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ABSTRACT OF THE THESIS

Design and Electromagnetic Characterization
of Circularly-Polarized Shorted-Annular-Ring GPS Antenna

for Autonomous Rail Vehicles Positioning
by

Tianjian Huang
Master of Science in Electrical & Computer Engineering
University of California, Los Angeles, 2022
Professor Yahya Rahmat-Samii, Chair

The Global Positioning System (GPS) opened for general usage in the 1980s and has since
led to the rapid growth of GPS receivers in both types and numbers. The proliferation
prompted applications in various domains and on platforms with special requirements and
constraints. Precise positioning is especially critical in drones and other autonomous plat-
forms for tracking and fleet management. One primary source of error in the precision of
GPS positioning is multipath interference; typically, antennas that resolve multipath issues
involves large, expensive, and specially-designed ground planes, such as choke rings. Patch
antennas are still among the most commonly used antenna designs for GPS receivers; their
compact size, flexibility in design, low-cost, and low-complexity manufacturing give them
unique advantages that are hard to rival by other antenna types. This thesis investigates
the potential of a low-cost, shorted-annular-ring (SAR) reduced-surface-wave (RSW) patch
antenna design, with multipath mitigation characteristics, for high-precision positioning of
freight-carrying autonomous rail transport vehicles. General considerations for GPS antenna
designs and SAR antenna design principles are presented. Several simulation studies are con-
ducted for single- and dual-band (L1 & L2) antenna designs. A L1-band SAR-RSW antenna
is prototyped and measured, and compared to simulation. The radiation characteristics of
the proposed design is also assessed through simulations near a side plate that models the

freight container.
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CHAPTER 1

Introduction

1.1 Background

The Global Positioning System (GPS) was entered into service in the 1970s and since the
1980s, GPS applications in the civilian domains became more accessible and widespread,
surpassing its originally intended purpose limited to the military arena. As the service
extended globally, the performance and cost issues for GPS antennas have fundamentally
changed. Today, the price of a GPS antenna can vary greatly, ranging from $4 to $8000 for

distinct platforms and applications, with some even exceeding the price of a receiver [1].

Applications utilizing GPS are also being developed at an astonishingly fast rate, and
their scale have increased dramatically over the past few decades. Currently, more than
53% of the satellite navigation market is dedicated to location-based services (LBS); these
include embedded GPS receivers in cell phones, tablets, and other wearable devices that are
now considered essential in daily lives. GPS usage in land transportation, such as vehicle
navigation and tracking, has also become extremely proliferated, growing to a size perhaps
second only to cell phones [2,3]. GPS receivers have become so ubiquitous that the positions
of moving parties can be easily obtained. Besides the commonly-perceived navigation and
routing applications, automobiles now incorporate standard GPS-enabled features such as
roadside assistance, automatic crash notification, and automatics vehicle location. There
is now growing GPS demands for systems such as commercial real-time fleet-monitoring;
the data GPS provides are highly valuable for delivery, emergency response vehicles, and
scheduled service fleet dispatch and control. Accurate GPS locations will also be essential for

drones and other autonomous platforms for accurate positioning and fleet managements [4].



In other words, GPS has become an indispensable component in telematics technologies,

which offers information-on-the-move.

1.2 Overview of Research

1.2.1 Design Goals and Requirements

The objective of the thesis is to design, simulate, and investigate the performance of a po-
tential GPS antenna design for autonomous rail vehicles (drones) for freight transportation,
envisioned by Parallel Systems [5]. A generic depiction of such system is shown in Fig. 1.1.
The freight container is to be carried by two identical autonomous vehicles; each vehicle is
mounted with four GPS antennas. The representative design requirements and constraints

of the GPS antenna are as follows:

Low cost: < $25/unit

Polarization: right-hand circular polarization (RHCP)

Cross-polarization discrimination (XPD): > 10 dB

Front-to back ratio (D/U ratio): > 5 dB

Operating band: L1 (1575.42 MHz) and L2 (1227.6 MHz).

