résumé

Jović, S. M.A.Sc. Collège militaire royal du Canada, août, 2019. Antenne à
polarisation circulaire composée d’un resonateur diélectrique chargée par une
structure périodique pour applications GNSS. Thèse dirigée par Professeur Dr.
Yahia M.M. Antar plus co-dirigée par Dr. Michel Clénet.

Un nouveau concept d’antenne à résonateur diélectrique à polarisation
circulaire (CP) à double sens pour les systèmes mondiaux de navigation par
satellite (GNSS) est présenté. Le concept introduit un résonateur diélectrique
annulaire (DR) chargé et excité à l’aide de 4 ports alimentés en quadrature.
L’excitation est basée de lignes microrubans conformes verticales èt est incor-
porée dans la conception et contribuent à la performance globale de l’antenne.
La caractéristique la plus unique de cette antenne est la charge du résonateur,
qui modifie les conditions aux limites du résonateur. La charge consiste en
un réseau unidimensionnel d’éléments périodiques se comportant comme une
structure à bande interdite électromagnétique (EBG). L’impact sur les per-
formances de l’antenne est multiple, notamment l’amélio-ration de la bande
passante, de l’efficacité du rayonnement et de la réduction du couplage mutuel
entre les ports d’excitation. L’antenne présente également une bande de re-
jection de rayonnement.

Les résultats expérimentaux montrent que cette antenne couvre efficace-
ment les bandes GNSS inférieure (1165-1300 MHz) et supérieure (1560-1610
MHz). Le gain à 0 dBic et la largeur de bande du taux d’ellipticité (AR) de
3 dB dépassent de manière significative la largeur de bande d’adaptation de
10 dB. Le gain à 0 dBic et la largeur de faisceau à 3 dB AR vont de 105° à
120° et de 135° à 165°, respectivement. La bande de rejection du rayonnement
est à 1355 MHz et couvre une bande de suppression de rayonnement de 10 dB
d’environ 15 MHz.
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L’antenne a une hauteur d’environ 24,5 mm et utilise un plan de masse
de 90 mm de diamètre. Cette antenne améliore l’état de l’art en résolvant
deux principales limitations: la hauteur de l’antenne (réduction de 38%) et
l’absence de surface sous le plan de masse pour l’électronique radio-frequence
de l’antenne. Parallèlement, l’antenne maintient des performances de rayon-
nement comparables à celles de l’état de l’art. Les principaux inconvénients
de cette antenne sont le coût et la complexité de la fabrication.

Keywords: antenne à résonateur diélectrique, large bande, polarisation
circulaire, systèmes mondiaux de navigation par satellite, structures périodiques
électromagnétiques, structures à bande interdite électromagnétique
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1 Introduction

During the last decade a requirement for a compact wideband antenna cov-
ering all the Global Navigation Satellite Systems (GNSS) occupied bands has
developed. The requirement is driven by an increasing number of GNSS signals
and omni-present use of the space-based navigation systems in both civilian
and military domains alike. In addition to the increased bandwidth dictated
by the new signals, the GNSS antennas are also expected to be more compact
in size, to provide a broader beamwidth and better overall performance for
specific applications.

The work presented in this thesis consists of an investigation and exper-
imental validation of a compact fixed reception pattern antenna (FRPA) for
industrial and defense applications. It supports a dual-sense circular polar-
isation covering the entire GNSS band from about 1164 to 1606 MHz. The
antenna concept is based on a periodic structure loaded annular ring dielectric
resonator (DR). The concept is novel and demonstrates improvements over the
current state-of-the-art.

1.1 Motivation

Access to multiple GNSS signals increases accuracy, integrity, reliability and
availability of the GNSS based navigation in general. In particular, it provides
a multi-layered and redundant global coverage whereas the signal frequency
diversity reduces receiver susceptibility to the electromagnetic interference
(EMI).

In case of the military applications access to the Global Positioning System
(GPS), as one of the GNSS, is one of the key military capability enablers. From
the historical perspective, a milestone in the area of the military satellite based
navigation was the operationalization of low-cost compact receivers and Iner-
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tial Navigation Systems (INS) in the first decade of this century [1, 2]. Such
technologies enabled development of the precision guided munitions (PGM)
and autonomous vehicles capable of performing missions in all weather and vis-
ibility conditions and with an increased effectiveness. However, as the reliance
on GPS increased, development of the disruptive technologies and capabilities
followed closely [1, 3].

1.2 Problem definition

The antenna is one of the key elements in the GNSS receiver system. In
the past a number of antennas were developed to cover only GPS L1 and
L2 bands. A smaller number of antennas capable of receiving all the GNSS
signals is also reported. However, the number of compact high performance
antennas suitable for industrial and defense applications was found to be small.

In addition to the generic GNSS receiver antenna requirements, a growing
number of industrial, defense and security applications are being developed
for the GNSS spectrum monitoring and non-traditional use of the GNSS sig-
nals. Antennas for such applications need to provide polarisation diversity in
addition.

1.3 Scope

The scope of this thesis is an investigation and experimental validation of
a dual-sense compact GNSS FRPA for industrial and defense applications.
The work covers a 4-port antenna design based on a cylindrical DR. The feed
network is a pre-existing 4-port feed network designed for a similar antenna.
Enhancing the performances of the cylindrical DR is the primary focus of
this work. A hypothesis is that engineered surfaces based on the periodic
structures could be used to load DR to extend the radiation bandwidth.

1.4 Methodology

The research methodology is a combination of comparative, quantitative, qual-
itative analytical and experimental methods. First, a study of the GNSS an-
tenna requirements was undertaken. The study was based on the literature
covering the subjects of the GNSS user segment, GNSS receiver antenna and
satellite communications. The next step was literature survey to investigate
the current state-of-the-art. Findings from these two steps provided insight
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into to the GNSS antenna types, design concepts, performance requirements
and fabrication technologies. An antenna type and concept were then selected
based on the likelihood of meeting the thesis objectives.

Based on the selected type and concept, an antenna was then designed and
simulated. The performance results were analyzed and the design was mod-
ified accordingly. The concept was modified and refined until the simulated
performances met the thesis objectives or the simulation tool limitations were
exceeded. Once the design was finished, a parametric analysis was carried out
to understand sensitivity of the design to material imperfections, fabrication
and assembly tolerances. The design was then further modified to minimize
the impact of the same.

The last step was an experimental validation of the new antenna concept.
The experimental data were analyzed to assess the validity of the simulation
results and compared against the thesis objectives and the state of the art.

1.5 Main contributions

The main contribution of this thesis is a novel antenna concept based on
an annular DR incorporating conformal periodic electromagnetic structures
(aka. engineered surfaces). The novelty is based on the following specific
contributions:

� An antenna concept based on a combination of an annular DR and
conformal engineered surfaces.

� Use of the engineered surfaces to affect antenna gain, input impedance
and axial ratio responses.

� Use of the engineered surfaces to affect DR resonant frequency and mode.

1.6 Thesis organization

This thesis consists of 7 chapters, including this chapter, and 3 appendices.
Chapter 2 presents a review and analysis of the GNSS antenna properties and
performance requirements. Additional supporting information for this chapter
are provided in Appendix A. Chapter 3 presents the literature review covering
the dielectric resonator antenna (DRA) and use of such antennas in the GNSS
domain.
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Chapter 4 is dedicated to a cylindrical DRA design process. The effects of
the thin wire probe excitation, conformal strip excitation and the finite size
ground plane on the CP DRA performances are also reported here. In Chap-
ter 5 antenna performance enhancements, optimization process, parametric
analysis, fabrication considerations, final design proposal and antenna fabri-
cation are covered. Chapter 6 presents the measurement results of a fabricated
antenna, analysis and discussion. Finally, Chapter 7 provides conclusions and
proposes possible future work concerning the material presented in this thesis.
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2 GNSS antenna properties and
requirements

This chapter presents the GNSS antenna properties and performance require-
ments. The presented material provides background information based on the
thesis problem definition and scope. Additional supporting information for
the presented material are given in Appendix A.

This Chapter starts with a brief descriptions of the conventions used in the
thesis and follows with the GNSS concept description in section 2.2. Section
2.3 defines the GNSS antenna impedance bandwidth requirements whereas
section 2.4 covers the radiation pattern and beamwidth. The radiation pa-
rameters such as directivity and gain are defined in section 2.5 followed by
the polarisation and axial ratio in section 2.6. The phase center and group
delay are defined and described in section 2.7. A chapter summary is given in
section 2.8.

2.1 Conventions

Conventions used in this thesis are based on Balanis [4] and Rao et al [5],
which use the left-hand spherical coordinate system defined by the radius r
and θ and φ angles that originate at antenna’s phase center, see Figure 2.1.
In addition to these terms, which are defined in the above mentioned refer-
ences, additional spatial terms commonly used in the GNSS antenna domain
are introduced here. Those are the elevation and azimuth angles β and ψ, re-
spectively, and antenna Zenith, Horizon and Nadir. In some cases the Zenith
is also referred to as the antenna boresight.

The spatial terms are aligned with a right-hand references system (x’,y’,z’ ),
which for a convenience also originates at the antenna phase center. The two
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coordinate systems also share the primary axes where x=-x’, y=y’ and z=z’.
Obviously, the x-y and x’-y’ planes are co-planar.

The elevation angle β is measured relative to the x’-y’ plane, or the Hori-
zon, and it has a simple relation to θ where β = π/2− θ. The azimuth angle
ψ is measured in the x’-y’ plane clockwise relative to the geodetic North (N),
which is aligned with the x’-axis. The antenna Zenith is at β=90° or θ=0°, and
Nadir is at θ=180° or β=-90°. The Horizon is obviously at θ=90° or β=0° and
coincides with the x-y and x’-y’ planes.

Figure 2.1: Field vectors and angle conventions in the spherical coordinates.

2.2 GNSS concept

The GNSS concept of navigation is based on one-way communication from
multiple space-based transmitters, i.e. satellites, to a receiver on or relatively
close to the Earth surface (Figure 2.2). An antenna is the first element in the
signal acquisition and processing chain and it is required to simultaneously
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receive signals from multiple satellites both spatially and spectrally diverse.

The satellites are in constant motion relative to a receiver and during one-
half of an orbital period a GNSS satellite traverses an entire hemisphere. In
addition, the performance of a navigation solution strongly depends on the in-
stantaneous satellite geometry relative to a receiver. Due to such conditions,
a GNSS antenna needs to have a uniform performance over its entire upper
hemisphere. At the same time, it is desirable for an antenna to provide max-
imum rejection of the in-band multi-path and interference signals, which are
also referred to as spatial and frequency filtering [5, pp.17-28], see Figure 2.2.

Figure 2.2: Basis of the GNSS navigation concept

2.3 Impedance bandwidth

The impedance bandwidth (BW) is defined as a frequency range over which
at lest 89% of the antenna received energy is transferred to a receiver and
less than 11% of reflected or absorbed [5, pp.76]. The 89% corresponds to
antenna RL of 9.5 dB. This slightly differs from the commonly used 10 dB RL
impedance BW, however, no explanation was given.
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To receive all the GNSS bands, an antenna needs to cover frequencies from
1164 to 1300 MHz and 1559 to 1606 MHz as shown in section A.3. This implies
that an antenna can be of a dual-band or wideband design. If an antenna is
dual-band, the lower band BW needs to be about 11% while for the upper
band requires about 3% BW. In case of a wideband design, the required BW
is about 442 MHz (1164 to 1606 MHz) or about 32%.

2.4 Radiation pattern and beamwidth

A receiver is required to have in its view a minimum of 4 satellites to estimate
its position [1]. In addition, the statistical uncertainty of a position solution
is a function of the geometry between the signal transmitting satellites and a
receiver antenna. The geometric dilution of precision (GDOP) is a parame-
ter that expresses the statistical impact of the geometry on these uncertainties.

Based on the GDOP definition, for the least geometry impact on the posi-
tion estimate in the 2D space, the satellites need to be located at the horizon
and with a 90° separation angle in between relative to a receiving antenna [1,
pp.661-707]. In case of the 3D space, at least one satellite needs to be located
exactly at the zenith. Therefore, from the GDOP aspect, an antenna needs
to provide the same performance from the horizon to the zenith, which is not
a case in the point-to-point communications and radars. This requirement
makes the GNSS antennas unique.

2.4.1 Elevation masking angle

To mitigate the undesired effects of the ground based multipath and interfer-
ence signals, an antenna is required to minimize its directive gain close to and
below the horizon. The cut-off angle is called the low elevation masking angle
(EMA). Figure 2.3 shows GNSS antenna ideal and typical radiation patterns
for EMA = 15°. Obviously EMA has a negative impact on GDOP. However,
the GNSS signals from the satellites near the horizon are undesired due to a
high attenuation and other distortions owing to the propagation conditions
near the Earth’s surface [5, pp.17-28].

The literature does not provide a rigorous derivation for EMA, instead,
the EMA is provided as an empirical value typically ranging from 5° to 10°.
According to [5, pp.20-21 and 45-50], EMA is based on antenna’s exploitation
conditions, host platform, anticipated signal multipath conditions, receiver
processing gain, antenna front-end noise figure (NF ) and anticipated ground
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based interference. In case of the antennas designed for very high altitude and
space applications, EMA may have different requirements.

Figure 2.3: GNSS antenna ideal and typical radiation pattern.

Therefore, a GNSS antenna requires the highest permissible beam-width
but due to the exploitation conditions the elevation plane beamwidth α

θEL

is determined by the EMA (eq. 2.1). The azimuth plane beamwidth α
φAZ

is
obviously 360°, as implied earlier.

α
θEL

= π − (2 EMA) (2.1)

2.5 Antenna radiation parameters

In this section directivity, radiation efficiency, gain, radiation pattern and
beamwidth for the GNSS antenna will be introduced. Balanis in [4, pp.42-
69] provides a comprehensive coverage of the subjects whereas [5, pp.17-28]
covers the specific aspects applicable to the GNSS antennas. An antenna is
required to radiate only in the upper hemisphere providing a broad beamwidth
and maximum radiation suppression below EMA. A narrow-beam antenna is
undesirable since it impedes acquisition of the low elevation satellites needed
for a good GDOP.

2.5.1 Directivity

Antenna directivity D varies inversely with the antenna beamwidth. Eq. 2.2
gives an approximation for D as a ratio of areas of an ideal sphere, which
represents an isotropic radiator, and a body enclosed by α

φAZ
and α

θEL
an-
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gles, where α
φAZ

and α
θEL

are antenna’s azimuth and elevation beamwidths,
respectively [5, pp.17-28].

D = 10 log

[
4π

α
φAZ

α
θEL

]
[dBi] (2.2)

To investigate the EMA impact on antenna’s directivity, an antenna radi-
ating omni-directionally in the horizontal plane (α

φAZ
= 360°) and having the

elevation plane beamwidth α
θEL

= 180°− (2× EMA) is assumed. Figure 2.4
shows the directivity of such an antenna as a function of EMA. This figure
shows that for 0°≤EMA≤20° the directivity would range 3.0≤D≤4.1 dBi.
However, as stated earlier eq. 2.2 is a approximation that assumes an ideal
radiation pattern (Figure 2.3). Obviously, such antennas do not exist.

Figure 2.4: Antenna directivity vs. the low elevation masking angle.

2.5.2 Gain and radiation efficiency

The gain and beamwidth are considered two key performance parameters ac-
cording to [5, pp.17-28]. To differentiate between the antenna absolute gain,
which in case of the GNSS antennas frequently includes a low noise amplifier
(LNA) as a an active component, the term directive gain is used describe the
gain component dominated by the antenna directivity [5].

Rao et al in [5, pp.17-28] introduces antenna directive gain G, which is
directivity corrected for the radiation efficiency factor ηant (eq. 2.3). ηant is a
product of the impedance mismatch, feed network losses, polarisation losses,
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conductor and dielectric losses, eq. 2.4. The feed network losses factor ηf
includes losses due to imperfections of the CP generation network and the
impedance mismatch between the antenna and the feeding network. The
subject of antenna polarisation efficiency is further covered in section 2.6.

G = ηantD (2.3)

ηant = ηiηfηpηrηd (2.4)

Where
ηi − Impedance mismatch factor
ηf − Feed network mismatch and CP generation losses factor
ηp − Polarisation losses factor
ηr − Antenna conductor losses factor
ηd − Dielectric losses factor

Since eq. 2.3 is an approximation but adequate for the narrow beam an-
tennas, ηant and D are presented as scalar values independent of θ and φ.
However, for a broad-beam antenna parameters that vary with θ and φ need
to be considered, which are primarily the polarisation losses ηp and directivity
D. Hence, eq. 2.3 can be expressed in terms of θ and φ, see eq. 2.5. Eq. 2.5
introduces the realised gain Gr, which is antenna gain but as a function of θ
and φ [6].

Gr(θ, φ) = ηant(θ, φ)D(θ, φ) (2.5)

For a receiver to maintain a minimum carrier to noise ratio (C/No) under
all operational conditions, the antenna minimum realised gain needs to be
met from EMA to zenith (Figure 2.3) [1, 5, 7], which is also referred to as the
antenna minimum gain beamwidth [5, pp.17-18]. For an ideal antenna having
EMA = 5°, the realised gain is uniform at 3.25 dBic for 0° ≤ θ ≤ 85° and
it abruptly drops below EMA. However, such radiation pattern is obviously
unattainable. A typical antenna has the highest realised gain at the zenith
that gradually decreases towards the horizon, see Figure 2.3.

2.5.3 Antenna gain performance parameters

Minimum gain beamwidth:
The term half-power beamwidth (HPBW) was intentionally avoided in this
section. HPBW is indicative of a GNSS antenna beamwidth only in part
since the GNSS antennas have different radiation pattern requirements, as
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covered earlier. Rao et al in [5, pp.17-28] cover this subject but do not pro-
vide a substitution for HPBW. Hence, a new performance measure is needed
to quantify the GNSS antenna beamwidth.

According to [5, pp.84-85], a more indicative performance measure of a
GNSS antenna beamwidth quality is the minimum gain beamwidth. The
minimum gain beamwidth is an angle in the upper hemisphere where an an-
tenna meets the minimum realised gain requirements. However, the minimum
gain requirements are not standardized as they depend on a receiver. To sim-
plify this issue for the purpose of this thesis, the minimum gain beamwidth
indicates an angle over which Gr ≥ 0 dBic.

Minimum gain BW:
In addition to the beamwidth, which is usually specified at a specific frequency,
a band over which an antenna meets the minimum realised gain needs to be
considered as well. The minimum realised gain BW indicates a frequency
range over which Gr ≥ 0 dBic and it will be used in this thesis as a per-
formance indicator. The minimum gain BW in the GNSS antenna context
is mentioned in [5, pp.76], however, this parameter is not commonly used in
the other literature. Instead, the antenna maximum realised gain at a band
center frequency is the most frequently quoted.

2.5.4 Antenna gain performance requirements

The antenna main lobe radiation, radiation suppression from EMA to horizon
and the back lobe radiation are covered in the literature usually as antenna
performance parameters. However, no rigorous derivations are provided for
the minimum performance requirements. Obviously, the back lobe radiation
is undesired regardless of the polarisation and as such needs to be minimized.

In the Radio Technical Commission for Aeronautics (RTCA) Minimum
Operational Performance Standards (MOPS) for an active antenna operating
in the GPS L1 and Galileo E1 bands used for navigation of civilian aircraft [8],
minimum and maximum realised gain values are specified for EMA = 5°, Ta-
ble 2.1. A similar MOPS published by European Commission provides more
comprehensive requirements for the antennas used on commercial aircraft op-
erating in the GPS L1 and L5 and Galileo E1 and E5 bands [9], Table 2.2.
The document specifies the minimum and maximum directive gain relative
to the 0 dBic gain at the antenna zenith. However, the document does not
state the minimum and maximum absolute realised gain requirements at the
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zenith. The EMA is not specified either. In addition, this MOPS specifies
the Axial Ratio (AR) requirements separately and only at the antenna zenith.
Thus, the gain values would need to be corrected for the polarisation losses.
It is also not clear why the minimum gain is specified below EMA considering
that the maximum suppression is always desired in that region. Reference [7,
pp.340-341] also provides similar specifications but only applicable to GPS L1
coarse acquisition signal (C/A), 1575.42 MHz ±1 MHz. Requirements for the
ground and surface GNSS antennas do not appear to be standardized.

Table 2.1: Realised gain requirements for airborne GNSS E1 and L1 band
antennas (from [8]).

Elevation Max. Gain Min. Gain
Angle [ ° ] [dBic] [dBic]

< -30 -10 -

0 -2 -7.5

5 5 -4.5

10 - -3

> 15 - -2

Table 2.2: GNSS antenna relative directive gain requirements (from [9]).

θ Max. Gain Min. Gain
[ ° ] [dB] [dB]

90 -7 -10

85 -5 -8.5

80 -3 -7

75 -1 -5.5

60 -0.75 -3.5

≤ 15 0 -2.5

2.6 Polarisation

All GNSS signals are RHCP and to eliminate the polarisation mismatch losses,
a receiving antenna has to have the same polarisation. There are three key
advantages of CP vs. liner polarisation in this case: 1) Insensitivity to the
relative orientation between the satellite and receiver antennas, 2) decreased
sensitivity to Earth’s ionosphere effects on polarisation and, 3) inherent dis-
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crimination between the direct and single-bounce reflected signals.

Relative orientation between the satellite and receiver antennas is dynamic.
Obviously, circularly polarized antennas do not depend on antenna alignment
to minimize the polarisation losses as long as the sense of polarisation is main-
tained. Based on [5, pp.5-6], [7, pp.49-52] and [10, pp.589-599], refractory
properties of the ionosphere induce a polarisation shift to electromagnetic
fields. CP signals are less affected by such a shift.

GNSS signals reflected from conductive surfaces can be received by a re-
ceiver. The multi-path signals are an exact replica of the direct signals but
with a small time delay due to the propagation path difference and a switched
polarisation sense. The reflected signal amplitude is usually reduced as well.
GNSS receivers can effectively reject the multi-path signals at the digital signal
processing (DSP) stage, however, those signals add to the receiver NF, which
reduces signal C/No. If both the receive antenna and the reflected signals
have perfect CP but of the opposite sense, the reflected signal is completely
rejected by the antenna. Thus, use of CP allows simple but very effective sup-
pression of the single bounce multi-path signals. Reference [10, pp.599-614]
covers the multipath issue extensively.

2.6.1 Polarisation axial ratio

For a proper signal reception, a receiver antenna polarisation needs to match
the satellite antenna polarisation. However, in practice neither of the anten-
nas have a perfect CP due to imperfections of the antenna CP generating
circuitry and fabrication tolerances. The CP antennas are in reality ellipti-
cally polarized and CP is considered a special case of the elliptical polarisation.

AR indicates antenna polarisation efficiency and it is a metric of several
critical GNSS antenna performance parameters [5]. AR ranges from 0 dB to
∞ where 0 indicates perfect CP whereas ∞ indicates a perfect linear polari-
sation. The AR can vary significantly with the elevation and azimuth angles
depending on the antenna design. In general, the AR degrades with the θ
angle for all antennas. The GPS Block II and IIA satellite transmit antennas
have AR ≤ 3.2 dB and it varies with the angle θ [5].

Figure 2.5 shows the far-field magnitude projection of a time-varying elec-
tric field E(t) on a plane perpendicular to the direction of propagation at a
point z0 . z0 is a point on the axis of propagation nλ away from the antenna
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2.6. Polarisation

phase center, where n = 0, 1, 2, 3 ... and λ is the free-space propagation
wavelength. Emin and Emax are the minimum and maximum magnitudes, re-
spectively, of the electric field E(t). E0x and E0y are the maximum projections
of Emin and Emax on the major axes x and y [4, pp.74]. Thus, AR is a ratio
of two orthogonal components Emin and Emax , eq. 2.6 [5, pp.8].

Figure 2.5: Far-field polarisation ellipse.

AR(θ, φ) = 20log

(
Emax
Emin

)
(2.6)

The polarisation ellipse, Figure 2.5, is affixed to the antenna frame of
reference. Eq. 2.7 [4, pp.74] is the polarisation tilt angle τ or the angle of
ellipse major-axis. The polarisation tilt angle is important when considering
the polarisation mismatch between two elliptically polarized antennas. ∆Φ is
the time-phase difference between E0x and E0y components [4, pp.73].

τ =
π

2
− 1

2
tan−1

[
2E0xE0y

E2
0x − E2

0y

cos(∆Φ)

]
(2.7)

2.6.2 Polarisation efficiency and polarisation mismatch loss

If both receive and transmit antennas have perfect CP (AR = 0 dB), there
would be no losses due to polarisation mismatch (ηp = 1). In reality both
antennas are elliptically polarized (AR > 0 dB) and both antennas have a
different polarisation tilt angle τ due to different frames of reference. The
facts that AR is a function of the signal angle of incidence (AOI) and signal
frequency f need to be considered as well.
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2.6. Polarisation

The polarisation mismatch factor is given by eq. 2.8 [5, pp.12], where
ART and ARR are AR of transmit and receive antennas, respectively. ∆τ
is a relative tilt angle between the major axes of the receive and transmit
antennas’ polarisation ellipses. The relative tilt angle ∆τ varies over its full
range due to the relative motion between the antennas. Thus, a practical ηp
factor can be estimated only for the worst case scenario where the maximum
AR values for both antennas and ∆τ = 90° are used (i.e. the major axis of
the polarisation ellipses are orthogonal).

ηp =
1

2
+

4ARRART + (AR2
T
− 1)(AR2

R
− 1) cos(2∆τ)

2(AR2
T

+ 1)(AR2
R

+ 1)
(2.8)

For purposes of an antenna design, the transmit antenna can be disre-
garded, or vice-versa. Eq. 2.9 gives an antenna polarisation loss factor as a
function of its own AR. The polarisation mismatch loss Lp is another way to
express the polarisation mismatch factor ηp, eq. 2.10 [5, pp.12]. Figure 2.6
shows the worst case polarisation losses (∆τ = 90°) at the receive antenna as
a function of antenna own AR for various ART values. The case of ART =0
dB represents also the receive antenna only polarisation losses as a function
of its own AR.

ηp(θ, φ) =
1

2
+

AR(θ, φ)

AR2(θ, φ) + 1
(2.9)

Lp = −10log(ηp) (2.10)

Figure 2.6: Antenna polarisation losses vs. AR.
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2.6.3 Axial ratio and interference suppression

In addition to indicating antenna polarisation efficiency, AR also indicates an-
tenna’s ability to suppress the single-bounce multipath and other interference
signals. Three cases are considered for the interference signal polarisation:
left-hand circular polarisation (LHCP), RHCP and linear. The interference
suppression (IS) is a strong function of a signal AOI at the receive antenna.

The single-bounce multipath signals are the primary source of the LHCP
interference based on the fact that a reflected signal changes its polarisation
sense (RHCP to LHCP) at the point of reflection. Hence, suppression is usu-
ally high above EMA but not as effective below EMA due to the AR degra-
dation at the low elevation angles. Figure 2.7 shows that a receive antenna
has the highest multipath suppression when ∆τ = 90° and lowest when ∆τ =
0° against ART = 1.8 dB. When reflected off a perfectly smooth surface, the
multipath signals retain AR of the transmit antenna. If a reflective surface
is rough the AR gets degraded. In such cases the ART and ∆τ are unknown
and for a practical purpose only the worst case can be assumed.

Equations 2.11, 2.12 and 2.13 give antenna’s LHCP, RHCP and linear
interference suppression as a function of the receive and transmit antenna
AR, ARR and ART , respectively. In all cases it is assumed that the transmit
and receive antennas’ polarisation axes are aligned (∆τ = 0°), which is the
worst case scenario or the minimum suppression. Suppression of RHCP signals
is obviously very low, especially above EMA. In the case when an interference
signal is linearly polarized ART = ∞. Since the GNSS antennas usually
operate on a ground plane where polarisation is near linear, they are very
susceptible to the linearly polarized interference.

ISLHCP = −10log

[
1

2
+
−4ARRART + (AR2

T
− 1)(AR2

R
− 1)

2(AR2
T

+ 1)(AR2
R

+ 1)

]
(2.11)

ISRHCP = −10log

[
1

2
+

4ARRART + (AR2
T
− 1)(AR2

R
− 1)

2(AR2
T

+ 1)(AR2
R

+ 1)

]
(2.12)

ISLin = −10log

[
1

2
+

(AR2
R
− 1)

2(AR2
R

+ 1)

]
(2.13)
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Figure 2.7: Receive antenna multipath signal suppression vs. AR (from [5]).

2.6.4 Axial ratio performance parameters and requirements

In the commercial specifications and frequently in the literature, AR is usually
specified only at the antenna zenith and center frequency. However, for the
higher performance and multi-band antennas this is inadequate since AR is
a strong function of both θ and f. To cover this issue, Rao et al [5] intro-
duce terms such as AR beamwidth and AR BW. These two terms specify the
beamwidth and BW over which an antenna meets the AR ≤ 3 dB perfor-
mance. Ideally AR BW and beamwidth should match the minimum realised
gain BW and beamwidth, respectively.

Based on [9], the commercial aircraft GNSS antennas require AR = 3 dB or
less at the zenith. In [5, pp.11-12] AR performance for NovAtel 704X antenna
is provided as an example where the same antenna is qualified as “extremely
good” (Table 2.3).

18
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Table 2.3: NovAtel 704X antenna AR at GPS frequencies (from [5]).

GPS Elevation AR
band Angle [ ° ] [dB]

L1 >45 1

L1 15 1.4

L1 5 1.6

L2 >45 2.0

L2 15 3.8

L2 5 5.0

2.7 Antenna phase center and group delay

2.7.1 Phase center

A receiver estimated position is the position of the antenna phase center.
However, since a receiver cannot estimate antenna’s true phase center an as-
sumption is made about its physical location. Such assumptions are adequate
for most of the applications, however, for applications where a high positioning
accuracy or signal phase are required such as timing, geodesy and direction
finding (DF), the true phase center position needs to be known. Antennas for
such applications have an external antenna reference point (ARP) that does
not coincide with the true phase center. To remove that error in an estimated
position, a receiver needs to know the phase center offset (PCO) relative to
ARP. International GNSS Service (IGS) defines ARP that is external to the
antenna and coincides with the origin of antenna’s frame of reference [5, pp.29].

In the electromagnetic sense, the phase center is the reference point from
where an antenna is said to radiate. It is defined as a center of a sphere
where the phase Φ(θ, φ) of an electric field E (θ, φ) is the same regardless of
the θ and φ angles. It is also called the equiphase sphere (Figure 2.8). The
phase center position p0 is determined by the electromagnetic properties of
the antenna. However, the material imperfections and fabrication tolerances
significantly affect its location. The cumulative effect is an irregular non-
spherical equiphase contour that makes p0 dependent on the signal AOI and
frequency, see Figure 2.8.

The p0 can be a fixed point over a narrow range of θ and φ angles and a
narrow frequency band, which can be adequate for some antennas. However,
for a GNSS antenna, the position of p0 will vary as a function of θ, φ and f .
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2.7. Antenna phase center and group delay

An incorrect position of the phase center introduces the phase pseudor-
ange error ∆rPR. If left uncorrected, it adds to the total receiver position
uncertainty. The phase center is hard to model and it is usually determined
experimentally [4, pp.800]. In the case of the GNSS antennas used for a
positioning precision under 10 cm, the phase center can be determined only
experimentally [5, pp.31-32].

Figure 2.8: Equiphase contour and antenna phase center (from [5]).

2.7.2 Group delay

A wideband or multi-band GNSS antenna induced group delay has two com-
ponents: The first due to the antenna BW and the second due to the signal
AOI. The BW induced group delay τBW reduces signal C/No through the dis-
tortion and spectral quality of the Binary Phase Shift Keying (BPSK) and
Binary Offset Carrier (BOC) modulated signal having 20 MHz or more BW
[5, pp.36].

The variations of the AOI induced group delay τAOI , manifest as timing
errors between the signals from different AOI, which induces pseudo-range
errors. Considering that τBW and τAOI have different origins, it is proposed in
[5, pp.35-39] that they are analyzed separately.

Bandwidth induced group delay:
The BW induced group delay τBW is a measure of a relative time within
antenna BW and it is defined as a derivative of the transfer phase response
versus frequency Φ(ω), eq. 2.14. In practical terms, the group delay is the
maximum time difference between signal phases Φ(f ) at any two frequencies
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within a band of interest, eq. 2.15. To isolate the BW induced group delay
from AOI one, Rao et al [5] propose that the BW induced group delay is
measured at antenna’s boresight.

τBW =
dΦ(ω)

dω
(2.14)

τBW =

∣∣∣∣Φ(fi)

fi
− Φ(fj)

fj

∣∣∣∣ 1

2π
(2.15)

In [5, pp.36-37] it is mentioned that for a passive GNSS antenna, τBW ≤ 2
ns is acceptable within a signal BW. The literature does not cover or specify
τBW requirements between different GNSS signals and bands. It is not clear
why this subject is not covered considering receivers that track simultaneously
signals from multiple bands would be affected. The τBW for such cases would
be significantly larger considering that the total BW for τBW could be as high
as 442 MHz (i.e. 1164 to 1606 MHz).

Angle of incidence induced group delay:
The AOI induced group delay τAOI is the time difference between the signal
phases at two distinctive AOI measured within antenna’s main lobe and at the
same frequency. Obviously, it is related to the phase center variation covered
earlier. In [5, pp.37], τAOI is also referred to as the differential group delay.
Eq. 2.16 gives τAOI calculated from two phase values Φ1(θ, φ) and Φ2(θ, φ)
where 0°≤θ≤(90°-EMA) and 0°≤φ≤360°. The phase difference is absolute, as
in case of eq. 2.15.

τAOI =

∣∣∣∣Φ1(θ, φ)− Φ2(θ, φ)

2πfc

∣∣∣∣ (2.16)

Both the τAOI and τBW induce a pseudorange error ∆rPR , eq. 2.17, which
adds to the total receiver position uncertainty. In eq. 2.17 propagation velocity
vp is used instead of the speed of light c, see section 2.7.1. To minimize
the impact of τAOI , an antenna has to have a uniform group delay response
independent of signal AOI. In [5, pp.36-37] it is mentioned that τAOI ≤ 3 ns
is acceptable.

∆rPR = (τAOI + τBW )vp (2.17)

2.7.3 Radiation symmetry, phase center and group delay

According to [11], it is generally not possible to provide ideal phase center and
group delay responses independent of signal frequency and AOI for practical
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wideband and widebeam GNSS antennas. However, the phase and group-
delay responses critically depend on the inherent electromagnetic symmetry
of the antenna and its feed.

The evidence indicates that an antenna having a geometrically symmet-
ric radiator made of isotropic materials and electrically symmetric feeding,
excitation and CP generating network will result in predictable phase center
and group delay responses [11]. An example used is a comparison between
a single probe-feed (inherently asymmetric), and a 4-point aperture coupled
microstrip antenna (inherently symmetric), shows a group delay variation of
3 and 0.5 ns, respectively [11].

2.8 Summary

In this chapter a review and analysis of the GNSS antenna properties and
requirements was presented. A GNSS antenna needs to receive RHCP sig-
nals covering frequencies from 1164 MHz to 1300 MHz and from 1560 to 1606
MHz. In terms of the other radiation requirements, it was shown that the
GNSS antennas have different requirements comparing to the antennas used
in point-to-point communications. Specifically, a GNSS antenna needs to pro-
vide uniform gain, AR and radiation efficiency performances independent of
the signal AOI for 0°≤φ≤360° and 0°≤θ≤(90°-EMA). At the same time, an
antenna needs to provide a maximum suppression of the signals arriving below
EMA. Achieving such a uniform and almost 180° broad beamwidth is difficult
and it has not been demonstrated in the literature.

In the next chapter results of the literature review covering the state of the
art GNSS antennas will be presented. Specifically, the GNSS antennas based
on the dielectric resonator, which were found to provide high performance yet
in a compact form.
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3 Literature review

This chapter presents a literature review of DRA and its applicability to the
field of GNSS. The DRA concept was selected based on the results of a broad
GNSS antenna survey. The survey found that the microstrip antenna, specif-
ically the stacked multi-layer type, and DRA provide a good basis for an
antenna that could meet the thesis objectives. Both of the antenna types can
offer either a multi-band or wideband coverage, broad-beam radiation pat-
tern, dual-sense CP and a compact size. However, the DRA was found to
have several advantages over the microstrip antenna. Similar findings were
also reported in [12].

This chapter consists of 9 sections. A brief overview of the DRA is given
in section 3.1, including the DRA concept of operation. Section 3.2 covers the
DR, as the key element of a DRA, including basic DR geometries, resonant
modes and radiation patterns. This section also includes an overview of DR
analysis techniques and application of the image theory. Antenna Q-factor,
its relation to BW and coupling factor are covered in section 3.3. Section 3.4
covers the DR excitation techniques and introduces the coupling factor. In
section 3.5 techniques for CP generation are covered. Sections 3.6, 3.7, 3.8
and 3.9 cover feeding networks, hybrid DRA (hDRA), finite size ground plane
effects and CP DRA state of the art, respectively.

3.1 Dielectric resonator antenna

The subject of DRA is well covered in the literature, however, DRA is not
common among the commercial antennas, especially in the GNSS domain.
This could be attributed to the facts that the DRA concept is relatively recent
and relatively high cost of DRA comparing to other antenna types, especially
the printed antennas.
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3.1. Dielectric resonator antenna

3.1.1 History

The first published research on DR use in the microwave applications was
made in 1939 [13], whereas the first antennas were reported in 1983 [14, 15].
Further theoretical and technological developments followed soon after. In
1984 and 1994 analytical methods for cylindrical and rectangular DR were
developed, respectively, see Kajfez et al in [16] and Mongia et al in [17].

Significant contributions were made between 1990 and 1998 in the area
of the broadband and CP DRA. A key point appears to be development and
demonstration of the contact-less slot coupling for DRA by Martin et al [18,
19] in 1990 and 1991, which was further refined by Antar et al [20, 21] and
Kishk et al [22, 23] between 1993 and 1996. The works by the same group
of authors in [24, 25, 26] also made notable contributions. Efforts to develop
the DRA technology as an alternative to the traditional antennas and further
increase DRA performance in a compact and low profile form continue today.

3.1.2 Advantages

A DRA offers inherently wide BW, high radiation efficiency and a high de-
gree of design flexibility relative to the other antenna types [27, 28]. The
design flexibility and radiation efficiency are the two key advantages. The de-
sign flexibility is due to the additional design variables such as the resonator
shape, dimensions and dielectric constant of the DR material. In addition, it
is possible to design a multi-mode DR where each mode can operate at its
own resonant frequency.

The high radiation efficiency is due to use of low-loss microwave dielectric
materials and it regularly exceeds 90% [27, pp.1-2]. For a comparison, the
radiation efficiency of the microstrip patch antennas rarely approaches 80%
and typically only over 1-3% BW [5, pp.80-81][29].

An additional advantage of DRAs is the controllable size. The DRA size is
proportional to λ0/

√
εr, where λ0 is the resonant frequency wavelength, and

εr is the relative permittivity of the dielectric material. Therefore, DR size is
inversely proportional to

√
εr and use of the high permittivity materials allows

size reduction.
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3.1.3 Concept of operation

A DRA is a resonant antenna that consists of three major parts: a DR,
excitation mechanism and feeding circuitry. A DR is made of low-loss homo-
geneous dielectric material, usually ceramic based but use of polyesters and
even distilled water has been reported [27, 28]. It radiates by leaking out elec-
tromagnetic fields, which decreases Q-factor, which makes the DR an efficient
broadband radiator. The DR resonant frequency is a function of its shape,
dimensions and the material permittivity εr.

The excitation mechanism transfers the energy between a DR and trans-
mission line. It primarily impacts the radiation mode, coupling factor and
antenna input impedance. There are several DR excitation techniques and
they are usually selected based on the overall antenna design requirements.

The feeding circuitry varies in complexity, ranging from a simple transmis-
sion line to a network that includes multiple power splitting, phase shifting and
impedance matching circuits. Complexity of the feeding circuitry is mostly
affected by the number of excitation ports. In case of the CP DRA, which is
of the prime interest in this thesis, the CP generation network is a part of the
feeding circuitry.

3.2 Dielectric resonator

The resonator is the central part of a DRA. In theory any dielectric shape can
be made to radiate, however, due to design and fabrication considerations,
it is usually limited to one of the simpler geometrical shapes such as cube,
cylinder and hemisphere (Figure 3.1). The key difference between the shapes
is the radiation mode support. The resonant frequency and radiation mode
of a DR primarily depend on its shape, dimensions and the relative dielectric
permittivity εr. The most common εr values typically range between 10 and
60. In this section radiation properties of rectangular and cylindrical DR
shapes will be reviewed. The hemispherical shape is not considered due to a
limited number of design degrees of freedom.

3.2.1 Analysis techniques

There are several methods for DR analysis including the magnetic wall model
(MWM), the transmission line model (TLM) and numerical methods such as
Method of Moments (MoM) and Finite Elements Method (FEM). The ana-
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Figure 3.1: Basic dielectric resonator shapes: a) rectangular, b) cylindrical
and c) hemispherical.

lytical methods are good for understanding physical insights, however, they
are not as accurate as the numerical methods [30].

Kajfez et al in [16] presented a computational procedure and field pat-
terns of the five lowest resonant modes in the cylindrical DR. The procedure
is based on a MoM solution of the surface integral equation for bodies of revo-
lution (BOR). An evaluation algorithm for the modal field components is also
described.

Mongia et al in [17, 31] presented the dielectric waveguide model (DWM),
which was found to be adequate for simple shapes such as rectangular and
cylinder. It has a typical resonant frequency error of 5% to 6% and also pre-
dicts reasonably accurately the field distribution inside a DR.

Antar et al in [32] introduced a modified dielectric waveguide model (MDWM)
to address inaccuracies at for εr ≥ 30. MDWM uses an effective dielectric
constant of the material instead of its intrinsic value to reduce the resonant
frequency error and improve prediction of the field distribution.

For practical engineering applications, simplified and closed form equations
for design of a rectangular, cylindrical and hemispherical DR are given in
[28, pp.7-45] and [27, pp.127-172]. Those described design procedures are
commonly used in the literature.
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3.2.2 Cylindrical DR

A cylindrical DR is described by its dielectric permittivity εr, radius r and
height h (Figure 3.2). A free space suspended cylindrical dielectric resonator
can radiate in four modes: transverse electric (TE ), transverse magnetic (TM )
and two hybrid modes [28, pp.18-22]. The hybrid modes are called HE, where
the Ez component of the electric field is dominant and EH, where the Hz

component of the magnetic field is dominant.

Figure 3.2: Cylindrical DR geometry.

The lower order modes TE01δ, HE11δ and TM01δ provide the highest ra-
diation efficiency and they are usually of the primary interest for an antenna
design. The subscripts refer to field variations in the azimuth (φ), radial (r)
and axial (z ) directions, respectively, in the cylindrical coordinates. The δ
value ranges between zero and one and approaches one for high values of εr
[28, pp.18-19]. The first few resonances have been extensively studied but only
TM01δ and HE11δ are commonly used for radiation purposes.

The TE01δ mode has the lowest resonant frequency and a radiation pat-
tern similar to a vertical half-wavelength magnetic dipole [16]. Use of this
mode is uncommon for antennas due to its intrinsically high Q-factor and it
does not support CP. Hence this mode is of no interest for this work. The
HE11δ mode is the second resonant mode and it provides a broadside radi-
ation pattern that resembles a horizontal half-wavelength dipole. This mode
has the lowest Q-factor and for low εr it is difficult to achieve broadband
coupling without additional impedance matching [16]. This is the only mode
that supports CP in the cylindrical DR. Figure 3.3.a shows the internal fields
of a free space suspended HE11δ mode resonant DR. The far-field radiation
pattern over an infinite ground plane is shown in Figure 3.3.b. The radiation
pattern of the TM01δ mode resembles a vertical half-wavelength dipole radi-
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ating omni-directionally in the x-y plane, see Figure 3.4.

Figure 3.3: Cylindrical DR HE11δ mode: a) Free space suspended internal
fields and b) far-field radiation pattern over an infinite ground plane (from
[27]).

Figure 3.4: Cylindrical DR TM01δ mode: a) Free space suspended internal
fields and b) far-field radiation pattern over an infinite ground plane (from
[27]).

3.2.3 Cylindrical DR internal EM fields

There are no exact analytical solutions for the fields within a cylindrical DR.
Literature focuses on interpretation of the theoretical models, experimental
results and numerical analysis. Lim in [30, pp.20-35] summarized derivation
process for the HE11δ mode fields based on MWM.
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A proper understanding of the internal fields is necessary for positioning
of an exciter within the DR volume. Petosa in [28, pp.51-53] provides field
equations for the TM01δ and HE11δ modes. Eq. 3.1 - 3.6 describe the TM01δ

mode E and H fields as a function of DR radius r and height h in the cylin-
drical coordinates. The J0(βr) and J1(βr) are the Bessel functions of the first
kind and β is a solution to J0(βr) = 0 conditions. Figure 3.5 shows a relative
field strength based on the eq. 3.1 - 3.6.

Ez = 0 (3.1)

Er = 0 (3.2)

Eφ ∝ J1(βr)cos
( π

2h
z
)

(3.3)

Hz ∝ J0(βr)cos
( π

2h
z
)

(3.4)

Hr ∝ J1(βr)sin
( π

2h
z
)

(3.5)

Hφ = 0 (3.6)

Figure 3.5: Cylindrical DR TM01δ mode relative field strength (from [28]).

In the same fashion eq. 3.7 - 3.12 describe the HE11δ mode E and H fields
where α is a solution to J0(αr) = 0 conditions. A choice of cos(φ) or sin(φ)

29



3.2. Dielectric resonator

depends on the location of the excitation point in the x-y plane. Figure 3.6
shows a relative field strength based on the eq. 3.7 - 3.12.

Ez ∝ J1(αr)cos
( π

2h
z
){cos(φ)

sin(φ)
(3.7)

Er =
∂J1(αr)

∂(αr)
sin
( π

2h
z
){cos(φ)

sin(φ)
(3.8)

Eφ ∝ J1(αr)sin
( π

2h
z
){sin(φ)

cos(φ)
(3.9)

Hz = 0 (3.10)

Hr ∝ J1(αr)cos
( π

2h
z
){sin(φ)

cos(φ)
(3.11)

Er =
∂J1(αr)

∂(αr)
cos
( π

2h
z
){cos(φ)

sin(φ)
(3.12)

Figure 3.6: Cylindrical DR HE11δ mode relative field strength (from [28]).
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3.2.4 Rectangular DR

A rectangular DR is described by εr, width W, length L and height H, as
shown in Figure 3.7. Thus, it has one more degree of freedom than the cylin-
drical DR, which makes it the most versatile basic DR shape. As in case of
the cylindrical DR, the aspect ratios L/H and W/H are bounded such that
0.2 ≤ L/H ≤ 3.0 and 0.5 ≤W/H ≤ 4 [28, pp.29-45].

According to [33, pp.16-26], a rectangular DR can support TE and TM
modes, however, existence of the lower-order TM modes has not been exper-
imentally confirmed. Due to the geometry, a rectangular DR offers reduced
mode degeneracy, compared to the cylindrical DR, which is desirable in the
linear polarization designs. However, the mode degeneracy is necessary for
CP and it is achieved through a proper DR excitation.

Figure 3.7: Rectangular DR geometry.

The TE mode radiates like a short magnetic dipole (Figure 3.8.b). For
a DR where W > L > H, the lowest order mode is TE x

δ11 . The superscript
indicates the dominant mode direction. Also, the resonant frequencies in the
x, y and z directions will be fx < fy < fz.

3.2.5 Rectangular DR internal EM fields

Petosa in [28, pp.51-53] provides a procedure for analysis and derivation of
the fields within a rectangular DR for the TE x

δ11 mode. The analysis is based
on the DWM [17, 31]. Proper understanding of the DR internal fields is
necessary for the excitation mechanism design as in the case of cylindrical
DR. For a DR where W > L > H, the TE x

δ11 mode E and H fields are given
by eq. 3.13 - 3.18.
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Figure 3.8: Rectangular DR TEδ11 mode: a) Internal E -field and b) far-field
radiation pattern.

Ex = 0 (3.13)

Ey = kz cos(kxx) cos(kyy) sin(kzz) (3.14)

Ez = −ky cos(kxx) cos(kyy) cos(kzz) (3.15)

Hx =
(k2y + k2z)

jωµ0
cos(kxx) cos(kyy) cos(kzz) (3.16)

Hy =
(kxky)

jωµ0
sin(kxx) sin(kyy) cos(kzz) (3.17)

Hz =
(kxkx)

jωµ0
sin(kxx) cos(kyy) sin(kzz) (3.18)

A solution of the eq. 3.13 - 3.18 depends on the wavenumber k in x, y
and z axis directions, respectively. The ky and kz are simple ratios of the DR
width (W ) (eq. 3.19) and height (H ) (eq. 3.20). To find kx, a transcendental
eq. 3.21 and eq. 3.22 need to be solved for a given resonant frequency fr and
the free space wavenumber k0 (eq. 3.23).

ky =
π

W
(3.19)

kz =
π

H
(3.20)
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kxtan(kx
L

2
) =

√
(εr − 1)k20 − k2x (3.21)

k2x + k2y + k2z = εrk
2
0 (3.22)

k0 =
2πfr
c

(3.23)

The outlined procedure and eq. 3.13 - 3.23, describe magnitudes of E and H
fields as a function of a position within the rectangular DR volume. Figure 3.9
shows the relative field strength as a function of DR width for TE x

δ11 mode.
Petosa [28, pp.29-45] provides additional information for an iterative solution
of the transcendental eq. 3.21. For the fields within a rectangular DR, Antar
and Fan [20, 21], Mongia [31] and Fang [34] provide further insights.