Antenna size constraint: 150 mm X 300 mm x 300 mm

These requirements are expected to be additions to the typical requirements for an an-
tenna, such as good impedance match (S;; < —10 dB) over the operating bandwidth, and
to the common requirement of a GPS antenna, such as multipath rejection and phase center
stability, which will be discussed in details in later chapters. Many antenna design chal-
lenges are rooted in the platform constraints. For GPS antennas, the platform along with
the platform’s immediate environment dictates how well an antenna is capable of alleviating

issues such as multipath and other interference from natural or man-made sources [1]. Each

2



GPS antennas

Autonomous vehicles

Approximated antenna
mount positions

(b)

Figure 1.1: (a) A simplified depiction of the autonomous railway vehicle system for freight
transportation [5]. (b) Approximated antenna mount positions on an autonomous vehicle,

showing the antenna size constraints.



autonomous vehicle can operate in three modes, namely freely (as an individual vehicle), in
a transport unit (two vehicles carrying one freight container), or in a platoon (many trans-
port units connected together). The GPS antenna design is expected to function in all three
modes. In this case, the immediate radiation environment of the antenna is the autonomous
vehicle with or without the freight container. For a changing radiation environment such
as this, one may imagine that an adaptive antenna approach may be beneficial, such as a
beamforming array. The idea is that the antenna can exhibit one radiation pattern when
there is no freight crate and another when there is. However, due to the constraint on the
required antenna size, the number of array elements that can fit within is questionable, es-
pecially when the required size is comparable to the wavelength of operation. The small
number of array element then brings into question the beamforming capability. The array
feed and beamforming networks will further increase the costs. High-permittivity substrate
may allow the miniaturization of patch antenna elements, but it is at the expense of other

factors such as decreased bandwidth and gain.

The proposed design choice of this thesis is the reduced-surface-wave (RSW) shorted-
annular-ring (SAR) patch antenna. The low-cost requirement is most easily satisfied using
patch antenna designs on cheap PCB substrates. Patch antennas are also exhibit low profiles,
and hence the height constraint of 300 mm will not be an issue. As will be shown in later
chapters, the SAR patch antenna possesses multiple desirable characteristics, such as reduce
surface wave radiations and the resulting multipath rejection capabilities, that enables it to

become a promising candidate for high precision GPS applications.

1.2.2 Organization of Work

In order to understand design requirement and choices for a GPS antenna, the operation
principles of the GPS should be first investigated. Chapter 2 provides a foundational overview
on the functioning of the GPS system, such as the methods of ranging calculations and GPS
signal characteristics, including the operating frequency bands and bandwidth. Chapter

3 then provides the insights on the general design considerations for GPS antennas. This



chapter conceptually introduces desirable features expected from a typical GPS antenna with
the reasoning of such. Several figures of merits, such as cross-polarization discrimination
(XPD) and multipath rejection ratio, are defined to aid the assessments of the GPS antenna
performance. A brief survey of several common and proven GPS antenna designs are then
presented and their advantages and disadvantages are discussed. Chapter 4 then provides
the reasoning of the selection and theoretical treatment of the shorted-annular-ring (SAR)
patch antenna, which the design proposed for the autonomous vehicles. In this chapter, we
will derive the mathematical model and fundamental design equation needed to construct
such antenna that will exhibit a suppressed surface wave radiations. Based on the design
given in Chapter 4, Chapter 5 first provides the results from the simulation studies done
on a L1-band SAR patch antenna. The performance of a manufactured prototype is then
measured and assessed comparing to the simulation. An error/tolerance studies is conducted
to find the possible causes of errors between the measurements and simulations. Based on the
L1-band SAR antenna designs, more simulation studies are presented including the four-feed
designs to increase the impedance bandwidth, dual-band configurations, and lastly, radiation
performance assessment when the antenna is placed near the freight container model. A flow

chart representing the progression of the studies in this thesis is shown in Fig. 1.2.
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CHAPTER 2

Overview of GPS System

2.1 Introduction to GPS and GNSS

The Global Positioning System (GPS) is a satellite-based, passive radio navigation system
operate by the U.S. Department of Defense (DoD). Originally developed for the U.S. military
in the 1970s and was known as the Navigation Satellite Timing and Ranging Global Posi-
tioning System (NAVSTAR GPS), the service was declared fully operational by 1995 and
has gradually become accessible to general use around the world since the 1980s [6]. Partic-
ularly, component miniaturization and large-scale manufacturing enabled GPS receivers to
become more proliferated and inexpensive. In 2004, there was an estimate of eight million
GPS receivers just in automobiles alone in the U.S [2]. The GPS system is continuously
improving in terms of accuracy, availability, and integrity as new blocks of satellites and

capabilities are added to the system.