Figure 3.9: Rectangular DR TExδ11 mode relative field strength (from [28]).

Based on [28, pp.33] eq. 3.24 is used to estimate the radiation Q-factor
(Qrad), where Prad, stored energy We and resonant frequency ω0. The same
equation is also provided in [27, pp.64] and [31], however, it does not agree with
Pozar [35, pp.274]. Eq. 3.25 and 3.26 give We and Prad, respectively, where
A is an arbitrary constant based on the field maximum amplitude, ~pm is the
magnetic dipole moment and ω = 2πf0. Based on [36, pp.23-24], the difference
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3.2. Dielectric resonator

between measured and calculated resonant frequencies for a rectangular DR
ranges between 3% and 12%, while Q-factor errors can approach 100%.

Qrad = 2
ω0We

Prad
(3.24)

We =
ε0εrLWHA2

32

(
1 +

sin(kxL)

kxL

)(
k2y + k2z

)
(3.25)

Prad = 10k40 | ~pm|
2 (3.26)

~pm =
−jω8ε0(εr − 1)A

kxkykz
sin

(
kx
L

2

)
(3.27)

3.2.6 DR and application of the image theory

When there is an E -field symmetry within a free-space suspended DR, the
image theory can be applied [27, pp.127-172]. The image theory implies use
of a perfect electric conductor (PEC) of an infinite size in the E -field plane of
symmetry (Figure 3.10). It can be seen in Figure 3.3.a and 3.4.a that HE11δ

and TM01δ modes have an E -field symmetry at the cylinder mid point. Hence,
the plane of symmetry is perpendicular z -axis and cuts the cylinder in two
equal parts. Each of two DR halves retains identical field distributions and
the resonant frequency of a free-space suspended DR [27, pp.128 and 146-148].

Figure 3.10: Cylindrical DR and image theory.

In case of the GNSS antennas, application of the image theory has a two
fold impact: the first is that it allows the DR height reduction by half and
second, it places a DR into a typical exploitation environment since GNSS
antennas are typically used over a ground plane. However, a practical ground
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plane is not of an infinite size. The effects of a finite size ground plane are
covered in section 3.8.

3.3 Quality factor and coupling coefficient

3.3.1 Quality factor Q

The Q-factor is directly related to the bandwidth and it is used as a figure of
merit to assess DR performances. There are four Q-factors that are defined in
the DR context: Unloaded Q-factor (Qu), external (Qext), loaded (QL) and the
radiation (Qrad). The unloaded Q-factor Qu represents a free space suspended
DR that is freely oscillating without an external source. It is defined by eq.
3.28 [35, pp.274] where ω0 is the resonant frequency, We is the stored energy
and P is the total dissipated power. In an equivalent RLC circuit the L and
R are the resonator internal inductance and resistance.

Qu =
ω0We

P
=
ω0L

R
(3.28)

The total dissipated power P is given by eq. 3.29, where Prad, Pd and Pc
are radiated power, dielectric and conductor power loss, respectively. However,
DRA have significantly smaller Pd and Pc compared to Prad due to inherent
high radiation efficiency, hence, Qu ≈ Qrad (eq. 3.30).

P = Prad + Pd + Pc (3.29)

Qrad =
ω0We

Prad
≈ Qu (3.30)

When a DR is connected to an external energy source through an excitation
mechanism an appropriate Q-factor is QL , which is the Q-factor seen from the
transmission line connected to the excitation mechanism. QL is given by eq.
3.31 where Qext is the external Q-factor given by eq. 3.32. If the transmission
line impedance Z0 = RL , i.e. the transmission line is the only loading, and
Z0 = R, the resonator internal resistance, then Qu = Qext. Thus, at the
resonant frequency the DR is matched to the transmission line impedance
and QL = Qu/2.

1

QL
=

1

Qext
+

1

Qu
(3.31)

Qext =
ω0L

RL

(3.32)
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In [37] it is shown that the Qrad is proportional to εr (eq. 3.33) for DRs
of εr > 100. For εr < 100 eq. 3.33 is still valid, however, with adjusted P
values. In [17] the P values for the lower order modes of the cylindrical DR
are given in Table 3.1. The same reference also states that the P values are
nearly independent of the cylindrical DR r/h aspect ratio.

Qrad ∝ εPr (3.33)

Where
P = 1.5 for modes radiating like a magnetic dipole (TE01δ and HE11δ)
P = 2.5 for modes radiating like an electric dipole (TM01δ)
P = 2.5 for modes radiating like a magnetic quadrupole (HE21δ)

Table 3.1: Cylindrical DR P values for lower order modes (from [17]).

Mode P

TE01δ 1.27

HE11δ 1.30

HE21δ 2.49

EH11δ 2.71

3.3.2 BW and Q-factor

The DR impedance BW is defined as a frequency range in which the input
voltage standing wave ratio (VSWR) is less than the specified. The Qrad, or
Qu as shown in section 3.3.1, and BW are related through eq. 3.34 [28, pp.11],
where BWabs is the absolute BW and f0 is DR resonant frequency. It is not
clear how is in this case RL related to Qu considering that RL or VSWR would
be measured externally to a DR, hence use of QL would be intuitive.

BW =
BWabs

f0
=

VSWR− 1√
VSWR Qrad

(3.34)

3.3.3 Coupling coefficient χ

For an efficient coupling between a DR and transmission line, an exciter aper-
ture has to create an equivalent current to the DR field at the point of excita-
tion. The excitation current can be electrical or magnetic, depending on the
source. Obviously, a magnetic source would couple to the H field whereas an
electric source would couple to the E field. For the most effective coupling,
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an exciter needs to be located at a point of the maximum field strength [28].
Therefore, a physical insight into the DR fields is essential for understanding
DR excitation, which is covered in sections 3.2.3 and 3.2.5.

The coupling coefficient χ is a normalized value determined by using
Lorentz Reciprocity Theorem, eq. 3.35 [28, pp.49-51]. It is also further covered
in [33, pp.19-20] and [36, pp.26-27]. Eq. 3.35 states that χ is proportional to
a dot product between a source of electric current ~JS or magnetic current ~MS

and the electric fields ~EDR or magnetic fields ~HDR , respectively, inside a DR.
The equation implies integration over the entire DR volume V.

χ ∝
∫
V

(
~EDR · ~JS

)
dV ∝

∫
V

(
~HDR · ~MS

)
dV (3.35)

For a maximum power transfer between a coupling port and DR, which is
always desired in the antenna case, the coupling factor needs to be unity or
χ = 1. This is also called critical coupling. However, in practical applications
an exciter aperture cannot conform entirely to the DR fields, hence, χ < 1,
which is obviously always undesired. Over-coupling (χ > 1) is also possible
and it reduces antenna radiation efficiency [28, pp.49-51].

Eq. 3.36 [28] introduces Qext as Qu corrected for the coupling coefficient
χ. Based on eq. 3.36 low coupling coefficient increases antenna Qext, which
decreases the impedance BW. A coupling mechanism has a loading effect on a
DR as shown in eq. 3.37 [28, pp.50-51]. In essence eq. 3.37 tells that a perfect
coupling mechanism producing χ = 1 will half antenna QL . This also implies,
although not explained in such terms, that a DRA input QL , which is based
on RL, does not represent the antenna actual Qrad or Qu.

Qext =
Qu
χ

(3.36)

QL =
Qu

1 + χ
(3.37)

3.4 Dielectric resonator excitation

This section provides an overview of the common DR excitation techniques.
The DR excitation or coupling is a process of energy transfer between a DR
and transmission line. Literature mentions several excitation mechanisms:
slot aperture, coaxial probe, microstrip line, coplanar waveguide, conformal
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strip line and substrate-integrated waveguide (SIW). The coupling method and
location of the excitation point will significantly affect DR radiation perfor-
mances including the resonant frequency, impedance BW, radiation efficiency,
gain and polarization.

3.4.1 Slot aperture

The aperture coupling involves a slot in the ground plane beneath the DR
that is usually fed by a microstrip line, Figure 3.11 and 3.12.a. It is considered
contact-less as there is no electrical contact between a transmission line and
DR. A slot is equivalent to a horizontal magnetic dipole and it should be placed
at a location of the maximum magnetic field intensity of a desired mode.

Figure 3.11: Cylindrical DR slot excitation: a) HE11δ mode and b) TM01δ

mode (from [33]).

To excite the HE11δ mode in a cylindrical DR, a slot needs to be located
at the center of a cylinder, whereas for the TM01δ mode, a slot needs to be
near the periphery (Figure 3.11). To excite the TE mode in a rectangular DR
(Figure 3.12.a), a slot also needs to be located at the center of a rectangle. In
both cases slot’s orientation relative to the DR will determine the radiating
mode orientation.

The shape and number of the slots can be optimized to improve the DRA
performance and BW. Figure 3.13 shows some of the common slot shapes.
Figure 3.14 shows 4-port arc shaped slots used for a cylindrical DR. The
apertures are fed by a microstrip lines where the open-end line length is used
for impedance matching.

A guideline for a rectangular aperture sizing is given in [28, pp.55-66].
Eq. 3.38 and 3.39 give aperture length lA and width wA , respectively, see
Figure 3.15. A portion of a microstrip line extending past the aperture can be
used for impedance matching as in Figure 3.14. Eq. 3.40 gives the length s of
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a microstrip line extending past the aperture. In [28, pp.55-66] it is suggested
that eq. 3.40 is only a good starting value and that the s needs to be optimized.

Figure 3.12: Rectangular DR TE11δ mode excitation: a) Slot aperture and b)
Coplanar waveguide (from [33]).

Figure 3.13: Various shapes of a) slot aperture and b) co-planar waveguide.

Figure 3.14: Cylindrical DR 4-port arc-slot aperture coupling.

lA =
0.4λ0√
εeq

(3.38)

wA = 0.2lA (3.39)

s = λg/4 (3.40)
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In eq. 3.38 λ0 is the free-space wavelength, εeq is equivalent dielectric
permittivity based on the relative dielectric permittivity of DR εrDR and the
substrate εrS , respectively, see eq. 3.41. In eq. 3.40 λg is a guided wavelength
of the microstrip line, see [35, pp.147-149]. In [23] a more accurate approach
is given based on experimentally verified results for a cylindrical DR HE11δ

mode excitation.

εeq =
εrDR + εrS

2
(3.41)

Figure 3.15: Rectangular slot in the ground plane.

The aperture coupling has an advantage of having the excitation mecha-
nism beneath the ground plane, which isolates the DR from its feed network.
In addition, the size, shape and position of the aperture can be used as addi-
tional parameters to further optimize coupling. In [33, pp.22-23] several such
concepts are described. Three most interesting examples include use of an
H-shaped slot to reduce the back-lobe radiation around a DR resonance, use
of two parallel bow-tie slots to increase DRA impedance BW and use of an
asymmetric cross-slot to achieve CP using one feed (Figure 3.13).

Based on eq. 3.38, the aperture size is proportional to the free-space wave-
length λ0 and inversely proportional to

√
εeq. This indicates that a DR de-

signed for lower frequencies and made of a low εr material could require a size
of an aperture that is larger than a DR footprint on the ground plane. In
addition, a large aperture could also resonate within the DR resonant band,
which would result in an undesired back-lobe radiation.
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3.4.2 Coaxial probe

A coaxial probe is the simplest technique to excite the TEδ11 mode in a
rectangular DR or the HE11δ mode in a cylindrical DR. A probe acts like
a short electric monopole and to achieve an optimum coupling it needs to
be placed at a location of the maximum electric field intensity, as shown in
figures 3.16 and 3.17a. The points of the maximum electric field intensity
for TEδ11 and HE11δ modes are located at the periphery of a cylindrical
and rectangular DR, respectively. Hence, a probe can be used without any
modifications to a DR.

Figure 3.16: TEδ11 mode coaxial probe excited rectangular DR: a) E -field
distribution and b) H -field distribution.

Figure 3.17: Cylindrical DR coaxial probe excitation: a) HE11δ mode excita-
tion and b) TM01δ mode excitation (from [33]).

In case of the TM mode excitation in a cylindrical DR, the probe needs
to be located inside the resonator, as shown in Figure 3.17.b. However, that
changes the effective dielectric constant of the material, hence, affecting the
resonant frequency and the Q-factor. In addition, DR drilling increases man-
ufacturing costs of the antenna.

To improve the antenna impedance matching, the probe height can be op-
timized. To avoid parasitic radiation from the probe, its length is usually less

41



3.4. Dielectric resonator excitation

than the DR height [28]. Use of the probe radius as an impedance matching
parameter is not mentioned. A variation of the probe concept is a flat or
conformal metallic strip on the DR side wall. That provides an additional
variable for impedance matching, which is the strip width. Figure 3.18 shows
conformal strips used on a cylindrical DR.

Figure 3.18: Cylindrical DR using conformal strip line coupling.

3.4.3 Microstrip line

The microstrip line coupling is usually used for planar feed networks or where
the space required for the feed network is limited. It is a simple excitation
technique as a microstrip line does not have to be inside or under a DR. The
microstrip line is usually used to excite the HE11δ and TE11δ modes in a
cylindrical and rectangular DR, respectively. Since an open-ended microstrip
line acts in this case as an electric monopole, the feeding point can be beside
or underneath but close to a DR edge, as shown in Figure 3.19.

Figure 3.19: Microstrip line coupling: a) Cylindrical DR HE11δ mode and b)
Rectangular DR TE11δ mode (from [33]).

High efficiency and wideband coupling can be achieved when the shape
and length of an open ended stub are optimised [38]. To further improve cou-
pling, different patch like shapes for the open-end have been proposed in the
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literature, including a trapezoidal and elliptical [39, 40]. Impedance matching
can be improved by adjusting DR’s position relative to the microstrip point
of radiation, however, it may increase cross-polarization or decrease the radi-
ation pattern symmetry. Disadvantages of a top-side microstrip feed network
are unwanted coupling to the exposed miscrostrip lines and susceptibility to
the surface wave coupling.

3.4.4 Co-Planar waveguide

An shorted coplanar waveguide (CPW) provides an electric monopole equiva-
lence, which is similar to a coaxial probe, as shown in Figure 3.20 and 3.12.b.
However, compared to the coaxial probe excitation, the CPW has advantages
of fabrication simplicity and easy integration on the substrate. As a planar
feed network, it has the same advantages as the microstrip line coupling in
terms of the space occupied by the feed network.

Figure 3.20: Coplanar waveguide coupling to a cylindrical DR: a) HE11δ mode
and b) or TM01δ mode (from [33]).

An equivalent electric monopole created by a shorted CPW allows it to
be placed underneath a DR without drilling a hole, which reduces the DR
fabrication costs comparing to the coaxial probe. CPW provides an alternative
method to excite the HE11δ or TM01δ modes with an advantage of being
non-obtrusive. As shown in Figure 3.20, the HE11δ mode excitation can be
achieved by placing a shorted CPW at the edge or in the center to excite
TM01δ mode of a dielectric cylinder. Figure 3.13.b shows some CPW examples
including a shorted-circuit, coplanar loops and stub-loaded lines [28, pp.77-78].

3.5 Circular polarisation

In section 2.6 fundamentals of CP and AR were covered whereas the subject
of CP DRA is covered in-depth in [28, pp.171-193]. To generate CP radiation,
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two sets of fields equal in amplitude (Ex = Ey) but 90° out-off phase (i.e. ge-
ometrically orthogonal) need to co-exist within a DR. In practice, amplitude
equality and phase orthogonality are usually achieved only over a narrow BW.
Hence, the far-field polarisation is usually elliptical, as shown in Figure 2.5.
AR indicates the polarisation ellipticity and for the GNSS antennas it is ex-
pressed as a function of θ and φ, see eq. 2.6. The tilt angle of the polarisation
ellipse major axis is given by eq. 2.7.

Eq. 3.42 gives AR as a function of the electric field magnitudes in x and
y direction, Ex and Ey, respectively, and the phase error angle ψ given in
eq. 3.43 [28]. From eq. 3.42 it is obvious that AR = 0 dB, or perfect CP, can
be achieved only when both Ex = Ey and ψ = 0. Figure 3.21 shows the effects
of the amplitude and phase errors on AR. In addition, in case of the GNSS
antennas, the AR varies also with the angle of incidence, as emphasized in
section 2.6.

AR = 10log

E2
x + E2

y +
√
E4
x + E4

y + 2E2
xE

2
ycos(ψ)

E2
x + E2

y −
√
E4
x + E4

y + 2E2
xE

2
ycos(ψ)

 (3.42)

ψ = 2(φx − φy) (3.43)

Figure 3.21: Effects of amplitude and phase errors on AR (from [28]).

44



3.5. Circular polarisation

The far-field CP radiation from a DR can be excited using one or multiple
excitation ports. Antennas using single-port excitation typically provide a
narrow AR BW and beamwidth and as such are not considered for this work.
In addition, the single-port excitation can provide only uni-sense CP. However,
single-port CP excitation usually provides a more compact and simpler design.
A review is given in Appendix B.

3.5.1 Multi-port excitation

Use of the multiple feeds to excite multiple geometrically orthogonal modes is
an intuitive approach to the CP excitation. Typically 2 or 4 excitation ports
are used. This requires a DR shape that exhibits symmetry around two axis
such as a rectangular DR where L = W or a cylindrical DR. In this case all
excited modes will have the same resonant frequency and Q-factor. However,
such design requires and relies entirely on a feed network to generate equal
amplitude and phase quadrature between the feeding points, which adds to
the antenna size and complexity.

In [41] a CP cylindrical DRA excited using dual conformal strips is pre-
sented. The antenna provides impedance BW of 13.7% and a 3 dB AR BW
of 20%. A similar concept but using four conformal strips is presented in
[42]. The strips are placed in a 90° interval around the cylinder circumference
and fed in a phase quadrature, see Figure 3.22. The design exhibits 34.5%
impedance and 25.9% 3 dB AR BW, respectively. The feeding circuit consists
of a pair of 90° hybrid couplers and a T-junction splitter as a power divider.
The 180° phase shifting between the couplers is accomplished by adjusting the
lengths of the microstrip branches after the T-junction splitter.

Massie et al in [43] reported a 4-port excited CP hybrid DRA showing
impedance matching (S11 < −10 dB) from 1.09 to 1.83 GHz or 50% BW. The
AR < 1 dB at boresight is achieved from 1.13 to 1.63 GHz, which is antenna’s
targeted band. The AR ≤ 3 dB beamwidth ranges between 130°and 190°.
The antenna is based on a rectangular resonator excited through 4 slots in the
ground plane, see Figure 3.23. Multiple variations of a 4-port excited aperture
coupled DRA designs based on a cylindrical DR with similar performance
results are also reported in [43, 12, 44, 45, 46]. In case of [46], an AR ≤ 3 dB
beamwidth exceeding 180° had been demonstrated.
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Figure 3.22: CP cylindrical DRA using 4-port conformal strip excitation with
a feed network (from [42]).

Figure 3.23: 4-port aperture coupled CP hybrid DRA: a) top view and b)
underside view feeding circuit. (from [43]).

3.5.2 Multi-port excitation and mutual coupling

Mutual-coupling between the excitation ports can significantly degrade the
AR performance [28, pp.174-178]. In a case of -10 dB coupling between two
excitation ports, the AR upper limit is 3 dB whereas -20 dB would set it
at 0.5 dB. Hence, eq. 3.42 is considered valid only when mutual-coupling is
negligible. Eq. 3.44 provides the upper bound of the AR in presence of mutual-
coupling [28]. The reflection coefficient Γ0 is given in eq. 3.45 where sij are
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the s-parameters of a dual-port fed DRA.

AR = 10log

(
1 + |Γ0|
1− |Γ0|

)
(3.44)

Γ0 =
1− s211 + s212

2s212
(3.45)

The electric field perturbation inside a DR due to the mutual coupling is
given in eq. 3.46 [28], where φ is the phase difference between Ex and Ey,
which is φ = π/2 in case of the geometrically orthogonal fields.

Ey = Exe
−j3φ 1− Γ0e

jφ

1− Γ0e−jφ
(3.46)

Figure 3.24 shows the AR performance as a function of the mutual cou-
pling between two excitation ports. The impact is also affected by the port
impedance matching or the S11-parameter, as shown in eq. 3.45. Obviously,
the AR degrades as mutual coupling increases and it is further compounded
by the impedance mismatch, especially when S11 > −10 dB. Figure 3.24 also
shows that the input impedance match has less impact on the AR performance
comparing to the mutual coupling. Hence, a design of a multi-port excited
CP DRA needs to be focused on minimizing the mutual coupling to achieve
a good AR performance.

3.6 Feeding network

It was shown in section 3.5 that the multi-port excitation provides significantly
wider AR beamwidth and BW comparing to the single-port excitation. How-
ever, the multi-port excitation requires use of a feed network to generate equal
amplitude and a phase quadrature, which adds to the size and complexity.

In case of a two-port excitation, as in [41], the phase difference between
the ports needs to be 90° and the input signal needs to be split once. For the
four-port excitation, as in the cases of [42, 43, 44], the relative phases shift
needs to be 0°, 90°, 180° and 270° for ports 1 to 4, respectively. The input
signal in this case needs to be split into four equal parts. The sign of the phase
shift depends to the polarisation sense in both cases.

This is typically achieved using a power-divider circuit, such as a hybrid
coupler, Wilkinson or a T-splitter [28]. A hybrid coupler also provides a
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Figure 3.24: AR vs. mutual coupling between excitation ports (from [28]).

90° phase shift whereas in case of the Wilkinson and T-splitter power dividers,
the phase delays need to be addressed in addition. The simplest approach is
to adjust the lengths of the microstrip branches after the power splitting as
in [42], see Figure 3.22. However, use of the physical length of a transmission
line can significantly add to the circuit size and increases the feed-line coupling.

In terms of the circuit size, a 4-port excitation network is more than twice
the size of a 2-port network. For a 2-port network, only one power divider and
phase shifting device is required whereas in case of a 4-port network three such
devices are required as shown in the examples of [42, 43]. Figure 3.25 shows a
feeding circuit layout of a 4-port CP DRA excited through aperture slots [43].
The first power splitter is a hybrid coupler that provides a 180° phase shift
between the two branches. The other two are 90° hybrid couplers designed as
the surface mount (SMT) components specifically to minimize the foot-print
of the circuit.
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Figure 3.25: 4-port slot excited CP DRA feeding circuit layout (from [43]).

3.7 Hybrid DRA

The term ”hybrid DRA” (hDRA) indicates a concept that combines a DR
resonance with additional resonances induced either by the antenna excita-
tion mechanism, DR boundary conditions or another coupled resonator. The
added resonances contribute to the antenna BW.

Examples of hDRA are antennas reported by Massie et al. in [43] and
Caillet et al. in [45]. These antennas use an additional resonance created by
the aperture slots and a meandered slot ring. Another example is the antenna
in [42], which uses four conformal strips around the cylinder circumference, see
section 3.5.1. The boundary conditions created by the metallic strips induce
an additional resonance above the DR primary resonance.

Lapierre et al. in [47] provides probably the best example of a hybrid
DRA. The antenna is based on an annular DR and a short electric monopole.
It combines resonances of the DR and electric monopole to provide an ultra
wideband response exceeding 3:1 of -10 dB impedance BW. Although, this
antenna is linearly polarized it could be considered in a multi-element config-
uration for this work.

Literature in general does not provide analytical tools for hDRA design
aside from the empirical results and observations. An exception is Caillet et al.
[45] where a meandered annular slot ring used to improve a DRA performance
is designed based on a microstrip-line-fed circularly polarized printed ring slot
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antenna. The slot ring is based on eq. 3.47 and it was demonstrated that the
ring increased BW as a result of an added resonance. The ring also improved
the far-field AR BW and beamwidth.

fr =
c

π(R1 +R2)

√
1 + εr

2εr
(3.47)

3.8 Finite size ground plane

Application of the image theory, as covered in section 3.2.6, assumes an infi-
nite size perfectly conductive ground plane. However, in practice that is never
the case. In [27, 28] it is emphasized that a finite size ground plane has a sig-
nificant impact on nearly all the DRA radiation parameters. Thus, a ground
plane of finite dimensions and its impact on a DRA performance needs to be
considered.

It was found that a smaller ground plane will distort the far-field radiation
pattern, increase back-lobe radiation, decrease the directional gain, increase
impedance BW and shift the resonance frequency [28, pp.164-167]. The di-
rection of the resonance frequency shift is mode dependent. The effects are
larger if a ground plane measures less than half of the free-space radiated
wavelength. This problem is also covered in [27, 30, 48].

Lim in [30] investigated effects of the circular ground plane size on an
HEδ11 mode resonant cylindrical DR. It was found that the ground plane size
increase reduces AR beamwidth and increases antenna directive gain. In case
of a ground plane diameter exceeding two free-space radiated wavelengths,
AR ≤ 3 dB is available only near the antenna zenith. In addition, it was
found that the input impedance traces a sinusoidal pattern as a function of
the ground plane size.

3.9 State of the art

The reviewed literature indicates that 4-port excited CP DRAs using a hybrid
concept of aperture slot coupling in a combination with a meandered slot ring
exceeds in performance all other CP DRA designs. A summary of CP DRA
designs provided in [49] shows that only single element CP DRA using 2 and
4-port excitation provide impedance BW exceeding 20%. Similar findings are
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also reported in [50].

A 4-port aperture coupled DRA reported by Massie et al. in [43, 12] show
an overall CP performance of over 33% of antenna’s BW. The impedance
BW in [43] exceeds the GNSS antenna requirements while the AR at the
boresight is under 1 dB over the entire band. The AR ≤ 3 dB beamwidth
ranges from 80° to 120°. The realised gain GR ≥ 0 dBic exceeds the impedance
BW, however, the GR ≥ 0 dBic beamwidth ranges from about 60° to 100° at
frequencies near 1.175 GHz and 1.6 GHz, respectively. Figure 3.26 shows the
experimental results of RL and AR measured at antenna’s boresight.

Figure 3.26: RL and AR vs. frequency of an aperture coupled 4-port hDRA
with a meandered slot ring (from [43]).

This antenna is relatively large. It uses a rectangular DR 50×50×24 mm
(L×W ×H ) made of af εr = 10 material. Due to a low dielectric constant and
relatively low frequency, the aperture slots are large, measuring 41×9 .4 mm
(ls×ws). Its large ground plane, measuring 160×160 mm (L×W ), is required
to accommodate the slots and the feeding network, see Figure 3.25. The ex-
perimental performances of this antenna are impressive considering that it
was the first wideband DRA designed specifically for the GNSS applications.

Massie et al. in [12] introduce a variation to the earlier design by replac-
ing the rectangular DR with a cylindrical one. The DR had a radius of 31.75
mm and height of 22 mm (r/h=1.4432). Similar performances were obtained,
however, the slots were reduced to 36×8.8 mm (ls×ws), which allowed a
smaller ground plane. The DR height was also reduced by 2 mm (8.3%). The
back-lobe radiation due to the large aperture slots was also reported.
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A further evolution and miniaturisation of the same antenna concept is
provided by Caillet et al. in [44]. This design uses a higher dielectric constant
material of εr = 30, which reduced DR size to r=19.05 mm h=15.11 mm
(r/h=1.2607). To allow uniform loading of the aperture slots, the rectangular
slots were replaced with confined arc shaped slots. A back plate housing
is added to enclose the feeding circuit and reduce the back-lobe radiation,
however, it added 13 mm to the total antenna height, see Figure 3.27.

Figure 3.27: Layout of four arc slot excited miniaturized hDRA (from [44]).

The new antenna reduced the DR height by about 7 mm while the ground
plane size was reduced to 100×100 mm, or about 61%. However, the total
antenna height increased by 5 mm due to the back plate addition. The an-
tenna performances are reduced, mainly due to the use of a higher dielectric
constant material. Figure 3.28 shows the experimental results for RL and AR
measured at antenna’s boresight.

A parametric analysis showed that use of a DR material of εr = 30 signif-
icantly reduced antenna assembly and fabrication tolerances. In particular, it
was found that an air-gap on the ground plane made by etching for the excita-
tion slots and DR positioning accuracy over the slots had the most significant
impact. The DR εr 10% error and the DR fabrication tolerances did impact
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the performances as well but to a lesser extent. In addition, the analysis had
shown that the ground plane size increase reduced the AR beamwidth, which
confirmed the findings reported in [30]. Also, it was shown that the antenna
absolute gain at the zenith and absolute gain BW were both reduced as a
result of the ground plane size increase, which is contrary to [28, pp.164-167].

Figure 3.28: RL and AR vs. frequency of miaturised hDRA (from [44]).

Caillet et al. in [45] further improved the concept by adding a meandered
slot ring in the antenna ground plane. The slot ring was added to create an
additional resonance to improve the antenna BW. Podilchak et al. in [46]
optimised the design and added a back cavity to further reduce the back-
lobe radiation. To eliminate the air gap between the DR and ground plane
a bonding film of the same dielectric constant was used. Figure 3.29 shows
the geometry of the PCB layout with the meandered slot ring and the cavity.
The lengths and angles are in millimeters and degrees, respectively.

The back cavity increased the antenna total height to 39 mm, which was
about 12 mm above the earlier design. In addition, the added meandered slot
ring reduced the area underneath the ground plane previously used for the
feeding network. That required addition of four coaxial pass-through inserts
to bring the signals outside of the back cavity, which further increased com-
plexity of the design. Figure 3.30 shows an exploded view of hDRA with a
meandered slot ring and back cavity.

Figure 3.31 shows simulated and measured reflection coefficients and RHCP
realized gain. The variations between the individually measured reflection co-
efficients are believed to be related to fabrication and assembly tolerances [46].
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Figure 3.29: hDRA with a meandered slot ring PCB layout and geometry
(from [46]).

Figure 3.32 shows the AR as a function of frequency at antenna’s broadside
and AR versus the beam angle (θ). A fabricated antenna is shown in the inset.

The antennas in [45, 46] improve upon the previous designs and address
some of the key problems that resulted from use of the higher dielectric con-
stant materials and large aperture slots for antenna excitation. Comparing
to the designs based on εr = 10 in [43, 12], the new antennas show a nar-
rower impedance BW. However, the realised directional gain GR ≥ 0 dBic
and AR ≤ 3 dB BW and beamwidth of the antenna in [46] is a significant
improvement.

Table 3.2 provides a performance summary of selected CP DRA that rep-
resent or directly contributed to the current state of the art. There are 5
performance parameters that were used to assess the antennas: impedance
BW, realised directional gain GR ≥ 0 dBic BW and beamwidth (BmW) and,
AR ≤ 3 dB BW and BmW. It is understood that the CP realised gain reflects
on the antenna AR performance but it is still used as a more obvious indicator
of the CP performance. Antennas in [41, 42] were not designed for GNSS but
they are included for comparison because of a different excitation mechanism.
Some of the performance and design parameters are unknown (UNK) for these
two antennas.

Table 3.3 provides a summary of the key design parameters of the same
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Figure 3.30: hDRA with a meandered slot ring and back cavity exploded view
(from [46]).

antennas. The following parameters were considered the most relevant: DR
shape (C-cylindrical and R-rectangular), DR dimensions, antenna total di-
mensions including the ground plane, DR dielectric constant εr, excitation
technique and the number of excitation ports.

The single-port excited CP DRAs were found to be a subject of many
publications due to an advantage of a simpler feed network. Typical AR ≤
3 dB BW for such antennas is below 4% while the AR beamwidth does not
exceed 60°. A significant effort has been made to increase the CP performance
of the single-port excited DRA. Several concepts were described in [49, 50],
however, the reported performances were still inadequate. In addition, the
dual-sense CP, which is one of the objectives of this work, cannot be obtained
using a single-port excitation approach.
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Figure 3.31: RL and realised gain of hDRA with a meandered slot ring (from
[46]).

Figure 3.32: Measured AR of hDRA with a meandered slot ring versus fre-
quency and beam angle (θ) (from [46]).
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Table 3.2: State of the art multi-port excited CP DRA performance summary.

Ant. BW (abs.) BW GR≥0 dBic AR≤3 dB
ref. (fL − fU ) [%] BW BmW BW BmW

[GHz] [%] [ ° ] [%] [ ° ]

[41] 5.0 - 5.75 13.7 UNK UNK 20 UNK

[42] 1.75 - 2.481 34.51 29.8 UNK 25.9 UNK

[43] 1.09 - 1.832 512 >33 60 to 100 >33 130 to 190

[12] 1.09 - 1.823 503 >33 80 to 90 >33 140 to 200

[44] 1.2 - 1.84 404 >25 90 to 120 37 150 to 190

[46] 1.25 - 1.60 25 42 140 >43 >180
1,2,3 Feeding circuit input impedance bandwidth.
4 1.4 - 1.7 GHz −10 < S11 < −7 dB

Table 3.3: State of the art multi-port excited CP DRA key design parameters.

Ant. DR DR dimensions Antenna Number
ref. shape (l×w×h) [mm] dimensions εr Excitation of excit.

or (r×h) [mm] (l×w×h) [mm] ports

[41] C 7 × 10.8 UNK 9.5 Probe/Strip 2

[42] C 20 × 20 200 × 200 × 21 9.5 Probe/Strip 4

[43] R 50 × 50 x 24 160 × 160 × 25 10 Slot 4

[12] C 31.75 × 22 160 × 160 × 23 10 Slot 4

[44] C 19.05 × 15.11 100 × 100 × 29 30 Slot 4

[46] C 19.05 × 15.11 86 × 86 × 39 30 Slot 4

3.10 Summary

In this chapter results of the literature review and state of the art of the CP
DRA and DRA for GNSS applications are presented. Through the review a
brief overview of the DRA is given covering their advantages and a concept
of operation. An emphasis was put the DR, as the key element of a DRA, by
covering the basic DR geometries and their resonant modes, radiation patterns
and the DR excitation techniques, which are the key to a DRA performance.
In addition, the techniques for CP generation, feeding networks, hDRA and
the finite size ground plane effects are covered as well.

The state of the art covers the DRA designed for GNSS applications and
other CP DRA concepts that could be adapted for the GNSS applications.
In the review, the emphasis was on the pros and cons of the used concepts,
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radiation performances and the key design parameters. The GNSS antennas
based on a DR were found to provide high performance yet in a compact form.
The highest performance antennas use 4-port excitation and a hybrid of the
aperture slot coupling with a meandered slot ring. The antennas using a high
dielectric constant DR (εr = 30) show high sensitivity to the assembly and
fabrication tolerances.

In the next chapter an attempt will be made to design a compact CP DRA
while relying on the existing body of knowledge and experience covered here.
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4 Cylindrical DRA design

In this chapter a design process of a DRA for GNSS applications is presented.
The design requirements are based on the thesis objectives as outlined in sec-
tion 4.1. In Chapter 3 it was shown that a DR based concept is a good and
flexible basis for a wideband and widebeam GNSS antenna in a compact form
factor. Here, different approaches are investigated while building on the ex-
isting body of knowledge and experience.

This chapter consists of 8 sections. In section 4.2 a DR shape is selected,
which is followed with a cylindrical DR design in section 4.3. Sections 4.4
and 4.5 cover CP generation and DR excitation, respectively. In section 4.6
effects of the finite size ground plane on DRA performances are investigated.
Based on the findings from sections 4.4, 4.5 and 4.6, the analytical DR design
results from section 4.3 are simulated and analyzed in section 4.7. Section 4.8
provides concluding remarks for this chapter.

In Appendix C additional findings regarding the probe excited cylindrical
DR are presented. An antenna concept is proposed based on the findings
from this chapter and antenna simulated performances are presented as well.
Appendix C is an extension to this chapter and further covers performance of
a 4-probe excited CP cylindrical DRA.

4.1 Objectives

The objective of this work is to investigate and validate a new compact all-
GNSS FRPA concept based on a DR for defense and industrial applications.
The new antenna should improve upon the current state-of-the-art by provid-
ing a lower profile antenna while meeting or exceeding current state-of-the-art
antenna radiation performances. This is further broken into the following
specific performance objectives:
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4.2. Dielectric resonator shape

1. A wideband or dual-band antenna providing 10 dB RL impedance from
1164 to 1300 MHz and from 1560 to 1606 MHz.

2. Dual sense circular polarization (CP).
3. 0 dBic realised gain bandwidth meeting or exceeding RL bandwidth.
4. 0 dBic realised gain beamwidth exceeding 140°.
5. 3 dB AR bandwidth meeting or exceeding RL bandwidth.
6. 3 dB AR beamwidth meeting or exceeding 0 dBic realised gain beamwidth.
7. Antenna size not to exceed 90 mm in diameter and 25 mm in height.

4.2 Dielectric resonator shape

In Chapter 3 it was shown that of the three basic DR shapes, the cylindrical
and rectangular have a lower DR profile and more design flexibility than the
hemispherical shape. However, a trade-off between the cylindrical and rect-
angular shapes is less obvious.

In section 3.9 two DRA were presented, where one was based on a cylindri-
cal and one on a rectangular DR [12, 43]. The two antennas show very similar
performance results, however, the cylindrical DRA had about 10% lower pro-
file. Similar findings are also confirmed in [50]. It was shown that for the same
εr and height, a cylindrical DR will have a lower resonant frequency compar-
ing to a rectangular DR. However, the impedance BW of the cylindrical DR
is slightly lower comparing to the rectangular one. This advantage diminishes
when εr > 15, as shown in [50].

The rectangular shape offers one design degree of freedom more comparing
to a cylindrical shape, as it was explained in section 3.2.4. However, that de-
gree is negated when the CP radiation is excited using a multi-port excitation
since a rectangular DR requires symmetry around two axis as shown in [43],
which implies that W=L.

Therefore, a cylindrical DR appears to have a small advantage comparing
to the rectangular shape, especially for εr < 15 and when the antenna profile
is considered. The BW advantage noted in [50] can be a factor, however,
considering the performance of the state of the art antennas in [12, 43], that
difference appears to be negligible.
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4.3. Design of HE11δ mode cylindrical dielectric resonator

4.3 Design of HE11δ mode cylindrical dielectric
resonator

A cylindrical DR is characterized by its height h, radius r, r/h aspect ratio
and εr. A cylindrical DR of both low and high r/h ratios can be made to res-
onate at the same frequency, however, the Q-factor will be different for such
two resonators [28, pp.17-18]. The objective here is to select the best trade-off
between the size and radiation performances.

In the following subsections a cylindrical DR is designed based a design
procedure outlined in [28, pp.25-29]. The described procedure is based on
the antenna resonant frequency f0, BW and RL requirements. In addition,
to the electromagnetic parameters the resonator physical size limitations are
considered as well.

4.3.1 Radiation mode

The first step is to identify a resonant mode for DR. In section 3.2.2 it was
shown that a free space suspended cylindrical DR can radiate in three different
modes: the transverse electric (TE ), transverse magnetic (TM ) and a hybrid
mode (HE ). The TE mode was eliminated earlier due to its high Q-factor
whereas in case of the TM mode, E -field is constant with the φ angle, hence,
it cannot support two orthogonal modes within one resonator.

The HE11δ is the only mode that supports CP since the E -field varies
with both the φ angle and radius r. Hence, due to cylinder’s geometric sym-
metry an infinite number of offset resonant fields around the circumference
can be supported. Therefore, excitation of two orthogonal modes 90° offset
around the DR circumference will generate a CP far-field radiation pattern.
The HE11δ mode has two other favorable features as well. It has the lowest
Q-factor for a cylindrical DR, hence, the largest impedance BW. And, it radi-
ates like an electric monopole parallel to a ground plane providing a broadside
radiation pattern.

A cylindrical DR also supports the higher order HE modes but in the lit-
erature they are scarcely mentioned. There is no empirical formula available
to calculate the resonant frequency of HE21δ and HE12δ modes. In the liter-
ature the resonant frequencies of these modes are given as ratios relative to
the HE11δ and TM01δ resonant frequencies [51].
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4.3. Design of HE11δ mode cylindrical dielectric resonator

The higher order HE modes have significantly higher Q-factor values,
hence, a narrower BW. Kajfez et al in [16] covers HE21δ and HE12δ modes
and notes that the HE21δ mode has a very high Q-factor and an undesired
radiation pattern. Guha et al in [52] reported on a cylindrical DRA radiating
in HE12δ providing a broadside radiation pattern similar to HE11δ and high
radiation efficiency but a narrow BW comparing to the HE11δ mode.

4.3.2 Quality factor Q and BW

The Q-factor for a DR is based on the BW requirements. The absolute BW
(BWabs) is calculated using eq. 4.1, where fL and fH are the lower (1164
MHz) and upper (1606 MHz) limits of the GNSS bands, respectively. The
resonant frequency f0 is assumed to match the center of the band and it
is calculated using eq. 4.2. Hence, the absolute BW is BWabs = 442MHz
and f0 = 1385MHz. Therefore, the required fractional BW is 0.32 or 32%
(eq. 3.34).

BWabs = fH − fL (4.1)

f0 = fL +
BWabs

2
(4.2)

To obtain the required radiation Q-factor (Qu ≈ Qrad, see section 3.3.1),
eq. 3.34 is re-arranged into eq. 4.3. For RL = 10 dB, VSWR is around 1.925
(eq. 4.4), which gives the required Qrad=2.23. Figure 4.1 shows Qu as a
function of the fractional BW.

Qu =
VSWR− 1√
VSWR BW

(4.3)

RL = 20log

(
VSWR− 1

VSWR+ 1

)
(4.4)

4.3.3 Dielectric constant εr

The dielectric constant εr requirements are estimated based on Qu found ear-
lier. Reference [28, pp.26] gives eq. 4.5 for the HE11δ mode Qrad as a function
of εr and r/h ratio. Figure 4.2 is generated using εr values for the common
commercial dielectric materials and for 0 .4 ≤r/h≤6 . The acceptable εr val-
ues are those that give a Qrad value at or bellow the required. Based on
Figure 4.2, for Qrad = 2.23 the only acceptable εr is 10 and for r/h ≥ 4.8177.
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4.3. Design of HE11δ mode cylindrical dielectric resonator

Figure 4.1: Unloaded Q-factor vs. fractional bandwidth.

However, in this case h and r are not bounded by the size restrictions. It
will be shown later that the Qrad is further restricted due to the dimensional
limitations.

Qrad = 0.01007 ε1.3r
r

h

{
1 + 100e−2.05( r

2h
− 1

80
( r
h
)2)
}

(4.5)

Figure 4.2: HE11δ mode Qrad vs. r/h ratio.
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4.3. Design of HE11δ mode cylindrical dielectric resonator

4.3.4 Wave number k0 r

The DR wave number k0 r is used to estimate DR dimensions for given values
of εr and r/h. Eq. 4.6 gives k0 r specific for HE11δ mode but independent of
the resonant frequency whereas eq. 4.7 gives k0 r as a function of the resonant
frequency f0, h and r/h ratio but independent of the radiation mode. A point
where two k0 r values calculated using eq. 4.6 and 4.7 intercept, indicates an
acceptable r/h value for a given resonant frequency, see Figure 4.3. Note that
in eq. 4.7 the DR resonant frequency f0 and height h are in GHz and cm,
respectively.

Figure 4.3 is generated using eq. 4.6 and 4.7 for εr = 12 and 16 ≤h≤ 30 mm
at f0 = 1385MHz versus 0 .4 ≤r/h≤6 . The figure shows an r/h value for
each given h, however, independent of the Q-factor.

k0r =
6.324√
εr + 2

{
0.27 + 0.36

r

2h
+ 0.02

( r
2h

)2}
(4.6)

k0r =
f0h

r
h

4.7713
(4.7)

Figure 4.3: HE11δ mode k0 r vs. r/h ratio for εr = 12 at 1385 MHz.
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4.3. Design of HE11δ mode cylindrical dielectric resonator

4.3.5 DR dimensions

Using the k0 r estimated from eq. 4.7, the radius r of a cylinder can be esti-
mated for a given εr using eq. 4.6. Figure 4.4 shows h vs. r for an HE11δ

mode resonant cylindrical DR at f0 = 1385MHz. The figure shows that the
height of a DR is inversely proportional to its radius, which is anticipated.

Considering the upper limits for h and r of 30 and 45 mm, respectively, the
available r/h range is further restricted. Based on eq. 4.5, Figure 4.5 shows
available Qrad vs. r/h ratio at f0 = 1385MHz when h and r are limited to
30 and 45 mm, respectively. Note that in Figure 4.5 Qrad on the left-hand
side (LHS) is limited by h while on the right-hand side (RHS) it is limited by r.

Table 4.1 shows the minimum available Qrad values under the same condi-
tions as in Figure 4.5. The minimum Qrad is limited by r, thus, the minimums
for all εr values ar at r = 45 mm, which is the maximum allowed. The min-
imum available Qrad = 5.42 for εr = 10, which obviously does not meet the
required Qrad ≈ Qu = 2.23.

Table 4.1: HE11δ mode minimum Qrad at 1385 MHz for r = 45 mm.

εr h r/h Qrad
[mm]

10 19.36 2.3232 5.42

12 17.28 2.6020 6.14

15 15.09 2.9768 7.03

20 12.73 3.5341 8.18

30 10.13 4.4378 10.24

Table 4.2 and 4.3 provide dimensions and theoretical Qrad values for a
HE11δ mode resonant cylindrical DR at 1385 MHz for εr 10 and 12. The
dimensions are obtained from eq. 4.6 and 4.7 for a range of given h values
18 ≤h≤30 mm and 0 .4 ≤r/h≤6 . The Qrad values are obtained from eq. 4.5
for the r/h values found for Figure 4.3.

All the findings this far indicate that the required Qrad cannot be met
based on a simple cylindrical DR. The results also shows that the minimum
Qrad values exists for highest r/h ratios. However, this work will continue
considering that eq. 4.5 and 4.6 are only a good starting point [28, pp.25]. As
a part of further investigation, results from Table 4.2 and 4.3 will be simulated.
Before the simulations can be conducted, the excitation mechanism needs to
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4.3. Design of HE11δ mode cylindrical dielectric resonator

be designed and impact of the finite size ground plane investigated. These are
provided in the subsequent sections.

Figure 4.4: DR h vs. r for HE11δ mode at 1385 MHz.

Figure 4.5: Available Qrad vs. r/h at 1385 MHz for r≤45mm and h≤30mm.
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Table 4.2: HE11δ mode DR dimensions for εr = 10 at 1385 MHz.

h r/h r Qrad
[mm] [mm]

20.0 2.119 42.38 5.87

22.0 1.672 36.79 6.84

24.0 1.387 33.29 7.34

26.0 1.187 30.86 7.56

28.0 1.038 29.07 7.61

30.0 0.923 27.70 7.55

Table 4.3: HE11δ mode DR dimensions for εr = 12 at 1385 MHz.

h r/h r Qrad
[mm] [mm]

18.0 2.295 41.30 6.95

20.0 1.745 34.89 8.48

22.0 1.415 31.14 9.25

24.0 1.194 28.64 9.58

26.0 1.033 26.86 9.64

28.0 0.911 25.51 9.55

30.0 0.815 24.46 9.36

4.4 Circular polarization feeding network

This work does not include a feeding network design. Instead an antenna
feeding circuit previously designed and fabricated for testing of the antennas
described in [44, 45, 46] will be used. It is a broadband circuit designed
specifically for 4-port GNSS antennas excited in a quadrature [53], see Figure
4.6.

4.5 Dielectric resonator excitation

The literature shows that the slot aperture coupling has significant advantages
in terms of the impedance BW over the other studied techniques (Table 3.2
and 3.3). However, at the GNSS frequencies the required slot area is signif-
icant relative to the DR footprint. In case of the antennas in [12, 43], the
slots were not confined to the DR footprint due to their size, whereas the
arc-shaped slots in [44, 46], which were confined, occupied over 77% of the
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Figure 4.6: Antenna feeding circuit.

DR footprint.

Due to a large slot area, all of the studied slot coupled GNSS antennas
experienced significant back-lobe radiation [12, 44, 46]. Use of a back cavity
to contain the back-lobe radiation significantly increased antenna complexity
and size [46]. In addition, the position of the slots in all of the cases was
not optimal for the HE11δ mode. To accommodate all 4 slots they had to be
moved towards the DR edges. An edge position is sub-optimal as shown in
sections 3.2.2. Therefore, use of the aperture slots for 4-port DR excitation
does not appear to be the best option.

The co-planar and microstrip line excitation techniques are excluded pri-
marily because of their susceptibility to the surface-wave interference and
feeding network line coupling. The line coupling could be eliminated by plac-
ing the feeding network under the ground plane. However, the surface-wave
susceptibility would still remain.