Any navigation satellite constellation with global coverage can be called a global nav-
igation satellite system (GNSS), though the term may also refer to the total collection of
the all satellite navigation systems and their augmentation systems. As of January 2022,
GPS along with Russia’s Global Navigation Satellite System (GLONASS), China’s BeiDou
Navigation Satellite System (BDS), and European Union’s Galileo are operational constel-
lations that can be classified as GNSS [2,7]. A GNSS provides accurate, continuous, and
three-dimensional (3D) position, velocity, and time (PVT) information to users with appro-
priate receiving equipment [2]. Today, GNSS such as the GPS have become an indispensable,
though less appreciated, part of daily lives. Other than providing high-precision positioning

and navigational needs in land, maritime, airborne, and space domains, GPS is extensively



used in land surveying, mapping, and geographic information systems (GIS) [4]. Impor-
tantly, GPS is also used in commercial and industrial infrastructure as a source of precise
time. GPS-derived time are widely used as a reference for scientific purposes and correlating
events recorded at different geographic locations, with applications including synchroniz-
ing components of telecommunication networks, setting clocks at major internet nodes, and
marking bank transactions, to name a few [6,8]. Potential applications of GNSS are continu-
ing developing at a rapid rate. It is projected that there will be over 9 billion GNSS-employed
devices by 2023, which is more than one unit for every person, with application in diverse

areas in industrial, commercial, scientific, and personal domains [2].

2.2 GPS System Architecture

The GPS architecture consists of three main segments: the Space Segment, the Control
Segment, and the User Segment. The Space Segment consists of the constellation of GPS
satellites, and the Control Segment tracks the satellites and oversees satellite operations;
both segments are managed by the DoD. The User Segment involves the development of

GPS receivers and encompasses GPS users in both military and civilian sectors [6].

2.2.1 Space Segment

The baseline GPS constellation is composed of 24 satellites in near-circular medium Earth
orbit (MEO) of approximately 20,200 km in altitude and with an orbital period of roughly
twelve hours. This is known as the baseline 24-slot constellation [2,6]. After GPS achieved
full operational capability (FOC) in 1995, the constellation has always maintained more
than 24 operational satellites for redundancy and improved coverage; as of Janurary 2022,

the GPS constellation consists of 29 operational satellites [6,9].

The baseline 24 satellites are divided into six orbital planes, inclined at 55° relative to
the equatorial plane, with four main satellite slots distributed unevenly in each plane. There
are spare satellite slots in each plane to support more satellites. The six orbital planes are

equally spaced around the equatorial axis at 60° separation, shown in Fig. 2.1. The baseline
8
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Figure 2.1: The GPS constellation, showing the six, equally-spaced orbital planes around
the equator. Note that the orbital radius is not-to-scale. The figure shows 27 GPS satellites;
this is known as the expandable 24-slot constellation, which contains three extra satellites

in addition to the baseline 24-slot constellation [10].

constellation is designed to ensure a minimum of four satellites in view for users with a clear
view of the sky at any point on Earth [6,7,9]. Realistically, a user can expect to see six
to eight satellites most of the time [6]. The GPS constellations are continually improving
system performance in terms of accuracy and jamming resistance as new blocks of GPS

satellites are launched and older ones are phased out.

2.2.2 Control Segments

The Control Segment’s primary responsibility is to receive satellite status and transmit
commands to the satellites to ensure their proper functions. The segment comprises a global
network of dedicated L-band monitor stations and S-band ground antennas for tracking and
communicating with the satellites. At the core of the Control Segment is the Master Control
Station (MCS), located at Colorado Springs in the U.S. The monitor stations are spread

across the globe in longitude; they are unmanned and operated remotely from the MCS.