Use of a probe-based excitation at the lower frequencies where aperture
coupling is not feasible is suggested in [27, pp.189]. It is also suggested that
the impedance matching can be achieved by adjusting the probe height and
position. Use of the probe radius as a design parameter is not mentioned in
the literature. For HE11δ mode excitation in both [27] and [28], a probe is
usually located at a DR outer edge just touching its surface, however, the im-
pact of the contact area on the coupling efficiency is not addressed in the texts.

When a high permittivity material is used, coupling between a probe and
DR becomes sensitive to the probe location and the interface between the two
[27, pp.189]. A conformal strip is a variation of the probe but with additional
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parameters such as width, height and shape. All three can be used to improve
impedance matching as shown in Figure 3.22.

Therefore, the HE11δ mode excitation using a probe based technique
should provide more effective coupling than the slot aperture in case of a
4-port excitation at the GNSS frequencies. In addition, it would eliminate re-
quirements for the back cavity, which was found to be the main disadvantage
of the state-of-the-art antennas (section 3.9). In terms of the performances, it
was shown in [42, 50] that the conformal strips can provide similar impedance
BW and comparable to those reported for the slot aperture coupled antennas
in [43, 44, 46].

4.5.1 Design of probe based coupling

The literature does not describe any design techniques for the probe based DR
excitation. To investigate performance of a simple round probe and confor-
mal strip excitation both cases were simulated using the High Frequency Solid
Structure modeler (HFSS), which is a finite element electromagnetic simulator
[6]. The radiation boundary was set as a 2nd order absorbing boundary or
the perfectly matched layer (PML), as described in the HFSS documentation.

The simulated antenna was based on a cylindrical DR designed in section
4.3, see Table 4.3. A DR resonant at 1385 MHz of εr = 12, r = 28.64 mm and
h = 24.0 mm (r/h = 1.194 ) placed on a ground plane of rGP = 200mm was
used. The probe was fed through the ground plane using a 50 Ω via-through.
The 50 Ω via-through was designed using the HFSS optimization tool where
the via pad radius and pad to ground plane radius (Figure 4.7.d) were opti-
mised for a minimum RL.

To investigate impact of 1 vs. 4-port excitation and a simple round probe
vs. conformal strip, all four cases were simulated. To simulate both, the round
probe and conformal strip, under the same conditions, the first step was to find
ideal dimensions and positions for both. In case of the round probe, the radius,
height and probe position with respect to the DR edge were varied, whereas
in case of the strip its height, width and the transition from the via-pad were
varied (Figure 4.7). Using the HFSS optimization tool, both concepts were op-
timised for the maximum impedance BW within a band centered at 1385 MHz.

The results show that an ideal height for both probe and strip is the same
as the resonator height, which confirms findings reported in [50, 42]. An ideal
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round probe appears to be a very thin wire half embedded into the DR body.
This finding confirms that a probe requires a finite surface contact area with
a DR. To keep it within the realm of fabrication possibilities, the minimum
probe diameter was limited to 0.5 mm.

In case of the conformal strip, it was found that the width tends to converge
around around 2.16 mm. Tapering the strip over the first 10% of its length
appears to provide minor performance improvements. Figure 4.7 shows details
of the thin probe and conformal strip line obtained through the described
optimization process. The dimensions for the conformal strip line obtained
using the optimization tool are shown in Figure 4.7.e.

Figure 4.7: Probe and conformal strip excited DR: a) probe, b) conformal
strip, c) via-pad to strip tapered transition, d) via-pad and ground plane
detail and e) conformal strip optimised dimensions.

4.5.2 Probe based coupling performance

The S11 parameter and antenna radiation efficiency factor (ηant) are shown
in Figure 4.8, whereas performance summaries are provided in Table 4.4 and
4.5. The strip line appears to provide better impedance BW comparing to
the thin wire probe. The difference is especially significant in case of the 4-
port excitation where the strip line provides 17.2% vs. 10.0% impedance BW
provided using 4 thin wire probes. It is also interesting that the 4-port input
impedance resonant frequency shifts up by about 5.8% relative to the 1-port
excitation for both the probe and strip line.
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At the same time, the 4-port excitation appears to shift the peak ηant by
about 11% below the 1-port excited DR for both the thin wire probes and
conformal strips (Table 4.5). In addition, the peak ηant does not match the
impedance resonant frequency and it is lower by more than 10% in case of
the 4-port excitation. For the DR excited using 4 conformal strips, the peak
radiation efficiency is at 1315 MHz whereas the impedance resonant frequency
is at 1450 MHz. In case of the 4 probes, the results are similar. This likely
indicates that the addition of multiple probes modifies the DR boundary con-
ditions, which is more evident in case of the conformal strips because of a
larger contact area.

Effects of the 4-probe coupling on AR and realised gain (GR) beamwidth
and BW were investigated as well. Both AR and GR beamwidth and BW do
not appear to be significantly affected and show similar results for both the
thin wire probes and conformal strips, see Figure 4.9 and 4.10. It is interesting
that both AR < 3 dB and GR > 0 dBic BW at antenna boresight exceed the
10 dB RL impedance BW by a factor of two.

Figure 4.8: S11 and ηant of 1 and 4-probe HE11δ mode excited DR.

Overall, the conformal strip approach appears to provide better perfor-
mances, ease of fabrication and more degrees of freedom for impedance match-
ing comparing to a simple thin wire probe. Although there are no noticeable
advantages in the cases of the AR and GR beamwidth and BW performances.
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Table 4.4: Resonant frequency, BW and QL of 1 and 4-port HE11δ mode DR.

Excit. No. fr fL fH fc BW QL

type Ports [MHz] [MHz] [MHz] [MHz] [MHz] [%]

Probe 1 1400 1334 1457 1396 123 8.8 7.56

Strip 1 1380 1318 1443 1381 125 9.1 7.36

Probe 4 1460 1382 1528 1455 146 10.0 6.64

Strip 4 1450 1337 1588 1463 251 17.2 3.88

Table 4.5: ηant of 1 and 4-port HE11δ mode excited DR.

Excitation No. Max. ηant ηant
type Ports f [MHz]

Probe 1 1400 0.990

Strip 1 1380 0.985

Probe 4 1380 0.850

Strip 4 1315 0.875

Figure 4.9: AR and GR bandwidth of 4-probe HE11δ mode excited DR.

4.6 Finite size ground plane

In this section results of an investigation of the finite size ground plane effects
on the DRA radiation properties are presented. The work is based on the
same antenna concept used in section 4.5 but it focuses only on the 4-port
excitation using the thin wire probes and conformal strips. The ground plane
radius rGP of 50 mm, 100 mm and 200 mm is used, which represent about
λ/4, λ/2 and λ of the free-space propagation wavelength λ0 for the lowest
simulated frequency (1.1 GHz), respectively.
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4.6. Finite size ground plane

Figure 4.10: GR and AR beamwidth of 4-probe HE11δ mode excited DR.

Figure 4.11 shows the RL and ηant responses. For both excitation cases
the ground plane size has a minor impact for rGP ≥ λ/2, which confirms ob-
servations reported in [30]. The BW difference observed earlier between the
thin wire probe and conformal strip is not affected by the ground plane size.
However, for the λ/4 ground plane, the resonant frequency and peak ηant both
appear to shift lower. The RL BW does not appear to be affected significantly.
In addition to being shifted in frequency, the peak ηant also increased by about
10% for both excitation cases. This is not anticipated and not mentioned in
the literature.

The ground plane size appears to have a minor impact on the AR BW at
the antenna zenith. For all the sizes and both excitation techniques antenna
maintains AR < 1 dB from 1.1 to 1.9 GHz (Figure 4.12). In contrast, the
realised gain BW (GR > 0 dBic) is affected by the ground plane size. It is the
highest for λ/2 and shows a coverage from approximately 1.05 to 1.75 GHz
and 1.05 to 1.72 GHz in case of the conformal strip and thin wire probe exci-
tation, respectively. The lowest realised gain BW is for λ providing a coverage
from approximately 1.14 to 1.68 GHz for both excitation techniques.

The AR and GR beamwidths are significantly more affected by the ground
plane size and the impact in both cases appears to be inversely proportional,
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4.7. Simulated DR radiation performances

Figure 4.11: Ground plane size impact on RL and ηant of a 4-port excited
cylindrical DR.

as expected, see Figure 4.13. The impact is consistent for both test frequen-
cies, 1.35 and 1.55 GHz. For the λ ground plane radius, the radiation pattern
does not have a maximum at the zenith. The same effects were also reported
in [30] where it was attributed to the field diffraction from the ground plane
edges.

The AR and GR beamwidth simulation was done only for 4-port excitation
using the thin wire probes. The thin wire probe appears to have less of an
impact on the DR boundary conditions, which allows for easier isolation of
the ground plane size effects.

4.7 Simulated DR radiation performances

Now that the key elements of a DRA have been investigated, the results of
the DR design presented in section 4.3 can be assessed. The objective is to
compare the BW and Q-factor values obtained analytically with the results
based on simulations. The Q-factor estimated based on the RL in this case is
QL .

The set of DRs εr = 12 from Table 4.3 designed for the HE11δ mode
and ranging in height from 18 to 30 mm were simulated in a frequency range
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Figure 4.12: Ground plane size impact on AR and GR BW of a 4-port excited
cylindrical DR.

Figure 4.13: Ground plane size impact on AR and GR beamdwidth of a 4-port
excited cylindrical DR.
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4.7. Simulated DR radiation performances

between 1.1 and 2.4 GHz in steps of 20 MHz. To minimize the the impact
on the DR boundaries, the DR was excited using one thin wire probe of the
same length as the DR height. The probe radius was 0.25 mm and it was
fed through the ground plane. The ground plane had a radius of 200 mm or
approximately one λ.

4.7.1 Resonant frequency and impedance BW

Figure 4.14 shows the antenna simulated S11 and ηant responses. The first
resonance appears between 1370 and 1530 MHz, which is the HE11δ mode,
while the second resonance appears between 1680 and 2310 MHz, which is the
TM01δ mode. Note that TE01δ mode cannot be excited when 4-port excitation
fed in quadrature is used, which is confirmed in Figure 4.14.

Figure 4.14: Simulated S11 and ηant for 1-probe excited DR of εr = 12.

Table 4.6 and 4.7 summarize the simulated resonant frequency, Q-factor
and BW performances. Poor input impedance for DR heights of 18 and 20 mm,
corresponding to r/h ratio of 2.295 and 1.745, respectively, is noticeable. The
resonant frequency f0 for h ≥ 24mm (low r/h ratio) appears to shift upward
as h is increased and r/h ratio is decreased. The same trend is observed for
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4.7. Simulated DR radiation performances

the TM01δ mode. The DR resonances based on the S11 and the peak ηant
responses match for all the design cases.

Table 4.6: HE11δ mode simulated resonant frequency.

h r/h fr fr err. fL fH fc
[mm] [MHz] [MHz] [%] [MHz] [MHz] [MHz]

18.0 2.295 1370 -15 -1.1 - - -

20.0 1.745 1370 -15 -1.1 - - -

22.0 1.415 1370 -15 -1.1 1331 1415 1373

24.0 1.194 1400 15 1.1 1334 1457 1395

26.0 1.033 1450 65 4.7 1390 1504 1447

28.0 0.911 1490 105 7.6 1430 1533 1481

30.0 0.815 1520 135 9.7 1464 1562 1513

Table 4.7: HE11δ mode simulated BW and Q-factor.

h r/h BW QL QL Qu
[mm] [MHz] [%] (Sim.) (Design) (Design)

18.0 2.295 - - - 3.13 6.25

20.0 1.745 - - - 3.95 7.9

22.0 1.415 84 6.1 10.9 4.55 9.1

24.0 1.194 123 8.8 7.6 4.75 9.5

26.0 1.033 114 7.9 8.5 4.8 9.6

28.0 0.911 103 6.9 9.6 4.7 9.4

30.0 0.815 98 6.5 10.3 4.25 8.5

For h ≥ 24mm the ηant is higher for the HE11δ mode by 5 to 15% com-
paring to the TM01δ mode. This is expected considering that the position of
the probe on the DR edge is not optimal for the TM01δ mode excitation.

The simulated QL values in Table 4.7 were calculated from the RL data.
For the design QL it is assumed that QL ≈ Qu/2 based on another assumption
that the design DRs are connected to matched transmission line. Then the
design is Qrad ≈ Qu ≈ Qext (section 3.3.1).

The resonant frequency error for 18 ≤ h ≤ 24mm and 2.295 ≥ r/h ≥
1.194 is around 1.1%. However, for h > 24mm and r/h < 1.194 the error in-
creases, reaching 9.7% at h = 30mm (r/h = 0.815), which is unexpected con-
sidering that the r/h ratio is well within the design limits (0 .4 ≤ r/h ≤ 6 ).
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The highest RL BW is achieved for h=24 mm (r/h=1.194 ). The achieved BW
is 135 MHz or 0.088 (8.8%), which corresponds to QL = 7.6 or Qu = 15.2.
This is about 5.7 points worse than it is predicted by the design. Overall, the
simulated Qu values show discrepancies exceeding 100%, see Table 4.7.

4.7.2 Radiation mode

To confirm the DR radiation mode, the far-field radiation patterns and internal
fields were investigated for a DR of h = 24 mm (r/h = 1.194) and εr = 12. In
Figure 4.15.a, the far-field radiation at 1375 MHz shows a broadside radiation
pattern that resembles a horizontal dipole, which matches the HE11δ mode.
At 2070 MHz the radiation pattern resembles a vertical quarter-wavelength
monopole, which matches the TM01δ mode.

Figure 4.15.b shows H -field in the equatorial plane at 1375 MHz. The
field pattern matches the HE11δ mode pattern described and shown in [16].
It is interesting that the excitation probe position on the edge of DR is not
optimal for the TM01δ mode, however, the radiation efficiency of the TM01δ

mode exceeds 90%, which is unexpected.

Figure 4.15: a) Far-field radiation patterns at 1375 MHz (HE11δ) and 2070
MHz (TM01δ) modes and b) HE11δ mode equatorial plane H -field at 1375
MHz.
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4.7.3 Summary of findings

The HE11δ mode simulated results only partially confirm analytical predic-
tions from section 4.3. The most significant finding is related to the Q-factor
performance. Results show that the simulations do not confirm QL predicted
by the analytical design. However, that should not be a surprise since the
accuracy of the Q-factor deteriorates as the dielectric constant decreases [27,
pp.143]. Figure 4.16 shows several cases of theoretical, simulated and experi-
mentally obtained QL data sets vs. the r/h ratio. The theoretical QL data are
based on Qrad calculated using eq. 4.2 for εr of 10, 12 and 27. It is assumed
that QL ≈ Qu/2 as explained in section 4.7.1.

Figure 4.16: HE11δ mode simulated and design Q-factor vs. r/h ratio.

Based on the five simulatedQL data points covered in section 4.7 for εr=12,
the QL value is the lowest around r/h = 1.194 (h = 24 mm). However, based
on theoretical data for εr=12, it is anticipated that QL would be the highest
for 0 .9 ≤ r/h ≤ 1 .3 then gradually decreasing for r/h ≥ 1 .2 . In addition
to unconfirmed trend between the simulated and theoretical, the simulated
QL values are significantly higher showing a difference ranging between 50
and 100%.
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For the two cases of optimised DR dimensions, the QL values are closer
to the theoretical predictions. The DR dimensions were optimised for the
number of excitation ports, type of excitation (thin-wire probe vs. conformal
strip) and ground plane size, see Appendix C. The two data points show that
an optimised DR can have significantly lower QL .

The four data points based on the experimental results from the literature
show a trend similar to the optimised DR cases already covered. The data
point from [44], which is based on a 4-port aperture coupled εr = 27 DR,
shows QL well outside the theoretical limits. However, the design is considered
hDRA, which implies resonator loading. The data points from [12, 41, 42] are
based on RL measurements at the feeding network input. Hence, they do
not indicate DR performance but rather the feeding network performance.
Nevertheless, these points are included for reference purposes.

4.8 Conclusion

In this chapter a design process for a CP GNSS antenna based on a cylindrical
DR was presented. Based on the simulation results, it is shown that a DRA
based on a cylindrical εr = 12 DR excited using 4 conformal strips fed in a
quadrature can not meet the thesis objectives. In addition, it is also shown
that the analytical design process commonly used in the literature does not
provide sufficient indications of antenna performances at least for the HE11δ

mode. Significant discrepancies are also shown between theoretical and simu-
lated QL . The two simulation experiments described in Appendix C confirmed
that an optimum DRA design needs to consider all the antenna key elements
such as excitation technique, number of excitation ports, ground plane size
and impedance matching in addition to the DR dimensions, shape and εr.

In the next chapter an attempt is made to further improve the antenna
radiation performances and to reduce the mutual coupling between the exci-
tation ports by DR loading using periodic structures.
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5 Annular DRA with periodic
loading

In this chapter techniques to improve the radiation performances of a cylin-
drical DRA are reviewed and investigated. In Chapter 4 it was shown that
a simple cylindrical DR shape alone can not attain the desirable bandwidth.
Such response could be anticipated considering that the required Q-factor ex-
ceeds the DR theoretical for any given εr in a range of 10 ≤ εr ≤ 30.

In the literature, a DRA bandwidth is usually defined by the input impedance,
hence, the bandwidth enhancement techniques described in the literature
mostly address the improvements to the impedance response. However, based
on Rao et al [5], a GNSS antenna minimum gain bandwidth might be a bet-
ter indication of a true performance than the impedance bandwidth. Similar
statements are also made by Luk et al in [27, pp. 177-209].

5.1 Review of bandwidth enhancement techniques

Luk et al in [27, pp.177-209] and Petosa in [28, pp.119-148] both cover DRA
bandwidth enhancement techniques. The discussed techniques are based on
the dielectric constant, resonator loading, hybrid DRA, use of multiple res-
onators and use of the external matching networks.

5.1.1 Dielectric constant

Reducing the dielectric constant is the simplest way to lower the Q-factor
and thus increase the antenna bandwidth. However, as the dielectric constant
is reduced, the resonator size will increase for a given resonant frequency,
which is not desirable in this case where a compact and low-profile antenna is
required. In addition, it was shown in in Appendix C that use of εr = 10 did
not significantly increase antenna impedance bandwidth comparing to εr = 12.
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5.1. Review of bandwidth enhancement techniques

In fact, it appears that impedance matching is more difficult to achieve for
the lower εr.

5.1.2 Impedance matching

The impedance matching networks such as quarter-wave transformers and
stubs can be used to increase the DR impedance and radiation bandwidth.
Such networks are usually placed after the DR coupling mechanism, but some-
times they can be incorporated within the coupling mechanism itself. An
example of the latter is a microstrip-fed aperture-coupled DR, where a mi-
crostrip stub extends past the slot, see section 3.4.1 and Figures 3.14 and 3.15.

Optimization of DR coupling mechanism to improve the bandwidth is
another option. An example is use of the conformal strip width and shape
as it was shown in section 4.5. Use of the external matching networks is not
desirable since they require additional real-estate and increase the insertion
losses, which as a consequence degrade the radiation efficiency of the antenna.

5.1.3 DR loading and hybrid DRA

Based on [27], loading a resonator can provide a modest bandwidth improve-
ment, however, there may be degradations to the radiation pattern, increased
cross-polarisation levels and radiation symmetry distortions. An advantage is
that the DR size increase is usually minimal. The basic idea behind the DR
loading is to introduce such boundary conditions that would add resonances
or broaden the existing ones. The described concepts are based on DR shape
modifications, such as added notches, microstrip patch loading, ground plane
apertures and metallic strips.

The concept of hybrid DRA is found frequently in the literature, however,
a theoretical coverage of that subject is absent in the textbooks. Frequently,
the term DR loading is used interchangeably with the term hybrid DRA. Al-
though the impact in both cases is similar, a hybrid concept may involve other
antenna additions but DR loading. An example is use of a meandered slot
ring in the antenna ground plane in [46]. It is also important to note that
the hybrid DRA is the only bandwidth enhancement technique that allows
improvements beyond the DR theoretic limits.

In section C.2.2 it was demonstrated that an antenna fed using width op-
timised conformal strips shows a secondary resonance and significantly wider
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5.2. Annular DR

bandwidth comparing to an antenna fed using the thin wire probes and unop-
timized strips. In that case the strips were acting as a DR load and modifying
its boundary conditions.

5.1.4 Use of multiple resonators

Combining multiple resonators in both stacked and coplanar configurations is
another of the bandwidth enhancement techniques. However, for this work is
not considered due to a potential significant total antenna size increase.

5.1.5 DR and engineered surfaces

Use of the engineered surfaces such as the Electromagnetic Band Gap (EBG)
structures to improve various antenna designs is well covered in the literature
[54, 55, 56]. However, use of EBG in a combination with DRA is not common
based on the reviewed literature. For this work, several concepts to employ
EBG were investigated including DR loading, impedance matching and the
antenna ground plane shaping. Loading a DR using EBG structures makes a
considerable part of this chapter as will be shown in section 5.3.

Use of an EBG based structure to replace the back-cavity of a hDRA
antenna in [46] was proposed in [57]. It was hypothesized that a thin EBG
based back-plane could be designed to replace the back-cavity. A concept of
an artificial back-plane was developed based on a two-dimensional (2D) EBG
cell array. An in-depth investigation was conducted, however, the results were
unsatisfactory.

5.2 Annular DR

The concept of an annular or ring DR is well covered in [28, pp. 91-96]. A ring
is formed by removing a cylindrical section of radius b of the central portion of
the resonator, see Figure 5.1. Removing the central portion results in lower-
ing of the effective dielectric constant, which lowers Qrad, hence increasing the
bandwidth. For the TM01δ mode a two to three-fold DR diameter increase is
required to achieve 3 to 14 times Qrad reduction due to a resonant frequency
increase [28, pp.128-129]. This is due to effective dielectric constant and r/h
ratio changes.

The literature only discuses the TM01δ mode resonant antennas based on
an annular DR, which radiate like a short vertical electric monopole. The
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best example is in [47], where an ultra wideband response exceeding 3:1 was
demonstrated. Existence of the HE11δ mode in an annular DR is not con-
firmed in the literature. It is a different structure and there is no evidence
that it supports the same resonant modes to those of the cylindrical DR.

Figure 5.1: Annular dielectric resonator.

A hypothesis is made that the HE11δ mode is likely to exist for higher r/b
ratios (i.e. when less material is removed). This is possible since for a small
radius b, the annulus is likely only to reduce εeff and allow perseverance of
the HE11δ mode fields. A probe located in the center of a DR, as shown in
Figure 3.17.b, excites the TM01δ mode, whereas feeding a DR closer to the
outer diameter will excite the HE11δ mode as in case of a solid cylinder. Thus,
exciting the HE11δ mode should be a simple exercise.

5.2.1 Design of annular DR for HE11δ mode

To confirm the above hypothesis the first step was to develop a basic mathe-
matical tool as a starting point. The only design equations available are for
the TM01δ mode in [28, pp.91-97]. Eq. 5.1 gives a resonant frequency f0
where c is the speed of light and X0 is given by eq. 5.2. Eq. 5.2 is a numerical
solution of the first order Bessel functions of the first and second kind J1 and
Y1, respectively, see eq. 5.3.
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J1(X0)

Y1(X0)
=
J1(
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rX0)

Y1(
b
rX0)

(5.3)

In the next step the resonant frequency ratios for HE11δ and TM01δ modes
as a function of r/h ratio were estimated from the experimentally obtained
data in Figure 4.14. Figure 5.2 shows the HE11δ and TM01δ modes resonant
frequency ratio f0HE11/f0TM01 vs. the r/h ratio. Using a polynomial fit on the
f0HE11/f0TM01 ratio data points from Figure 5.2 gives eq. 5.4. Solving eq. 5.1
and eq. 5.4 for a given r/h allows estimation of the resonant frequency of an
HE11δ mode resonant annular DR.

Figure 5.2: HE11δ and TM01δ modes resonant frequency f0HE11/f0TM01 ratio
vs. r/h ratio.
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r
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( r
h

)3)
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The presented method makes a broad assumption that the f0HE11/f0TM01

ratio follows the same pattern for both the solid cylinder and annular DR.
In addition, the method is possibly valid only for r/h in a range between
0.8 ≤ r/h ≤ 2.3 (the range of available r/h data). Although, there is no way
to easily verify the accuracy of this method, it is the only available in this case.

Based on the procedure described above, dimensions for εr = 12 DR res-
onant at 1385 MHz were found as r = 36 mm, h = 27.3 mm and b = 12.75
mm. This design was then optimised using the HFSS optimization tool. The
DR dimensions converged at r = 34.3 mm, h = 23.59 mm and b = 10.46
mm for r/h and b/r ratios of 1.454 and 0.305, respectively. An impedance
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matching network described in section 5.5.1 was used as well. The responses
of the DRA are shown in Figure 5.3 whereas Figure 5.4 shows the equatorial
plane H -fields at 1.23, 1.35 and 1.58 GHz. The DR appears to be resonant at
1.35 GHz, which is below the design (1385 MHz).