Some of the more detailed functions of the Control Segment include [2,6, 11]:

e Tracking and predicting precise satellite locations

e Monitoring and maintaining satellite orbits, also called ”stationkeeping,” including

relocation of satellites if necessary

e Monitoring satellite health and signal integrity to ensure functionality and accuracy,

and performs anomaly resolution when necessary
e Maintaining GPS time

e Generating/updating navigation messages and uploading to the satellites

2.2.3 User Segments

The fast proliferation of GPS usage in the civilian portion of the User Segment is mainly
owing to the development of integrated circuits, which enables light, compact, and inexpen-
sive GPS receivers. It was estimated that more than one million GPS receivers have been
produced yearly since 1997 [6]. GPS receivers are now embedded almost ubiquitously in
cellphones, automobiles, robotic platforms, etc. The receiver designs are numerous, usually
driven by specific applications and requirements, and may differ greatly. To meet the antic-
ipated market demands, receivers that cover two or more GNSS systems have also received
considerable attentions and developed at a relatively low costs [1]. GPS antenna remains
to be an important component in any GPS receiver unit and will be discussed in details in

Chapter 3.

2.3 Ranging Using GPS Signals

A GPS receiver receives the L-band navigation signals from at least four GPS satellites to
calculate the user’s PVT information using trilateration. The measurement of ranges using
trilateration requires three position references, which are objects at known positions. For

GPS receivers, these references are three GPS satellites. The satellites are moving with a
10



speed of roughly 4 km/s, however, their position can be estimated with an error no larger
than a few meters based on prediction made a day or two earlier [6]. The distance between the
user and a satellite can be determined using two main methods: pseudorange measurement

and carrier-phase measurement.

2.3.1 Pseudorange Measurement

In Pseudorange measurement, the distance between the user and the satellites are determined
from the transit time of the signal from the satellite to the receiver; this is an example of
time-of-arrival (TOA) ranging. The term pseudorange will be explained below. To make use
of the transit time for calculating the accurate distances from the satellites, the clocks in the
transmitters and the receivers must be synchronized with each other [2,4,6]. For example,
an error of 1 ps in synchronization will result in a deviation of 300 m in range measurement.
The measurement accuracy is also affected by other sources such as measurement noise and
propagation delay, but these are generally negligible when compared to the error produced
by non-synchronized clocks [2]. The on-board atomic clocks on the GPS satellites are near-
perfectly synchronized with each other, and they are constantly monitored by the Control
Segment [6]. The main challenge lies in synchronizing the receiver clocks with those of the
GPS satellites. Assuming this is the case, as the satellite transmits the navigation ranging
code, the receiver generates an exact copy of this GPS code. The receiver will pick up the
transmitted code after some time. By comparing the phases of the transmitted code and
the generated copy at the time of reception, the receiver can calculate the signal transit
time. Hence, the pseudorange measurement is also known as code-phase measurement. A

simplified view of the pseudorange measurement is shown in Fig. 2.2.

Realistically, however, one should not expect GPS receivers, numbered by the billions,
to be synchronized with the satellite. The requirements on the receiver clock should also be
kept at a minimum to reduce cost for wide-spread general use. This seemingly extraordinary
requirement can actually be avoided, allowing the use of inexpensive quartz oscillators in the

receivers [6]. This is because any clock bias in the receiver clock affects the observed transit
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Figure 2.2: A simplified depiction of pseudorange measurement [4]. The top waveform
represents the navigation signal broadcast by the satellite and received by the receiver, and
the bottom waveform represents the identical code generated by the receiver. Assuming
perfect clock synchronization, the transit time of the broadcast signal is At, which can
be found by performing autocorrelation of the broadcast signal and the receiver-generated

signal; the transit time can then be used to determine the position of the receiver.

time for all satellite signals equally. The resulting measured ranges, known as pseudoranges,
are therefore all differ from the true ranges by a common amount [2,4,6]. The receiver clock
bias then becomes the fourth unknown, in addition to the three position coordinates of the
receiver. Thus, a fourth GPS satellite is needed to solve the four unknowns for the receiver:

three spatial position coordinates and time [4, 6].

2.3.2 Carrier-Phase Measurement

Carrier-phase ranging is an alternative method to pseudorange measurement. It measures
the difference between the phases of the receiver-generated carrier wave and the actual car-
rier wave received from the satellite at the measurement instance. In an ideal case where the
clocks are perfectly synchronized and that there is no relative motion between the satellite

and the receiver, the carrier phase measurement will be fixed at a fraction of a cycle. The-
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oretically, the distance between the satellite and the receiver can be calculated as the sum
of the total number of full carrier cycles plus the measured fractional cycle multiplies by the

carrier wavelength [4,6].