Figure 5.3: Unloaded annular DR S11, realised gain and ηant.

Figure 5.4: Annular DR equatorial plane H -field: a) 1.230 GHz, b) 1.35 GHz
- resonant frequency and c) 1.58 GHz.

The results confirm the hypothesis that the HE11δ mode can be excited
in an annular DR. However, the antenna shows no bandwidth improvements
comparing to the antennas using a solid cylinder DR of similar dimensions
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and ratios, see sections C.1 and C.2.2. Therefore, use of an annular did not
provide any significant bandwidth improvements, however, the antenna based
on the annular DR is 0.8 mm (3.3%) shorter comparing to the solid cylinder
DR (section C.2.2).

The exercise shows that an annular DR can be an alternative to the cylin-
drical DR while potentially offering minor improvements. In particular, the
annular DR has a lower profile. Table 5.1 provides dimensions of the annular
and cylindrical DRA parameters used in this investigation. The cylindrical
DRA parameters from the antenna in section C.2.2.

Table 5.1: Annular and cylindrical DR and antenna dimensions.

Parameter Annular DR Cylind. DR Description
[mm] [mm]

b 10.46 - DR inner radius

h 23.59 24.40 DR height

r 34.30 30.80 DR radius

r/h 1.454 1.263 DR radius to height ratio

rGP 45.00 45.00 Ground plane radius

wes 2.10 2.10 Excitation strip width

εr 12 10 DR dielectric constant

5.2.2 Loaded annular DR

In this section a loaded annular DR is investigated. In [28, pp. 97-98 and 157-
159] a TM01δ mode resonant annular ring DR loaded with a solid grounded
post is described. The reference provides similar methodology as in case of the
unloaded annular DR covered in section 5.2.1. It is stated that a grounded
post modifies the DR internal fields forcing the TM01δ mode to be lowest
mode, hence effectively reducing the size of a DR.

Existence of theHE11δ mode in an annular DR loaded with a solid grounded
post is not mentioned in the literature. The initial reaction to this concept was
negative considering that the HE11δ mode fields have the highest intensity at
the DR core [16], hence, presence of a grounded post was counter intuitive.
However, after a closer inspection it appeared that presence of a ground plane
at the core would allow the HE11δ mode E -field lines to terminate perpendicu-
larly, therefore allowing the mode to exist. Thus, a hypothesis was made again
that an annular DR with a grounded core could effectively reduce the DR size
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and lower Qrad, as described in [28, pp. 97-98 and 157-159] for the TM01δ

mode. In addition, it was believed that a termination of the E -field lines at
the core would reduce the mutual coupling between the opposing ports, which
was found to be an issue with the solid cylinder DR.

Different forms and variations of an annular ring core loading were inves-
tigated. The first step was to investigate DR responses to a solid post and
its variations. Figure 5.5 shows six grounded electrically conductive loads and
their corresponding surface currents Jsur at 1585 MHz: a) solid post, b) hol-
low cylinder, c) hollow cylinder with 4 vertical cuts, d) hollow cylinder with
8 vertical cuts, e) hollow cylinder with 16 vertical cuts and f) dual-row in-
terleaved wedge-like periodic structure. All loads were used on the same DR
described earlier in section 5.2.

Figure 5.5: Annular ring DR loading and corresponding surface currents at
1585 MHz: a) solid post, b) hollow cylinder, c) hollow cylinder with 4 vertical
cuts, d) hollow cylinder with 8 vertical cuts, e) hollow cylinder with 16 vertical
cuts and f) dual-row interleaved wedge-like periodic structure.
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Figure 5.6 shows that all of the loads show two distinctive pass-bands
whereas total combined BW is significantly smaller compared to a cylinder and
annular DR (Figure C.3 and 5.3). Radiation efficiency and antenna realised
gain at the zenith are lower comparing to an unloaded DR. There is no notable
differences between the hollow cylinder and solid post loading (Figure 5.5.a-
b), including the surface current density Jsur. Adding vertical cuts to the
hollow cylinder adds a stop-band within the lower pass-band. The stop-band
frequency is affected by the number of cuts.

Figure 5.6: Antenna S11, realised gain and ηant for various annular DR core
loads.

5.3 Periodic structure loaded annular DR

Use of the periodic structures as an annular DR load is a novel concept.
This concept was developed and validated from empirical observations of the
surface currents Jsur on a grounded cylinder and its variations described in
section 5.2.2 (Figure 5.5.a-e). Based on surface currents density it is obvious
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that there is a strong interaction between the DR and the load surfaces due
to termination of the perpendicular E -field lines. Ability to control the the
terminations of the E -field lines is the primary objective. Such properties
could be achieved using the engineered surfaces such as the EBG structures.

The first step was to add an N number of vertical cuts to the grounded
cylinder, where N = n4 and n = 1, 2, 4, · · · . Based on the S11 response
(Figure 5.6) the cuts added an additional resonance in the lower pass-band
between 1150 and 1250 MHz. The added resonance creates a narrow stop-
band at an offset frequency (see ηant and Gr) and increasing the number of
cuts appear to shift the resonance towards the lower frequencies. The radia-
tion efficiency ηant shows minor improvements but only in the upper band.

This exercise verified the original hypothesis that the HE11δ mode can
exist. However, the performance is unsatisfactory. Presence of a stop-band is
an interesting and desirable antenna feature, however, it is not clear at this
stage which parameter controls the stop-band frequency.

5.3.1 Periodic structure design

It was shown above that simple vertical cuts evenly spaced around the DR
loading cylinder appear to alter the antenna response. However, simple verti-
cal cuts do not provide sufficient design flexibility to allow exploitation of the
observed features. In addition, varying the number of cuts from 4 to 16 does
not appear to significantly impact the antenna response.

To make the length of the vertical cuts a variable, the cuts were made with
a slant angle α and to eliminate a potential impact on the antenna dual-sense
CP performance, a symmetrical cut is added as well. This creates a pattern
of two rows of interleaved wedge-like periodic structures, see Figure 5.7. The
lower row is grounded while it is capacitively coupled to the upper row through
a gap width w1. In addition, the hight of both the upper and lower wedges,
h1 and h2, respectively, can be also varied.

The upper row wedge-to-wedge coupling is controlled through a gap width
w2. Adding a notch of hight h3 and width w3 on top of each upper row wedge
created a delay to the currents coupled between the upper row wedges. To
reduce the impact on the coupling between the upper row wedges due to the
other dimensional changes, a narrow rim is added at the top of the structure.
Since the rim width w4 is independent of other dimensions, it allows w2 to be
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independent as well. The same approach was made for the lower wedge row
at the ground plane level. To keep the gap width w5 independent of other
changes a rim of width w6 is added. Figure 5.7 shows the new DR loading
structure in more details. The loading structure added design variables and
their dimensions are summarized in Table 5.2.

Figure 5.7: Dual-row interleaved wedge-like periodic structure as annular DR
load: a) structure wrapped around DR air-core, b) structure detail and c)
structure unwrapped.

The number of new design variables is significant and steps were made to
eliminate fixed, redundant and low impact variables. Very early in the de-
sign process it was found that an optimum structure height h0 is the same
as the DR height h. Also, the unwrapped structure width w0 is equal to the
circumference of the DR core, which is obvious. The angle α is found to be
redundant since it is primarily determined by the gaps between the upper and
lower rows wedges, w2 and w5, respectively, and wedge heights h1 and h2.

The loading structure consists of two sets of 16 wedge-like elements in
the upper and lower rows. The two rows are interleaved. Considering the
arrangement between the loading structure surfaces and the resonator, it is
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Table 5.2: Loading structure parameters, dimensions and descriptions.

Variable [mm] Description

α - Cut slant angle

h0 h Hight of the DR (Table 5.1)

h1 16.30 Hight of lower row wedges

h2 12.86 Hight of upper row wedges

h3 1.60 Notch hight on the upper row wedges

w0 65.72 Unwrapped structure width, w0 = 2πb

w1 0.50 Gap width between the upper and lower row wedges

w2 0.58 Gap width between the upper row wedges

w3 1.64 Notch width on the upper row wedges

w4 0.83 Upper row rim width

w5 0.31 Lower row wedges gap width at the ground plane

w6 0.90 Lower row rim width

w7 3.53 Upper row wedge width, w7 = (w0/16)− w2

w8 3.80 Lower row wedge width, w8 = (w0/16)− w5

anticipated that terminations of the E -field lines induce the surface currents
on the periodic structures. Thus the lower row elements act as an extension
of the ground plane. The upper row elements are only capacitively coupled
through the edges to the lower row elements, where each is connected to the
ground plane. A capacitive coupling between the upper row structures is also
maintained over the gap w2.

There are two possibilities: The loading structure acts only as an extension
of the ground plane and, the loading structure acts like an EBG structure. If
the loading structure acts only as an extension of the ground plane then there
should be no difference between a solid cylinder and this complex structure. In
fact, a solid cylinder would be the most effective extension the ground plane.
However, if the loading structure acts like an EBG structure then it should
demonstrate a distinctive pass or stop band. This will be investigated next.

5.3.2 Loading structure and EBG

The loading structure obviously needs to be conformal to the inner surfaces
of the DR, hence forming a circular network of identical periodic elements.
Identical periodic and possibly interacting elements in a circular configuration
form an infinite-size circuit and possibly resonant. Based on the definitions
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5.3. Periodic structure loaded annular DR

by Yang et al in [56, pp. 2-13] such a network can be best described as a
one-dimensional (1D) uni-planar engineered surface or the Electromagnetic
Band Gap (EBG) structure. References [54, 56] provide a variety of ana-
lytical approaches for design of EBG, however, all of them exclusively cover
symmetrical structures on planar surfaces.

For a structure to perform as EBG it needs to meet eq. 5.5 condition
for both planar and surface wave propagation conditions [56]. In eq. 5.5 l is
the electrical length of an element and λg is the guided wavelength. In this
case at 1380 MHz, which is the DR resonants frequency, λg ≈ 62.53 mm.
Thus the height of the upper row wedges h2 is about 0.2λg (Table 5.2). The
reference does not provide an explanation for eq. 5.5 condition but it does
provide evidence that elements meeting the condition perform better. In [56,
pp.88] it is shown that 0.2λg would still generate an EBG response however
of a narrower BW comparing to 0.1λg.

l <
λg
10

(5.5)

Therefore, to validate the hypothesis that the loading structure acts like
an EBG, presence of a resonance frequency affecting only the structure needs
to be shown. In addition, it needs to be shown that the resonant frequency
fr of the loading structure is dimension dependent.

5.3.3 DR radiation modes

In this section the laded DR internal fields are examined. Figure 5.8.a-c shows
the dominant H -field patterns in the equatorial plane at 5% DR height above
the ground plane. The field patterns are shown for 1230, 1350 and 1580 MHz,
which represent the resonant frequencies of the lower pass-band, the stop-
band and the upper pass-band. Based on the field patterns, the DR appears
resonates in the HE11δ mode in both pass bands, see Figure 5.8.a and b. The
HE11δ mode H -field lines appear more disturbed comparing to the unloaded
case in Figure 5.4. The dominant H -field pattern at the stop-band is shown
in Figure 5.8.b. This field pattern does not match any of the modes defined in
the literature. The radiation efficiency of the added resonance at 1580 MHz
is lower relative to the primary resonance despite the fact that RL exceeds 15
dB in that band.
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5.3. Periodic structure loaded annular DR

Figure 5.8: Loaded DR equatorial plane H -field patterns: a) 1230 MHz - lower
pass-band, b) 1350 MHz - stop band and c) 1580 MHz - upper pass-band.

5.3.4 Loading structure resonance

There are two significant observations around 1350 MHz: First is the radiation
mode change (Figure 5.8) and a radiation stop-band (Figure 5.11). Based on
the H -field lines at 1350 MHz and using right-hand rule indicates that the E -
field lines are terminating at the opposing sides of the core. This is confirmed
based on the surface current density Jsur, see Figure 5.9. The highest density
is observed at 1.355 GHz (Figure 5.9.a), which appears to be the loading
structure resonant frequency fr. The lowest density is observed at 1.23 and
1.585 GHz (Figure 5.9.b), or antenna’s lower and upper pass-band resonant
frequencies, respectively. Therefore, terminations of the E -field lines is only
strong around stop-band. Another interesting observation is that the fields
within the loading core appear to be 90° out-of-phase at 1.23 GHz, in-phase
at 1.3 GHz and non-existent at 1.58 GHz.

5.3.5 Loading structure response control

Existence of the loading structure resonant frequency confirms that it is likely
acting like a resonant circuit with properties similar to an EBG structure.
To further confirm this claim structure’s response to dimension variations is
investigated. Considering that the possible capacitive coupling between the
upper and lower structures exists and it can affect structure response, vari-
ables affecting the coupling will be varied. Three variables are of a primary
interest: Hight of the lower wedge h1, hight of the upper wedge h2 and the
gap width w1 between the wedges.
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Figure 5.9: Loading structure surface current density: a) 1355 MHz - antenna
stop-band, and b) 1240 MHz - antenna lower band resonant frequency.

Figure 5.10 shows the impact of h1 variation on antenna’s response. For
the 15.8 ≤ h1 ≤ 16.8 mm range the stop-band shifts between 1330 and 1370
MHz mostly showing a linear response as shown in Figure 5.11. For the
entire h1 range the antenna maintains a similar dual-band response showing a
minor impact on the upper and lower resonant frequencies. This might further
confirm an existence the loading structure resonant frequency that induces
the stop-band. In addition, it demonstrates that the loading structure has a
controllable and dimension dependent response.

5.4 Antenna simulated response with the loading
structure

The antenna displays distinctively different responses with and without the
loading structure, see Figure 5.12. The structure affects the impedance band-
width, mutual coupling between the feeding ports and provides a narrow band-
stop radiation suppression. Without the loading structure the antenna acts
as a broadband whereas with the loading structure it acts as a dual band
antenna. With the loading structure, the lower band covers from 1.1 to 1.31
GHz and while the upper band covers from 1.54 to 1.62 GHz for a total of
290 MHz bandwidth or about 21%, see Figure 5.12. Both bands exceed the
impedance bandwidth requirements of a GNSS antenna. The difference in the
total bandwidth comparing to an unloaded annular DR is not significant (i.e.
290 MHz vs. 300 MHz), however, antenna functionality is entirely different.
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Figure 5.10: Antenna response to loading structure h1 variations.

Figure 5.11: Stop-band frequency vs. loading structure h1.

The periodic structure load clearly improves antenna impedance band-
width, minimum gain bandwidth and radiation efficiency over both the upper
and lower GNSS bands. The peak radiation efficiency in the upper GNSS
band is lower comparing to the lower band and the unloaded annular DR,
see Figure 5.12. The loading structure inserts a narrow radiation suppression
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band around 1.355 GHz, similar to a stop-band filter. The 10 dB radiation
suppression (i.e. 4.5 to -5.5 dBic) is demonstrated between 1.34 and 1.37 GHz.

As earlier indicated, the loading structure shows controllable and dimen-
sion dependent response. Hence, the stop band resonant frequency is con-
trollable through the loading structure. It is most sensitive to the lengths of
the lower and upper wedges h1 and h2, respectively, and the gap width w1

between the upper and lower row wedges, see Figure 5.11.

Figure 5.12: Loading structure impact on antenna S11 and realised gain re-
sponses.

5.4.1 Realised gain, radiation pattern and AR

Figure 5.13 shows antenna’s RHCP realised gain Gr beamwidth at f =1.16,
1.24, 1.3 and 1.58 GHz. Antenna shows Gr ≥ 0 dBic beam width between
120° at 1.58 GHz and 144° at 1.3 GHz. These results can not be directly com-
pared with the unloaded DR since 1.16 and 1.58 GHz frequencies are outside
of 10 dB RL BW. At 1.3 GHz loaded DR has about 12° broader beamwidth. It
is not clear if that is a result of different radiation pattern or higher radiation
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efficiency, hence higher Gr.

Figure 5.13: Antenna RHCP realised gain beamwidth.

Figure 5.14 shows loaded DR RHCP (co-polarisation) and LHCP (cross-
polarisation) vertical plane radiation patterns at f =1.16, 1.3 and 1.58 GHz
and φ=0°. The LHCP (cross-polarisation) below θ=90° indicates antenna’s
susceptibility to the single-bounce multipath signal. At θ=180° (Nadir) and
1.16 GHz this antenna has LHCP Gr = -1 dBic, which could be significant.
However, the back lobe LHCP radiation in this case is heavily affected by the
ground plane size. There are no elements in this case that could be attributed
to the loading structure.

Figure 5.14: Loaded DR RHCP (co-polarisation) and LHCP (cross-
polarisation) radiation patterns.
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The AR BW and beamwidth are shown in Figure 5.15 and 5.16. In both
loaded and unloaded cases AR responses from 1.15 to 1.3 GHz and from
1.5 to 1.65 GHz are very similar. An exception is between 1.3 to 1.4 GHz
where loaded DR shows a distinctive stop-band response, which is this case
manifested as AR degradation. Figure 5.15 also shows that the antenna shows
AR < 3 dB BW of over 36% even at θ=60°. AR beamwidth (Figure 5.16)
at 1.16, 1.24, 1.3 and 1.58 GHz does not appear to be affected by the DR
loading. The AR < 3 dB beamwidth ranges between 130° at 1.16 GHz and
over 180° at 1.58 GHz.

Figure 5.15: AR bandwidth for θ=0°, 30°and 60°.

Figure 5.16: AR beamwidth at f =1.16, 1.24, 1.3 and 1.58 GHz.

5.4.2 Feeding ports mutual coupling

With the loading structure, the mutual coupling between the opposite ports
is reduced over the entire frequency range comparing to cylindrical and an-
nular unloaded DRs (Figure 5.17). It ranges between -8.5 and -7.5 dB in the
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upper band while it is below -15 dB in the lower band. The impact on the
adjacent port coupling was, however, adverse especially in the upper band.
Between 1.56 and 1.61 GHz, the coupling went from below -15 dB, without a
load, to around -8 with a load. In the lower band the adjacent port coupling
went from a -12.5 to -7.7 dB range, without the load, to a -7.2 to -6.9 range
with the load. Table 5.3 summaries the mutual coupling results for cylindrical,
annular and annular loaded DRs. The values are based on Figure 5.17 and C.3.

The loading structure total impact on the mutual coupling is not obvi-
ous since the unloaded and cylindrical DRs do not have the same impedance
bandwidth as the loaded DR. If the bandwidth differences are ignored, the
suppression of the opposing port coupling (S31) can be considered significant.
Note that the loading structure was initially called “Decoupling Network”
(DN), as a working name, because of the coupling suppression property [58].

The mutual coupling impact on the AR performance does not appear to
be as severe as predicted in section 3.5.2. Based on Figure 3.24, the AR
upper limit is 5 to 6 dB for an adjacent port mutual coupling of around -7
dB. However, the simulated AR < 3 dB beamwidth exceeds 130° over both
pass-bands (Figure 5.17). A similar finding is described in section C.2.3.

Figure 5.17: Loading structure impact on feeding port mutual coupling.

5.5 Antenna final design

The final antenna proposal is based on the loaded annular DR. The DR is
specified in Table 5.1. It has a 34.3 mm radius and 23.59 mm height, which
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Table 5.3: Cylindrical, annular and annular loaded DR feeding port mutual
coupling.

Cylinder DR Annular Unl. DR Annular Load. DR
f Oppos. Adjac. Oppos. Adjac. Oppos. Adjac.

[MHz] [dB] [dB] [dB] [dB] [dB] [dB]

1175 -9.0 <-15 -8.0 -11.7 <-15 -7.5

1225 -6.0 -10.7 -7.4 -8.5 <-15 -7.0

1300 -5.7 -9.5 -7.8 -6.9 <-15 -7.5

1580 -4.0 -14.0 -5.5 <-15 -8.0 -8.0

is 0.8 mm or about 3.3% less than the antenna based on a solid cylindrical
DR in section C.2.2. However, the DR radius has increased by 2.5 mm for r/h
ratio of 1.4540 comparing to 1.2629 for the cylindrical DR in section C.2.2.
The inner DR core radius b is 10.46 mm. The antenna is based on the same
εr = 12 dielectric material. To improve the radiation symmetry the ground
plane is in a circular shape of 45 mm radius, which is based on the thesis
objectives. The ground plane substrate is 30 mil mm thick of εr = 10.2.

The inner surface of the annular DR is loaded with an engineered surface
based on the electromagnetic periodic structure, which was covered in sec-
tion 5.3. The loading structure is wrapped around a low density foam core
(εr = 1.08) and inserted into the DR. The loading structure dimension are
given in Table 5.7 and Figure 5.2. The DR is excited using 2.1 mm wide
conformal strips. For fabrication simplicity, the strips are not tapered. The
antenna uses an impedance matching network that is further covered in sec-
tion 5.5.1.

To ensure a gap-less interface between DR and the ground plane, which
was noted as a problem in the designs presented in [45, 46], the DR is affixed
to the substrate and ground plane using four fasteners M3x0.5x30 made of
polyester (εr = 3.2). The fasteners are also used to align the DR with the
excitation vias, which should simplify the assembly process.

Figure 5.18 shows an exploded view of the antenna assembly, whereas
Figure 5.19 shows a layered view of the ground plane PCB. The PCB also
includes mounting pads for the micro coaxial connectors (MCX) that will be
required for antenna measurements. Due to the absence of the radiating slots,
compared to the state of the art designs in [12, 45, 46], there is no need for a
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back cavity. In addition, the entire area below the ground plane is available
for the front-end circuitry.

Figure 5.18: Loaded annular DRA: a) assembled view and b) exploded view.

Figure 5.19: Ground plane PCB layered view.

5.5.1 Impedance matching

To improve the impedance matching a three-section short-step microstrip
transformer is used. In addition, the diameter of the via-through pad dvp
and its ground plane clearance rv are also used for impedance matching. This
network plays a significant part in the antenna performance. It is interesting
that a DR made of εr = 12 material even without the loading structure is
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highly dependent on an additional impedance matching for the HE11δ mode.
A similar finding has been mentioned in several references, including [16].

Figure 5.20 shows the underside view of the antenna PCB and the main
elements of the impedance matching network: a three-section short-step mi-
crostrip transformer, excitation strip pad and coaxial via-through. The width
of the conformal excitation strips is used in as well. Table 5.4 provides a list
of the nomenclatures, dimensions and description of the impedance matching
parameters.

Figure 5.21 shows the effects of the impedance matching network on the
antenna S11, radiation efficiency and realised gain responses. It is obvious that
the impedance matching contributes significantly to the antenna performance
especially in the upper band.

Figure 5.20: Impedance matching network parameters: a) antenna PCB un-
derside view, b) three-section short-step impedance transformer and c) via-
through and excitation strip pad.

5.6 Parametric analysis

To assesses the antenna design sensitivity to the material variations, fabrica-
tion and assembly tolerances a parametric analysis was conducted. All of the
dimension and dielectric constant dependent parameters were investigated.
Fabrication specifications for DR machining and PCB etching were used. For
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Table 5.4: Impedance matching network parameters, dimensions and descrip-
tions.

Variable [mm] Description

tl1 6.90 Impedance transformer section 1 length

tl2 6.30 Impedance transformer section 2 length

tl3 3.70 Impedance transformer section 3 length

tw1 2.40 Impedance transformer section 1 width

tw2 1.40 Impedance transformer section 2 width

tw3 0.96 Impedance transformer section 3 width

dvp tw1 Via-through pad diameter

dsp 2.50 Excitation strip pad diameter

rv 1.50 Coaxial ground plane clearance radius

Figure 5.21: Impedance matching network impact on antenna S11, radiation
efficiency and realised gain.

the dielectric constant dependent parameters material specifications provided
by the manufactures were used.
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The analysis showed that the impact of the dimension errors due to fab-
rication tolerances is not significant. In most cases the antenna retains its
performance with a minor degradation. However, a cumulative effect from
fabrication and assembly errors can not be excluded. Two most critical pa-
rameters were found to be the DR dielectric constant error and presence of an
air-gap tag between the loading structure and DR core inner wall, see Figure
5.22. Such an air-gap tag can be formed as a result of the antenna fabrication
or assembly process.