However, there is one major issue. The receiver will have no means to differentiate one
cycle from another, and thus is unable to determine the total number of cycles between
the satellite and the receiver. The unknown total number of whole cycles is known as the
integer ambiguity or initial cycle ambiguity. The receiver, however, does have the ability to
keep track of the phase changes, such as when the satellites move and the distances between
them and the receiver change; this would ensure the initial ambiguity would remain the
same as long as there is no signal loss/cut off, known as cycle slip. Since the carrier phase
can be measured with great precision, the calculated range using the carrier-phase method
is far more accurate than that using pseudorange method because the wavelength of the
carrier is much smaller, and hence higher resolution, than that of the ranging codes. The
error due to multipath and receiver noise in carrier-phase measurements is at millimeter- to

centimeter-level, which is roughly one-hundredth of that for pseudorange method [2,4,6].

Nonetheless, one still needs to solve the integer ambiguity. There are several ways to solve
this in order to utilize the great precision in measured carrier phase difference and determine
the range. One method is to combine the pseudorange and carrier-phase measurements,
in which the former is less precise but unambiguous, and the latter is precise but contains
integer ambiguity. However, one typical method is to employ relative positioning technique,

which will be discussed in the following section.

2.3.3 GPS Positioning Modes

Positioning using GPS can be done in two main ways: point positioning and relative po-
sitioning. In point positioning, also called standalone or autonomous positioning, the user
employs only one GPS receiver that uses pseudorange measurement to determine the user’s
instantaneous position [4]. Almost all commercially available GPS receivers are capable

of point positioning. Point positioning is used primarily when a relatively low accuracy is

13



required [2,4, 6].

GPS relative positioning, also known as differential positioning, employs two (or more)
GPS receivers to track the same satellites. A minimum of four common satellites in view
for both receivers is required to perform relative positioning. One receiver is chosen to be a
reference, or base, which is stationary with precisely known coordinates. The other receiver,
called rover or remote receiver, has unknown coordinates and may or may not be stationary.
Either pseudorange or carrier-phase measurement can be employed, and depending on which
one is used, an accuracy range of meter- to subcentimeter-level can be achieved. Relative
positioning provides a higher accuracy than point positioning does; this is because when two
receivers are tracking the same satellites, the measurements contain roughly the same errors
and biases, called common-mode errors; the closer the two receivers are with to each other,
the more similar the common-mode errors will be. Thus, by taking a difference between
two measurements, hence the name differential positioning, the common-mode errors can be

removed [2,4].

Traditionally, the integer ambiguity are usually solved with carrier-phase measurements
carried out over a span of time, or at two different times, by the reference and rover re-
ceivers. By combining the recorded measurements over different times, one can construct
an interferometry that produces a set of equations, which are then solved to determine the
integer ambiguity value [4]. A one-dimensional example is illustrated in Fig. 2.3. An associ-
ated pseudorange measurement may aid the ambiguity resolution by limiting the size of the
integer ambiguity to around £10X [2]. A brute force method involves applying least squares
solution to each time iteration and minimizing the residual. Brute force method is usually
computationally intensive; when applying more sophisticated computational techniques, a
positioning accuracy of around 20 cm in near real-time and millimeter-level accuracy post-

processing are achievable [4].

Relative positioning using carrier-phase measurement is widely used in precise positioning
applications. Depending on whether the rover receiver is stationary or mobile, one can
conduct very precise static survey or kinematic survey [4]. In the 1980s, data collection for a

GPS survey would require an hour or more from stationary antennas just for adequate integer
14



measurements [6].

A, Measured phase difference
N Integer cycle ambiguity

d= A(N+ Ag)lcos 6,

A 6, d B

d=A(N+A,)cos 6,

Figure 2.3: A simple, one-dimensional example of relative positioning utilizing carrier phase

distance d between the two receivers A and B. There are two unknowns in this setup, which
are the distance d and integer ambiguity N. An equation relating d and N is shown in the
top left. (b) Ambiguity resolution is enabled after a change in the satellite position. In this
case, we can obtain another equation shown in the top left of figure (b). Together with the

equation in figure (a), we obtained two equations with two unknowns, thus enabling the

solving for d and N.
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ambiguity resolution [6]. To improve survey efficiency, the rover receiver needs to compute
positions in real time while on the field in motion. This is known as real-time kinematic
(RTK) mode, and a key requirement is the capability to estimate the integer ambiguity while
the rover receiver is mobile, known as on-the-fly (OTF) ambiguity resolution [4]. Describing
specific OTF techniques is beyond the scope of this section. If the ambiguity resolution
can be done reliably and near-instantaneously, RTK can also be used as a basis for precise

navigation.

2.4 GPS Signals

The GPS satellites broadcast one-way navigation signals, and GPS receivers operate in
passive radio mode that only receive and not transmit signals. This arrangement enables

GPS to service an indefinite number of users simultaneously [6].

2.4.1 GPS Signal Characteristics
Each GPS signal can be broken down into three components:
e Carrier

e Ranging code

e Navigation data

Currently, the GPS constellation broadcasts navigation signals using sinusoidal carrier

waves at several L-band frequencies:

e [1: 1575.42 MHz
o [2: 1227.6 MHz

e [5: 1176.45 MHz
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All current GPS satellites transmit two legacy signals, which are the carrier frequencies
called Link 1 (L1), the primary frequency, and Link 2 (L2), the secondary frequency. L5
is added as part of the GPS modernization, which will be discussed in Section 2.4.4. Most
GNSS constellations today use carrier frequencies in the L-band, with spectra for different

constellations densely spread across 1146-1616 MHz, as shown in Fig. 2.5.

The GPS ranging codes are examples of pseudorandom noise (PRN) code, and is unique
for each GPS satellite. The code modulation is different for each satellite, so that there are
no signal interference even though all satellites transmit at the same L-band frequencies.
In fact, GPS was the first broad-scale application of such signaling concept known as code
division multiple access (CDMA). The ranging codes enable precise range measurements
and alleviate the undesired effects from reflected or interfering signals received by a GPS
receiver [6]. The GPS ranging codes are classified in to two types: coarse acquisition code
(C/A-code) used in the standard positioning service (SPS) for general use, and precision
code (P-code) used in the precise positioning service (PPS) for the U.S. military and DoD
authorized users. As the names suggest, the C/A-code range measurement is less precise
compared to that of the P-code, but it is less complex [4]. The P-code is encrypted and
referred to as the Y-code when the satellites are operating in the antispoof (A-S) mode, with
the main goal to protect users from spurious GPS signals transmitted by an adversary. It
is common to refer to P-code in either mode of operation (A-S mode on or off) collectively
as the P(Y)-code [2]. Originally, both C/A- and P(Y)-codes are transmitted on L1, whereas
only P(Y)-code is transmitted on L2. For L1 and L2 signals, the ranging codes are then
additionally modulated by a 50-bps navigation message data, which provides the necessary
information to the receiver for computing the precise locations of the satellites and signal

transit times [2,4].

The three components of a GPS signal (carrier, ranging code, navigation data) are all
generated coherently on board the satellites using a common frequency source that is driven
by a rubidium or cesium atomic clock, known as the atomic frequency standard (AFS), with
accuracy better than 1 ns [6]. The nominal reference frequency fy is 10.23 MHz for an
observer on the ground. To compensate for the relativistic effects from the satellite orbiting

17



: L2 signal
120 f, carrier — »-6dBF——>
{120 £ p| BRSK 1,227.6 MHz

modulator

P(Y) code @ data
or P(Y) code or
BPSK C/A code @ data

"| modulator -3 dB[

154 f, carrier L1 signal

| 154 1,575.42 MHz
m BPSK
modulator

f, clock

> Limiter > P(Y) code /T P(Y) code & data
| generator L/ ¢

'y
¢)(1 epoch $X1 epoch P(Y) code » Switch —
f,/10 clock | C/A code A T
+10 generator 4

C/A code & data
¢ 1,000 Hz j

Handover
o information +20 |« 5 "
_ epoc
o =10.22999999543 MHz + 50 Hy 50-bps data
Data
enerator
Other 9
information

Figure 2.4: Block diagram on the GPS L1 & L2 legacy signal structures and generations [2].
It is observed that the GPS signal components (e.g. the carrier, ranging code, and navigation
data) are generated from a common reference frequency source at fy &~ 10.22999999543 MHz,
shown on the bottom left, and then are combined and modulated to produce the broadcast

signal.