Figure 5.23 shows the effects of the dielectric constant 5% error (11.4 ≤
εr ≤ 12.6) as specified by the manufacturer [59]. Based on the S11 response
the lower resonance varies between 1200 ≤ fr ≤ 1255 MHz while the the
upper resonance varies between 1540 ≤ fr ≤ 1610 MHz. The impact on the
stop-band is similar, the resonance varies between 1320 ≤ fr ≤ 1370 MHz.
Considering that the dielectric constant impact on λg is 1/

√
εr the actual res-

onant frequency fr should be within ±2.5% of the design resonant frequency
frd. Therefore, the impact on the DR design resonant frequency should be
0.9747frd ≤ fr ≤ 1.0247frd or 1350.4 ≤ fr ≤ 1419.6 MHz. The results from
Figure 5.23 confirm that.

Impact of the air-gap tag was found to be the most critical. Figure 5.24
shows that a gap of only 50 um would significantly degrade antenna perfor-
mances in both bands. Thus fabrication and assembly of the loading structure
and DR need to be considered with a significant attention to details.

Figure 5.22: Antenna cross-section.
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Figure 5.23: Effects of DR dielectric constant 5% error on antenna response.

Figure 5.24: Effects of air-gap tag on antenna response.
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5.7 Antenna fabrication

Antenna fabrication process consists of four main steps: DR machining, solid
and flex PCB fabrication and assembling process. Each of the steps is de-
scribed in the subsequent sections.

5.7.1 Dielectric resonator

The DR is fabricated from C-STOCK AK-12 made by Cuming Microwave
[59]. It is a ceramic filled cross-linked plastic based material, which is more
suitable for machining than the traditional ceramic only dielectric materials.
The material has loss tangent below 0.002 and it is homogeneous and isotropic
to within 5% for εr ≤ 20 [59]. Machining tolerances for DR are claimed to be
+/- 0.15 mm or better.

The DR inner air core is made of low density, low dielectric constant (εr =
1.08) and low loss structural foam similar to C-STOCK RH made by Cuming
Microwave [60]. Pictures of a manufactured DR and its inner foam core are
shown in Figure 5.25. The foam core function is to ensure tight and gap-
less fitting between the loading structures and DR. Considering significantly
higher machining tolerances for the foam material, several foam core units
were made in various diameters.

Figure 5.25: Fabricated DR with a low-density foam insert.
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5.7.2 Ground plane PCB

The ground plane printed circuit board (PCB) is fabricated using Rogers
AD1000� substrate of dielectric constant εr = 10.2, a dissipation factor
DF = 0.0023 and dielectric thickness hsub = 30 mil [61]. AD1000 is a sub-
strate specifically designed for harsh environmental and exploitation condi-
tions such as defense and aerospace applications. It is considered a high di-
electric constant substrate made of a woven glass reinforced laminate, which
allows dimensional stability, low thermal expansion, mechanical robustness
and high tolerance to the vibrational stress.

Figure 5.26 shows a fabricated PCB with soldered surface mounted MCX
coaxial connectors. It is fabricated using a standard chemical etching process
whereas vias were plated using a plasma copper deposition process. Trace
width fabrication tolerance is 3 mil or better.

Figure 5.26: Fabricated PCB: a) top view and b) underside view.

5.7.3 Loading structure

The DR loading structure is a single layer one-sided engineered surface that
requires a gap-less fit against the DR inner wall (Figure 5.18). It is fabricated
as a single layer one-sided flexible printed circuit board (f-PCB). The f-PCB
substrate is DuPont� Pyralux® AP8565R polymide film of εr = 3.4, 6 mil
thick and 18 um (0.5 oz/ft2) metalization thickness [62]. It is fabricated using
standard chemical etching technique. Figure 5.27 shows a sample of fabricated
unwrapped loading structure.
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Figure 5.27: Fabricated loading structure unwrapped.

5.7.4 Antenna assembling

Assembling the DR and loading structure to the ground plane was a long
manual process based a trial-and-error. An obvious solution was to solder the
lower row wedges to the ground plane but that was not feasible for multiple
reasons. The assembling order requires the DR to be first aligned with the
ground plane and the excitation ports then secured to the PCB using four
polyester fasteners. Then the loading structure can be inserted into the DRA.
However, when this order is followed there is no access to the contact surfaces
between the loading structure and the ground plane, see Figure 5.23.

A high conductivity silver based paste was used to ensure a electric contact
between the loading structure and the ground plane instead of solder. The
paste is a non-hardening component of the two-part high conductivity epoxy
compound. This approach allowed a proper assembly order while at the same
time it provided a flexible solution where antenna can be easily dissembled
if required and the loading structure re-inserted. An important factor was
that pressure can be applied on the loading structure flexible substrate once
inserted into the cavity to ensure a gap-less fit. The 6 mil thick flexible sub-
strate was found to be overly rigid and hard to press against the DR wall to
ensure fully conformal fit. Significantly thiner substrate having also a thiner
metalization layer should be considered for future work.

The excitation strips were fabricated from a copper foil. Copper was se-
lected because of its high conductivity and natural softness, which provide a
snug conformal fit. The strips were soldered directly to the via-through pads
and held in place using DuPont� Kapton® polymide based adhesive tape of
εr = 3.6, again to ensure a gap-less contact. Figure 5.28.a shows the final
antenna assembly whereas Figure 5.28.b shows the antenna top view with the
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alignment markers as installed for measurements.

This design and assembly technique are influenced by the experience from
the state-of-the-art designs described in [12, 44, 46]. All of those designs
experienced issues with the air gaps between the ground plane and DR and DR
alignment with the excitation ports. Although those designs used a different
excitation technique and DR materials of εr = 30, which both made antenna
more susceptible to air-gaps than this design, it was still considered important.

Figure 5.28: Assembled DRA: a) trimetric view and b) top view with antenna
axes and port markings.
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In this chapter antenna measurement results and analysis are presented. The
chapter consists of 4 sections. Section 6.1 covers the antenna installation and
alignment for radiation pattern measurements. The feeding circuit measure-
ment results are provided in section 6.2 whereas the antenna S -parameter and
radiation measurements are presented in section 6.3. An analysis of the results
is given in section 6.4.

6.1 Antenna installation and alignment

The antenna was measured using a spherical near-field scanner (SNF) from
Nearfield Systems Inc. (NSI) [63]. Spherical near-field measurements allow
a complete characterization of an antenna-under-test (AUT). To perform the
near-field measurements AUT is rotated in two axes (θ and φ) while a fixed
probe measures the field data over the spherical surface. The near-field mea-
surement data are then processed using NSI antenna measurement software
NSI2000 to estimate the far-field parameters.

The scanner consists of a mechanism for positioning both AUT and probe
and it is interfaced to a two-channel microwave vector network analyzer (VNA)
[64]. It uses a dual axis φ/θ stepper motors to position AUT and it allows full
spherical 360° φ/θ rotation with a resolution of 0.0125° in both axes [63].

6.1.1 Antenna installation

The antenna and its feeding circuit were first installed on a fixture made
specifically for antennas of similar sizes. The fixture allows an antenna to
be positioned at the center of the measurement sphere, or more precisely it
allows the antenna’s presumed phase center to be positioned at the center of
the measurement sphere.
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After the antenna was installed on the fixture, it was then placed on the
antenna positioner and connected to a coaxial cable, which is connected to the
VNA through a coaxial rotary joint, see Figure 6.1. To minimize unwanted
scattering around the AUT, the fixture was wrapped into two sheets of 12.7
mm thick radar absorbing material (RAM), which leaves only AUT and its
ground plane exposed, see Figure 6.2.

The test probe used for these measurements was rectangular open-ended
waveguide ANT-WGP-1.12-1.7 (WR-770) covering frequencies 1.12 - 1.7 GHz
[65] (Figure 6.1).

Figure 6.1: Measurement setup in NSI spherical near-field chamber.

Figure 6.2: AUT ready for measurements: a) antenna on the RAM wrapped
adapter and b) antenna front view at θ = 0° and φ = 0°.
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6.1.2 Antenna alignment

After the antenna was installed a scanner alignment was performed. The rect-
angular open-ended waveguide ANT-WGP-1.12-1.7 probe was aligned to the
local horizontal plane to 0.05° accuracy then its positioner was re-indexed,
which assumes the new established horizontal angle as the reference and re-
sets the angle index to φ = 0°.

In the next step the antenna x-axis was also aligned to the local horizontal
plane to match the probe alignment. The antenna positioner was then re-
indexed, which set its newly established position angles to θ = 0° and φ = 0°.

Figure 6.3: NSI ANT-WGP-1.12-1.7 probe alignment.

6.2 Antenna feeding circuit measurements

Figure 6.4 shows the feeding circuit measured S parameters. The feeding cir-
cuit input impedance (labeled as S55) was measured while the 4 antenna ports
were terminated using a 50 Ω matching terminations. The antenna ports were
measured one at a time using VNA Port 2 while Port 1 was used to feed the
circuit input. The unused antenna ports were terminated using matched ter-
minations.

The feeding circuit input bandwidth (S55) exceeds the required antenna
impedance bandwidth, which is necessary. The antenna ports 1 and 3 (S11
and S33) also exceed the antenna required input impedance. However, the
antenna ports 2 and 4 (S22 and S44) do not meet the 10 dB RL requirements
in the upper band.
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The antenna ports amplitude drop relative to the input port ranges from
-6.5 to -7.5 dB, which gives 0.5 to 1.5 dB amplitude errors relative to the input
port and up to 1 dB amplitude errors between the antenna ports, see Figure
6.4 and 6.5. The feeding circuit insertion loss (IL) is about 1.5 dB based only
on the impedance measurements. Such performance was anticipated.

Figure 6.4: Antenna feeding circuit measured S -parameters.

Figure 6.5: Feeding circuit measured amplitude errors.

Antenna feeding circuit measured phase angles relative to the antenna
port 1 are shown in Figure 6.6 whereas the phase angle errors are shown
in Figure 6.7. The phase angle errors do not exceed 4° in magnitude over
the entire range. The exact impact of these errors alone on the antenna CP
performance cannot be anticipated at this point.
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Figure 6.6: Feeding circuit measured phase angles.

Figure 6.7: Antenna feeding circuit phase angle errors.

6.3 Measurement results

6.3.1 Resonant frequency and impedance bandwidth

In this step the antenna impedance was measured directly without the feed-
ing circuit. Note that the input port impedance includes both the antenna
and feeding circuit impedance, hence, to measure the antenna only input
impedance the feeding circuit needs to be removed. The resonant frequency
and impedance bandwidth were measured first without and then with the
loading structure. This step was unnecessary from the antenna performance
perspective, however, it gave a better understanding and confirmation of the
DR alone performance and design considering the loading structure added
complexity.
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Without the loading structure, the measured resonant frequency varies
from 1290 to 1350 MHz depending on the antenna port whereas the simulated
resonant frequency is 1325 MHz, see Figure 6.8. The antenna also shows a
second resonance between 1500 and 1550 MHz, which does not show in the
simulation data. The impedance bandwidth is better than the simulation
for all ports. The 10 dB RL covers between 1220 to 1580 MHz for a total
bandwidth of 360 MHz or 25.7%, for most of the ports. The simulation data
show 10 dB RL from about 1210 to 1520 MHz for a total bandwidth of 310
MHz or 22.7%.

Figure 6.8: Unloaded annular DR S -parameter response.

With the loading structure, the antenna shows distinctively different input
impedance response, see Figure 6.9. It clearly displays two distinctive reso-
nances, one around 1230-1250 MHz and one around 1620 MHz consistently for
all 4 ports. The simulated resonances were at 1230 MHz and 1580 MHz. The
10 dB RL impedance bandwidth is worse than the simulation. For the lower
band the bandwidth varies between 130 and 180 MHz covering the lower band
from 1160, 1125, 1205 and 1200 MHz to 1320, 1320, 1330 and 1330 MHz for
antenna ports 1-4, respectively. The simulated 10 dB RL impedance band-
width is 205 MHz covering from 1100 to 1305 MHz.

In the upper band there is a resonance shift of about 40 MHz, which par-
tially shifts the 10 dB RL coverage outside of the GNSS upper band. The
bandwidth is about 60 MHz covering from 1575 to 1645 MHz for all 4 ports.
The simulated 10 dB RL impedance bandwidth is 100 MHz covering from

116



6.3. Measurement results

1525 to 1625 MHz.

Figure 6.9: Loaded annular DR S -parameter response.

6.3.2 Excitation ports mutual coupling

The excitation ports mutual coupling was measured without the feeding cir-
cuit. The mutual coupling was measured with and without the loading struc-
ture. In both cases the measured coupling responses are similar to the sim-
ulation results over the entire antenna band, see Figure 6.10 and 6.11. In
addition, in both cases there is an evident response shift of about 40 MHz
comparing to the simulation data.

In the case of an unloaded resonator, the results indicate that within the
antenna 10 dB RL bandwidth the adjacent and opposing port coupling range
between -12 and -8 dB and -9 and -4 dB, respectively. With a loaded DR, the
opposing port coupling is below -15 dB in the lower band and ranges -12 to
-10 dB in the upper band. The adjacent port coupling is in a range between
-10 to -8 dB in the lower band, while in the upper band it ranges between -9
and -7.5 dB, see Figure 6.11.

6.3.3 Realised gain

Simulated and measured RHCP directivity and realised gain at φ = 0° and
θ = 0° are shown in Figure 6.12. The antenna demonstrates the stop-band
response in both the antenna directivity and realised gain, which is significant
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Figure 6.10: Unloaded annular DR excitation port mutual coupling.

Figure 6.11: Loaded annular DR excitation port mutual coupling.

since it proves the effects of the loading structure on the DR. The stop-band
resonance appears to be shifted by about 10 to 20 MHz comparing to the
simulated data and the stop-band attenuation is about 3 dB less than the
simulation. The bandwidth of the stop-band closely matches the simulated
data.

The measured directivity at φ = 0° and θ = 0° exceeds the simulation
results by about 2 dB over the entire band. In addition, there is a 1 dB step
increases just after the stop-band (1375 MHz), which is not present in the
simulations.

In the lower band, the realised gain is about 1 dB below, whereas in the
upper band the realised gain is about 2 dB below the simulation results. This
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Figure 6.12: Measured and simulated RHCP directivity and realised gain at
φ = 0° and θ = 0°.

could imply that the antenna has a lower radiation efficiency and that there
are other unaccounted losses. This is especially true for the upper band. The
0 dBic CP realised gain bandwidth at the antenna zenith, or the minimum re-
alised gain as covered in section 2.5, significantly exceeds antenna’s impedance
bandwidth.

6.3.4 Radiation pattern and beamwidth

Figure 6.13 shows simulated and measured vertical radiation pattern at φ = 0°.
As noted earlier, the realised gain appears to be 1 to 2 dB below the simu-
lated results, which is also clear from the vertical radiation pattern. The
most notable difference between the measured and simulated results is that
the antenna has significantly higher gain below the horizon, especially at the
lower frequencies. The radiation pattern symmetry appears to be degraded
especially in the upper band, comparing to the simulations.

Table 6.1 provides a summary of measured and simulated 0 dBic CP
realised gain beamwidth and HPBW data. The measured Gr > 0 dBic
beamwidth for the antenna appears to be 15 to 25° below the simulated re-
sults, which is in part due to a lower realised gain. Although the HPBW is
not a good indicator of a GNSS antenna radiation pattern performance, as
covered in section 2.4, it is included for comparison reasons. The HPBW is
around 100° in the lower band and 90° in the upper band, which is the same
trend as in case of the 0 dBic beamwidth.
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Figure 6.13: Simulated and measured vertical radiation pattern at φ = 0°.

Table 6.1: Summary of measured and simulated Gr > 0 dBic beamwidth and
HPBW at φ = 0°.

Measured Simulated Measured Simulated
Frequency 0 dBic beamwidth 0 dBic beamwidth HPBW HPBW

[MHz] [°] [°] [°] [°]
1175 115 140 100 105

1225 120 140 100 105

1280 115 140 100 110

1575 105 120 90 90

6.3.5 Polarisation and AR

Figure 6.14 shows simulated and measured AR antenna performance at φ = 0°.
Antenna 3 dB AR beamwidth is very close to the simulated. An exception is
that the measured results show ripples and significantly less symmetry com-
paring to the simulations. This can be expected considering the gain perfor-
mances observed earlier.

The rippling effect is more pronounced in the upper band than in the lower
band, as it was observed for the antenna realised gain. Similarly, the largest
AR performance difference between the measured and simulated data is also
in the upper band. Table 6.2 provides a summary of measured and simulated
3 dB AR beamwidth data.
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The measured results do not confirm the mutual coupling impact on the
AR performance as severe as predicted in section 3.5.2. Similar findings are
described also in sections 5.4.2 and C.2.3.

Figure 6.14: Measured AR beamwidth at φ = 0°.

Table 6.2: Measured and simulated AR beamwidth at φ = 0°.

Measured AR Simulated AR
Frequency 3 dB beamwidth 3 dB beamwidth

[MHz] [°] [°]
1175 >140 130

1225 135 140

1280 165 150

1575 160 >180

6.4 Analysis

The basic measured results have been presented. Comparing to the simula-
tions, the measured performances deviate depending on the frequency and a
specific parameter. There are potentially multiple sources of the observed de-
viations but most likely the following have the most significant impact: width
of the excitation strips, position and alignment of the excitation strips, di-
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mensions of the loading structure, conformality of the loading structure and
the DR dielectric constant.

The width (wes) of the excitation strips was found upon a close inspection
to vary from 2.1 mm to 2.5 mm. The width varies from one strip to another
but it was also found that each strip has an unintended tapper as a result of
fabrication. In addition, there appears that the strips are not properly aligned
with the vertical axis, which resulted in strips being tilted. The tilt creates
up to 2.5° position error on the DR top circumference.

The dimensions of the loading structure also appear to have a fabrication
error. The widths of the upper and lower row wedges, w7 and w8, respectively,
appear to be larger although the gap widths w2 and w5 have correct dimen-
sions. This fabrication error was found by measuring the unwrapped width
(w0) of the structure, see Figure 5.7. The fabricated w0 was about 66.47 mm,
which implied that each wedge is on an average 0.05 mm wider (16x0.05 mm =
0.8 mm). To compensate for this error during the assembly process the entire
fPCB was trimmed, which left two adjoining wedges about 0.4 mm narrower.
It is hard to predict or simulate effects of this modification.

Conformality between the loading structure and the annular DR inner wall
is reduced due to rigidity of the loading structure flex substrate. It was ob-
served that the flex substrate bends easier where the metalization is removed
such as the gaps between the wedges. This issue likely changed the response
of the loading structure due to the air gap. The air gap likely contributed to
the resonance shift observed in the upper band.

The 35 MHz resonant frequency error could be significant, however, the
observed frequency shift is not consistent between the lower and upper reso-
nances, see Figure 6.9. Thus, it is unlikely the dielectric constant error is not
the only contributing factor to the frequency shift. Also, such an error was
anticipated, hence, compensated by increasing the antenna design bandwidth.
However, the impact is likely cumulative.

These sources were identified based on the parametric analysis. Other
sources are possible as well but the parametric analysis did not identify any of
the them as a significant contributor. However, any fabrication and assembly
error likely contributed to the overall performance discrepancy.
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6.4.1 This work and state-of-the-art

In this section the measured results are compared with the state-of-the-art
(section 3.9). The following parameters are compared: RL ≥ 10 bandwidth
(BW), realised gain Gr ≥ 0 dBic BW at the antenna zenith (θ = 0°), realised
gain Gr ≥ 0 dBic beamwidth (BmW), AR ≤ 3 dB BW and BmW and the
antenna total size, see Table 6.3.

This antenna improves or matches performances of the state-of-the-art
antenna in all but two parameters: Gr ≥ 0 dBic BmW and AR ≤ 3 dB BmW.
Both parameters are related to the radiation pattern and beamwidth and likely
have the same origin. This design also reduces antenna’s total profile height
by close to 16 mm (38%) and provides a real-estate for the antenna front-end
electronics underneath the ground plane. Both are significant.

Table 6.3: Summary of the results and state-of-the-art.

This work State of the art

RL ≥ 10 dB BW [%] 36.3 33

Gr ≥ 0 dBic BW [%] >43 42

Gr ≥ 0 dBic BmW [°] 105-120 140

AR ≤ 3 dB BW [%] >43 >43

AR ≤ 3 dB BmW [°] 135-165 >180

Antenna total size [mm] 90× 24.4 90× 90× 39

6.4.2 This work and thesis objectives

In this section the measured results are compared with the thesis objectives
(section 4.1), see Table 6.4. This work meets or exceeds all but two of the
thesis objectives: Gr ≥ 0 dBic BmW and AR ≤ 3 dB BmW. These are the
same two parameters covered in the section above.
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Table 6.4: Summary of the results and thesis objectives.

Thesis objective Result

10 dB RL 1164 - 1606 MHz or
1164 - 1300 MHz and 1560 - 1606 MHz Yes

Dual-sense CP Yes

Gr ≥ 0 dBic BW ≥ RLBW Yes

Gr ≥ 0 dBic BmW ≥ 140° No

ARr ≤ 3 dB BW ≥ RLBW Yes

ARr ≤ 3 dB BmW ≥ 140° No

D ≤ 90 mm and H ≤ 25 mm Yes
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7 Conclusions and
recommendations

A novel dielectric resonator based dual-sense CP antenna concept for the
GNSS applications has been presented and validated. The antenna meets
most of the thesis objectives as shown in Table 6.3 and 6.4. The results
indicate that this antenna is a step forward in the family of similar DRAs
previously published. The antenna resolves two of the main limitations of the
current state of the art design in [46]. It reduces antenna’s total profile height
by close to 16 mm (38%) and provides a real-estate for the antenna front-
end electronics underneath the ground plane. The radiation performances do
not surpass the state of the art design only in two parameters: Gr ≥ 0 dBic
beamwidth and AR ≤ 3 dB beamwidth.

The antenna introduces a new concept that further increases design flexi-
bility comparing to the DRA based on simple resonator shapes. However, this
is a complex antenna with stringent fabrication and assembly requirements.
This is also potentially an expensive antenna comparing to the commonly
found printed antennas typically used in the GNSS applications. The highest
cost contributing factors are the DR fabrication and antenna assembly process.

The loading structure is the most unique feature of this antenna. It changes
the antenna from a wideband to dual-band response while affecting most of
the antenna performance parameters. Most importantly, it creates a new
resonance at 1580 MHz (the upper-band), which is outside of the bandwidth
of both, the cylindrical and unloaded annular DR. It shows the HE11δ mode
resonance enhancing properties in the lower-band, a sharp cut-off of the HE11δ

mode resonance in the stop-band then again the HE11δ mode resonance in the
upper band.

125



7.1. Recommendations and future work

7.1 Recommendations and future work

An alternative fabrication technique needs to be investigated to eliminate the
use of the flex PCB circuits due to significant difficulties with the assembly
process. As an interim solution it is necessary to use thinner substrates that
are more flexible, hence, provide higher conformity of the loading structure to
the inner DR wall. Use of a higher dielectric constant DR is also suggested to
further reduce the antenna size. However, use of a higher dielectric constant
will likely increase fabrication and assembly complexity, which are already
identified as the main deficiency of this antenna.

The bandwidth of the stop-band is narrow and it should be further inves-
tigated. In addition, it is not clear how the bandwidth of the upper-band is
affected by the loading structure. Use of a different loading structure pattern
should be investigated as well. The simulation results show that this antenna
has significant group delay within in the upper band, which is likely a loading
structure product.

The concept also rises an interesting scientific curiosity related to the in-
teraction between the DR inner fields and the loading structure. Based on
the simulation results there appear to be a discrepancy with the established
model of a radiating cylindrical DR. This should be further investigated to be
understood.

The mutual coupling impact on the AR performance needs to be investi-
gated. All simulated and measured results indicate that the mutual coupling
impact on the AR performance is not as severe as predicted in [28, pp.174-178]
(see section 3.5.2).
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A GNSS background

This appendix provides the minimum background information about the GNSS
required to properly define and understand the thesis problem as outlined in
Chapter 2. References [7], [10] and [2] cover in-depth the subject of GNSS
and well beyond what is required here.

A.1 Fundamentals of GNSS

A GNSS consists of three segments: space, ground and user. The space seg-
ment consists of a satellite constellation typically in the Mid-Earth Orbit
(MEO). The number of satellites varies from one GNSS to another and ranges
from 24 to over 30 satellites. The satellites are distributed typically into 3 to 4
orbital planes each inclined between 50°and 65°. The GNSS satellites in MEO
have orbital periods ranging from about 12 h to 14 h. Each satellite transmits
a minimum of 4 signals in two or more frequency bands. All signals are time
and phase synchronized within one satellite and within an entire constellation.

The ground segment consists of the command and control (C2) and constel-
lation monitoring networks. The monitoring networks are focused primarily
on the satellite orbital parameters and signal timing accuracy. Both are detri-
mental to performances of the user segment. This segment is not relevant for
the subject of this thesis and it will not be covered any further.

The user segment consists of the GNSS receivers, which are designed to
receive and demodulate the satellite signals and provide the navigation mea-
surements. The fundamental navigation measurements consist of position,
velocity and time. Other navigation parameters are calculated, estimated or
extrapolated from these three fundamental parameters. A GNSS receiver is a
receive-only device, hence, a GNSS antenna is a receive-only antenna.
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A.2. Status of GNSS

A GNSS antenna has specific beamwidth requirements in the elevation
plane. Unlike point-to point communications, the GNSS concept is based
on one-way communication from multiple mobile space-based transmitters to
one receiver on or relatively close to the Earth surface (Figure 2.2). The
transmitters, i.e. satellites, are in a constant motion relative to a receiver
and during one-half of an orbital period (approximately 6 h) a GNSS satellite
traverses the entire hemisphere. Hence, an antenna needs to receive a signal
from any directio in the upper hemisphere.

A.2 Status of GNSS

As of early 2018 there are two fully operational GNSSs and two under devel-
opment. The Global Positioning System (GPS) was the first fully operational
GNSS and it was developed and operated by the United States Air Force
(USAF). Initially, GPS was primarily used by the military, however, today
in the civilian domain it is the most commonly used system worldwide. An
initial operational capability (IOC) was declared in 1993 whereas the full op-
erational capability (FOC) was declared in 1995 [2, pp.10]. The second GNSS
that reached the full operational capability is Globalnaya Navigatsionnaya
Sputnikovaya Sistema (GLONASS). Soviet Union (SU) started development
of this system in the mid 1970s whereas IOC and FOC were declared in 1993
and 1996, respectively, under the Russian Federation as a successor state [2,
pp.341-342].

Both GPS and GLONASS were developed primarily for the military ap-
plications but both also provide at least one open signal for the civilian users.
The US Military and its Allies, including Canadian Armed Forces (CAF) use
GPS exclusively.

The two GNSS under development are Galileo, developed and operated
by the European Space Agency (ESA) and BeiDou, also known as Compass,
developed and operated by the Government of China. Both systems are in
advanced stages of completion and each have multiple fully functional satel-
lites in orbits. The Galileo satellite constellation as of July 2018 consists of 14
usable satellites and additional six ready for commissioning [66]. Once fully
deployed, the Galileo space segment will include a constellation of 30 satel-
lites in MEO. Galileo was initially envisioned as a commercial only system,
however, a military application is possible.
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A.3. GNSS signals, modulation and spectral deconfliction

BeiDou or Compass is different to a degree from the three previously men-
tioned systems. In addition to its global coverage it also includes elements of
a regional satellite navigation system (RSNS) covering the area of East Asia
and Pacific Ocean. The BeiDou program began in 1993 whereas the first two
experimental satellites were launched in 2000. The BeiDou satellite constel-
lation is partially completed consisting of 22 operational satellites, as of Nov
2017, out of total 35 required [67]. The constellation includes satellites in both
MEO and in the Geostationary Earth Orbit (GEO).

In addition to the GNSS mentioned above there are two RSNS and three
satellite based augmentation systems (SBAS). However, none of these systems
has any significant impact on the GNSS antenna requirements relevant for this
thesis work. This observation is based on the facts that they use the same
frequency bands and signal polarisation, see [10, pp.397-430] for additional
information about RSNS. References [5, pp.3-5] and [10, pp.2-11] provide ex-
tended summaries of the current and proposed GNSS systems as of 2013 and
2005 respectively.

A.3 GNSS signals, modulation and spectral
deconfliction

From an antenna design perspective, a signal spectral occupancy is one of the
key design parameters since it determines the bandwidth requirements. The
GNSS signals are assigned to two frequency ranges in the L-band as per IEEE
standard 521 for letter designations for radar-frequency bands [68]. The first
frequency range occupies frequencies from about 1164 to 1300 MHz while the
second occupies frequencies from about 1559 to 1616 MHz. These two bands
are also referred to as ”the lower L-band” and ”the upper L-band”, respec-
tively.

To increase the spectral efficiency most of the GNSS signals share the
same frequency bands [69]. The spectral deconfliction is accomplished using
different forms of digital signal modulation techniques in a combination with
one of the spread-spectrum multiple access encodings. Reference [69] lists all
GNSS allocated and proposed signals along with accepted designations as of
2017. For more information about the GNSS signals see [2, pp.309-430], [70]
and [71].
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A.3. GNSS signals, modulation and spectral deconfliction

A.3.1 GPS Signals

The GPS user equipment operates in three frequency bands: L1 centered at
1575.42 MHz, L2 centered at 1227.60 MHz and L5 centered at 1175.45 MHz.
Each of the occupied bands is about 24 MHz wide and accommodates between
1 and 4 different signals as shown in Table A.1 . In addition, GPS employs
L3 and L4 bands at 1381.05 MHz and 1379.913 MHz, respectively. These two
frequencies are used as a part of the nuclear event detection system (NDS) [2,
pp.328]. Open literature provides very little additional information about the
signals in L3 and L4 bands.

The legacy GPS signals such as the Coarse Acquisition (C/A) and Pre-
cision (P) code signals use the binary phase shift keying (BPSK) for data
modulation whereas the code division multiple access (CDMA) is used for
signal deconfliction. The new military signal, also called the M-code, uses the
binary offset carrier modulation (BOC) and CDMA for signal deconfliction.

Table A.1: GPS signals.

Band Signal Carrier Occupied Multiple
designation designation frequency BW Modulation access

[MHz] [MHz] technique

L1 C/A 1575.42 2.046 BPSK CDMA

L1 P 1575.42 20.46 BPSK CDMA

L1 L1C 1575.42 2.046 BOC CDMA

L1 M 1575.42 24 BOC CDMA

L2 L2C 1246.0 2.046 BPSK CDMA

L2 P 1246.0 20.46 BPSK CDMA

L2 M 1227.6 24 BOC CDMA

L5 L5C 1176.45 20.46 BPSK CDMA

A.3.2 GLONASS Signals

As of 2018 GLONASS operates in two bands: L1 centered around 1602 MHz
and L2 centered around 1246 MHz. Both bands occupy about 8 MHz. In
addition to these two bands there is a proposal for additional signals to be
allocated in four bands each occupying from 2 to 24 MHz [69]. GLONASS
is the only system that uses frequency division multiple access (FDMA) for
its legacy signals. The new proposed signals will use BOC and CDMA, see
Table A.2.
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Table A.2: GLONASS signals.

Band Signal Carrier Occupied Multiple
designation designation frequency BW Modulation access

[MHz] [MHz] technique

G1 C/A 1602.00 8.0 BPSK FDMA

G1 P 1602.00 8.0 BPSK FDMA

G1 L1OC 1600.995 2.0 BOC CDMA

G1 L1OCM 1600.995 12 BOC CDMA

G1 L1OMI 1575.42 2.0 BOC CDMA

G2 C/A 1246.0 8.0 BPSK FDMA

G2 P 1246.0 8.0 BPSK FDMA

G3 L3OC 1202.025 UNK UNK UNK

G5 L5OC 1176.45 UNK UNK UNK

A.3.3 Galileo Signals

Galileo signals occupy four frequency bands, three in the lower and one in the
upper L-band, each occupying 12 to 41 MHz, see Table A.3.

Table A.3: Galileo signals.

Band Signal Carrier Occupied Multiple
designation designation frequency BW Modulation access

[MHz] [MHz] technique

E1 E1A 1575.42 32 BOC CDMA

E1 E1B 1575.42 12 BOC CDMA

E1 E1C 1575.42 12 BOC CDMA

E6 E6A 1278.25 41 BOC CDMA

E6 E6B 1278.25 12 BPSK CDMA

E6 E6C 1278.25 12 BPSK CDMA

E5 E6A 1176.45 24 BOC CDMA

E5 E6B 1207.14 24 BOC CDMA

A.3.4 BeiDou Signals

BeiDou COMPASS 2 and 3 have 12 signals distributed in four frequency bands,
two in the lower and two in the upper L-Band, each occupying from 2 to 24
MHz, see Table A.4.

139



A.4. GNSS Receiver

Table A.4: BeiDou signals.

Band Signal Carrier Occupied Multiple
designation designation frequency BW Modulation access

[MHz] [MHz] technique

B1 B1-OS 1561.098 2 BPSK CDMA

B1 B1-AS 1561.098 2 BPSK CDMA

B1 B1-C 1575.42 2 BOC CDMA

B1 B1 1575.42 24 BOC CDMA

B2 B2a-D 1176.45 24 BOC CDMA

B2 B2a-P 1176.45 24 BOC CDMA

B2 B2b-D 1207.14 24 BOC CDMA

B2 B2b-P 1207.14 24 BOC CDMA

B2 B2-OS 1207.14 2 BPSK CDMA

B2 B2-AS 1207.14 20 BPSK CDMA

B3 B3 1268.52 10 BPSK CDMA

B3 B3-A 1268.52 24 BOC CDMA

A.4 GNSS Receiver

A generic GNSS receiver functionally consists of five major blocks; antenna,
signal down-conversion, analog to digital converter (ADC), digital signal pro-
cessor (DSP), user interface (UI) and usualy external interface (Figure A.1).
The antenna is the first element in the signal acquisition and processing chain.
An antenna usually includes an active front-end, which is located very close to
the receiving element to minimize the insertion losses. The front-end consists
of one or more band-pass filters (BPF) and a low noise amplifier (LNA).

Once the analog signal is band-filtered and amplified, it is then down-
converted to the intermediate frequency (IF) or the base-band (BB). The
down-conversion is usually based on the super-heterodyne concept that relies
on nonlinear mixing of the input signal with the local oscillator (LO) signal. A
new concept based on a sub-sampling receiver architecture has been proposed
in [72] and [73]. Under the sub-sampling concept the RF signal is converted to
IF or BB by aliasing. Hence, a sub-sampling receiver sample the incoming RF
signal at a frequency close to the frequency of the information content rather
than the carrier frequency. Such concept significantly simplifies and reduces
size of a receiver but it increases the system added signal NF by at least 3
dB and typically closer to 10 dB. Newer high speed ADC allow direct signal
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sampling, which eliminates the added NF and significantly reduces receiver
complexity.

Figure A.1: GNSS receiver functional block diagram.

After the signal down conversion, it is then converted to a digital signal at
the ADC stage. The digitized signal is then processed at DSP to extract the
navigation messages. Using the extracted navigation messages the processor
estimates the position, velocity and time (PVT), which are then provided to
a user through the UI or an external digital interface.

Figure A.2 shows three military handheld GPS receivers: PLGR 96+,
PLGR 3 and DAGR, all made by Rockwell Collins Inc. [74][75]. The tree
receivers represent a rapid evolution of the military receiver technologies in
the time period between mid-1990s and mid 2000s. In addition to the receiver
internal electronics evolution, the receiver antennas have developed as well.
Note that PLGR 96+ uses externally mounted large helical antenna whereas
both PLGR 3 and DAGR use internally mounted antennas.

A.5 Single vs. dual frequency and single vs.
multiple GNSS

Access to two coherent signals using significantly spaced carrier frequencies
allows a receiver to compute the signal ionospheric propagation delay [2,
pp.384]. Examples of such GNSS frequencies are GPS L1 (1575.42 MHz)
and GPS L2 (1226.70 MHz) and Galileo E1 (1575.42 MHz) and E5 (1207.14
MHz). A proper estimation of the ionospheric delay increases accuracy of a
PVT solution. Such a capability is otherwise available only through use of an
additional augmentation services. Another advantage of a dual frequency re-
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Figure A.2: Military handheld GPS receivers: PLGR+96, PLGR 3 and DAGR
(© J. Lang, DRDC Ottawa, 2003).

ceiver is reduced vulnerability to the EM interference. These two capabilities
were initially available only to the military users. However, addition of the
GPS L2C signal gave the same advantages to the civilian users.

Use of multiple GNSS signals gives similar advantages as the dual fre-
quency but with an additional layer or redudancy. In particular, availability
of a large number of satellites allows a receiver to select the signals from satel-
lites that provide the best satellite geometry for the most optimum position
solution, which is in the literature referred to as the Geometry Dilution of Pre-
cision (GDOP). A dual or multi-GNSS receiver will have a higher accuracy,
integrity, reliability and availability relative to a single-GNSS receiver. In the
military domain use of the GNSS that are under a foreign nation control is
usually limited due to the security implications.

From the antenna requirements perspective there are multiple parameters
affected by the number of frequencies and GNSS used, the bandwidth is an
obvious one. The antenna phase center and group delay variations are other
two parameters which are addressed in the main mater.
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B Review of single-port CP
excitation for DRA

The far-field CP radiation from a DR can be excited using one or multiple
excitation ports. Antennas using single-port excitation typically provide a
narrow AR BW and beamwidth and can provide only uni-sense CP. However,
single-port CP excitation usually provides a more compact and simpler design
comparing to a multi-port excitation.

To generate CP using a single feed there are two techniques: exciting a
single mode where the field distribution is perturbed due to a change in the
DR geometry or boundary conditions and to excite two identical modes but
geometrically orthogonal and quasi-degenerate. The quasi-degeneracy will
provide the phase quadrature between the excited modes, thus, CP radiation.

B.1 Single mode

This method relies on the perturbation of an excited mode in a DR by adding
interfaces in the dielectric such as two dielectrics of different permittivities,
or by adding a metallic strip or patch to the resonator. Such modifications
change resonator’s boundary conditions and as a consequence impact the field
distribution of the excited mode.

An example of this a method is presented in [76] where the HE11δ mode is
excited in a cylindrical DR using a single coaxial probe. The dielectric cylinder
was modified by cutting slots into resonator’s upper surface to produce CP, see
Figure B.1. This concept operates on the HE11δ mode revolution symmetry,
which allows any number of HE11δ modes to be excited around the cylinder
circumference. The slots add a dielectric permittivity gradient that creates a
second set of fields as a result of the primary mode field propagation within
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B.1. Single mode

the DR. CP occurs when the phase difference between the parallel and per-
pendicular fields is 90°, and the amplitude of the parallel and perpendicular
fields is equal.

Figure B.1: Circularly polarised comb-shaped cylindrical DRA (from [76]).

Another example includes a rectangular DR centrally fed by a probe that
radiates like an electric monopole but generating omni-directional CP fields
[77]. Slots are introduced to the DR sidewalls, exciting a degenerate mode for
the generation of CP radiation, see Figure B.2. Its operating mode is analo-
gous to the TM01δ mode of a cylindrical DRA.

Figure B.2: Omnidirectional CP rectangular DRA (from [77]).

In [78] an omnidirectional CP DRA using a modified Alford loop is re-
ported. The antenna is based on a top-loaded cylindrical DR center fed by an
axial probe and excited in TM01δ mode. By tuning the Alford loop dimen-
sions, the DR external fields are made equal in amplitude but 90° different in
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phase, hence, generating an omnidirectional CP radiation pattern.

The AR < 3 dB BW of such antennas is small since the field perturbation
changes as a function of the frequency. The antennas in [76] and [78] yield
about 4% and 7%, respectively, of S11 < 10 dB impedance and AR < 3 dB
BW.

B.2 Dual mode

This method relies on the resonator geometry that supports two geometri-
cally orthogonal and quasi-degenerate modes each having a similar resonant
frequency and overlapping band coverages. The resonant frequencies of the
two perturbed modes need to satisfy eq. B.1 and B.2 to create a condition for
existance of two orthogonal modes.

fx =
f0

1 + 1
2Qx

(B.1)

fy =
f0

1− 1
2Qy

(B.2)

The fx and fy are the resonant frequencies of the quasi-degenerate modes,
and Qx and Qy are their respective Q-factors. The impedance and AR BW
strongly depend on the asymmetry between the modes, hence fx 6= fy and
Qx 6= Qy, see [28, pp.178-181]. Using eq. B.1 and B.2 antenna normalized
input impedance can be estimated from eq. B.3 as a function of Q-factor [28,
pp.178-181].

Z = 1 +
jQ

ff0
(f2 − f20 ) (B.3)

A good example of a single-feed dual mode DRA is given in [26]. In that
case, a quasi-squared DR is excited through a single aperture. The aperture
excites TMx

δ11 and TMy
1δ1 modes, which are geometrically orthogonal, see Fig-

ure B.3. The impedance and AR BW of the antenna are both 6.6% but with
an overlaping BW of only 4%.

Another example of this concept is the use of two crossed slots of different
arm lengths in [79]. A CP BW of 4.7% is achieved by optimizing the slot
lengths and the open-end feeding microstrip line stub length. A number of
single-point feed CP DRA concepts is also covered in [28, pp.178-190]. The
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B.2. Dual mode

Figure B.3: Aperture fed CP rectangular DR (from [26]).

theoretical impedance and AR BW of the presented concepts range between
2% to 24% and 1% to 12%, respectively [28, pp.181].

Petosa in [28] summarizes impedance and AR BW performances of the
single feed excited CP DRA as a function of the Q-factor and fx and fy fre-
quencies. The impact of the difference between fx and fy confirms that a DR
under such excitation conditions resonates in two orthogonal but distinctive
modes. However, such resonant conditions produce practical AR BW only
half of the impedance BW due to the phase difference ψ impact on the AR in
eq. 3.42.
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C Cylindrical DRA design
optimization

This Appendix is an extension of Chapter 4. In sections 4.7.3 and 4.8 it was
hypothesized that a DR design needs to consider all antenna parameters such
as feeding mechanism, number of excitation ports and ground plane. That
hypothesis was based on on the fact that free space suspended Qu, which is
based on the design equations in section 4.3, cannot be replicated in practice,
hence, a more practical conditions need to be considered.

C.1 Cylindrical DR optimization

The DR design based on the analytical process from [28], which is followed in
section 4.3 does not take in account impact of the external parameters such
as the finite size ground plane and DR excitation technique. The impact of
these two parameters is significant as shown earlier. In addition, the resonant
frequency, Q-factor and radiation efficiency appear to be affected by the num-
ber of excitation ports. As shown in Figure 4.8, use of four excitation strips
instead of one, almost doubles the impedance BW.

These findings indicate that a DR design needs to consider all of the pa-
rameters, including the ground plane size, excitation technique and a number
of excitation ports, in addition to h, r/h ratio and εr, which are the only
parameters considered in the analytical design process. Hence, it is likely that
all the parameters need to be optimised to maximise antenna performance.

To test the hypothesis, dimensions of a cylindrical DR of εr = 10 on
a ground plane of radius rGP = 45 mm were optimised for a maximum
impedance BW. The starting values of h = 26.0 mm and r/h = 1.194 ra-
tio were used but h and r/h ratio were allowed to range in between 18 < h <
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32 mm and 0.4 < r/h < 5, respectively. The DR was excited using four tin-
wire probes as described in section 4.5.1. The probes were fed in a quadrature
to excite the CP radiation pattern.

The DR radius r and height h converged at 25.77 mm and 30.94 mm,
respectively, for r/h = 1.2006. These DR dimensions do not match the di-
mensions based on the analytical design procedure presented in section 4.3.
The simulation results are shown in Figure C.1. The input impedance BW
exceeds 200 MHz, or 13.8%, which is higher than predicted by the design. The
input impedance BW is also higher than the simulated for unoptimized DR
presented in Figure 4.8 and Table 4.4. These results confirm the hypothesis
but do not explain the discrepancy.

Figure C.1 also shows S21 and S31 parameters, which indicate the mutual
coupling between ports 1 and 2 (adjacent) and 1 and 3 (opposing), respectively.
The coupling level between the opposing ports is high and approaching -3 dB
around 1.6 GHz.

Figure C.1: S -parameter response of a cylindrical DR optimised for the exci-
tation mechanism and ground plane size.

C.2 Cylindrical DRA optimization

In this section the above hypothesis is applied on the entire antenna, which
includes antenna impedance matching, and considers antenna fabrication.
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C.2.1 Antenna design

Considering all the findings this far, an antenna concept based on a cylindri-
cal DR and a circular ground plane of 90 mm diameter can be proposed. To
achieve CP, the DR is fed in quadrature. The DR is excited using four vertical
conformal metallic strips, which were found to provide the highest impedance
BW, as shown in section 4.5. To further improve antenna impedance BW,
εr = 10 is used for the DR.

To ensure a gap-less conformal coupling between the strips and DR, the
strips could be printed on a flexible substrate similar to [80], which is εr = 3.6
and 0.072 mm (3 mil) thick. The strips are connected to 1 mm diameter vias
through the ground plane. To ensure a gap-less interface between DR and
the ground plane, which was noted as a problem in the designs presented in
[45, 46], the DR is affixed to the substrate and ground plane using four fas-
teners M3x0.5x30 made of polyester (εr = 3.2). The fasteners are also used
to align the DR with excitation strips and vias, which should simplify the
assembly process.

In this concept proposal additional emphasis is put into the antenna in-
put impedance matching. To improve the antenna impedance matching, the
via-though pad diameter and a single microstrip transformer are used. The
problem with the HE11δ mode impedance matching was observed earlier and
also noted in [16].

C.2.2 Design optimization

The proposed concept is then optimised using the HFSS optimization tool
where the optimization goal was to maximise input impedance BW within the
GNSS band. The starting dimensional values were those found earlier. The fi-
nal optimised antenna assembled and exploded views are shown in Figure C.2.

The final DR dimensions converged to radius and height of 30.8 mm and
24.4 mm, respectively, for r/h ratio of 1.2629. The excitation strip width
converged at 2.1 mm and length extending over the entire DR height. The
strips are tapered over 12.9% of length starting at the via pad as shown in
Figure C.2 insert.

To improve the antenna input impedance BW one-section microstrip trans-
former is used. The transformer is 22.8 mm long and 1.32 mm wide. The
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via-through pad radius (1.2 mm) and its ground plane coaxial radius were
also used to improve the input impedance matching.

Figure C.2: Cylindrical DRA: a) assembled view and b) exploded view.

C.2.3 Simulation results

The antenna S -parameter responses are shown in Figure C.3. It exhibits
RL > 10 dB between 1235 and 1630 MHz, which covers the entire upper and
about half of the lower GNSS band (Figure C.3). The total impedance BW is
about 395 MHz or about 27.7%. The mutual coupling between the adjacent
excitation ports 1 and 2 (S21) is under -10 dB below 1.27 GHz and above 1.41
GHz. The same can be assumed for other the adjacent ports considering the
antenna symmetry. The coupling between the opposite ports 1 and 3 (S31) is
below -5 dB for frequencies below 1.3 GHz whereas it approaches -3.5 dB for
frequencies between 1.56 to 1.61 GHz, which is high.

The realized RHCP gain at the antenna zenith is about 5 dBic in the
upper band whereas it ranges between 4 and 4.3 dBic in the lower band (Fig-
ure C.4). The minimum realised gain BW (GR > 0 dBic) covers frequencies
from about 1.11 to 1.73 GHz, which significantly exceeds input impedance
BW. Even though the realised gain is not constant across the entire band and
RL below 1235 MHz is well below 10 dB, the realised gain never drops below
3 dBic at the antenna zenith.
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The radiation patterns in the elevation plane are provided in Figure C.5
for two frequencies; 1225 and 1575 MHz, which correspond to GPS L2 and L1,
respectively. The vertical radiation pattern indicates GR > 0 dBic beamwidth
of about 130°in both the upper and lower bands. The HPBW is about 110° and
100° for the two frequencies, respectively. At 5° above the horizon (θ = 85°),
the realised gain is about -2.5 and -3 dBic for 1225 and 1575 MHz frequencies,
respectively. This corresponds to about 7 and 8 dB drop relative maximum
realised gain at the antenna zenith.

The 3 dB AR beamwidth exceeds 180° in the upper band and about 140° in
and lower band (Figure C.6). This is unexpected considering the AR limita-
tions due to the mutual coupling as described in section 3.5.2. In this case the
adjacent port mutual coupling in the highest in the lower band. At 1225 MHz
coupling between ports 1 and 2 is about -11.8 dB (S21)), then based on Fig-
ure 3.24 the AR upper limit should be about 2.6 dB. However, the simulated
AR < 2.6 dB beamwidth exceeds 130° at 1225 MHz.

Figure C.3: Reflection coefficients and excitation ports mutual coupling.
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Figure C.4: RHCP total and realized gain.

Figure C.5: Vertical plane CP radiation patterns for 1225 (GPS L2) and 1575
MHz (GPS L1) frequencies.
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C.3. Conclusion

Figure C.6: AR vs. elevation angle for 1225, 1275 and 1575 MHz frequencies.

C.3 Conclusion

Based on the simulation results, it is shown that the DR analytical design
process commonly used in the literature does not provide sufficient indication
of an antenna performance at least for the HE11δ radiation mode. The two
optimization experiments confirmed that an optimum DRA design needs to
consider all the antenna key elements such as excitation technique, number
of excitation ports, ground plane size and impedance matching in addition to
the DR dimensions, shape and εr.
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