around the Earth, the actual output reference frequency from the satellite is set to a slightly
lower frequency of 10.2299999954326 MHz [12]. The actual carrier frequencies are then

generated at a set multiples of the reference frequency fy, more specifically:

o fi1 = 154f, = 1575.42 MHz

o fio = 120f, = 1227.6 MHz

A block diagram on the generation of legacy L1- and L2-band GPS signals are presented in
Fig. 2.4.
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2.4.2 Effects on Signal Propagation

GPS signals transmitted from fast-moving satellites propagate through the Earth’s atmo-
sphere to reach the receivers. As it propagates, the signal will experience several impairments
including but not limited to Doppler shift and atmospheric effects in the ionosphere and tro-

posphere.

The GPS satellites in MEO orbit with a speed of around 4 km/s. This creates a relative
motion between the satellite and the receiver, and as a result, a noticeable Doppler effect
on the received GPS signal. It is estimated that the resulting maximum uncertainty in the
frequency is roughly £10 kHz, and thus a receiver should search within this 20-kHz band
for the transmitted GPS signal [3].

GPS satellites transmit signals in L-band frequencies. L-band was chosen to be the
optimal spectrum range for GPS signals because it was relatively uncluttered in the early
1970s, but more importantly because it offered several advantage compared to other bands.
At lower frequencies, the signals will experience longer delays and severe fading due to
inhomogeneities in the atmosphere, and at higher frequencies, space loss and atmospheric
attenuation will increase significantly [6]. One major effect the ionosphere has on the GPS
signals is its dispersive characteristics, which causes frequency-dependent phase shift, or
group delay, of the signals. The effect of the dispersion is resolved by using two widely spaced
frequencies; in GPS, this is mostly done using the two main carrier frequencies, L1 and L2,
which are separated by several hundred megahertz. This allows the receiver to estimate
the delays experienced by the signals as they pass through the ionosphere and thus correct
almost all ionospheric effects. The troposphere, though non-dispersive at GPS frequencies,
can delay the signal waves by refraction due to different concentrations of water vapor. The
resulting error from the troposphere effects is smaller than that from the ionosphere, but it

cannot be resolved using calculations and can only be estimated using a general model [3].
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Table 2.1: Minimum user-received GPS signal power specifications for Block IIR-M/II-F
GPS satellites [6,12].

C/A-code, L2C, or L5
Frequency band P(Y)-code (ABW)
(dBW)
L1 —158.5 —161.5
L2 —160 —161.5
L5 —154.9 N/A

2.4.3 Signal Power

The RF power at the input port of a GPS satellite’s antenna is around 50 W, roughly
half of which is assigned to the C/A-code [6]. The satellite antenna is designed such that
the RF power is spread roughly evenly over the Earth’s surface. After the long distance
travel from the more than 20,000-km medium-Earth orbit, the received GPS signals on the
surface of Earth are extremely weak. The specifications on the minimum received GPS power
level for users on Earth are given in Table 2.1. The table assumes Block IIR-M and II-F
GPS satellites; the specifications will be slightly different for older and newer GPS satellite
blocks. The specified power levels are based on signal received by an ideal right-hand circular
polarized (RHCP) antenna with unity gain (0 dBic). Clearly, the GPS signals are well below
the background RF noise level. A GPS receiver is able to extract such weak signal from
the background noise owing to the knowledge of the PRN ranging codes; such signal boost
is known as processing gain. Nonetheless, the low signal power remains a main concern for
the resilience of GPS against RF interference and jamming, especially when more and more

public infrastructure depends on GPS [6].

2.4.4 GPS Modernization

GPS modernization was launched in the late 1990s soon after the system was operational and
the full potentials for military and civil applications became clear [6]. The modernization

program was aimed to provide signal redundancy, improved positioning accuracy, signal
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availability, and system integrity [13]. Dual-frequency measurements are crucial for precise
positioning, which allowed users to correct for the effects of the ionosphere. As mentioned
in sections above, originally, only the P(Y)-code is transmitted on both L1 and L2 for U.S.
military use. In 1998, two new civilian signals were announced: L2C and L5. First, the L2C
signal was the C/A-code added to L2 to improve civilian GPS accuracy. The L2C addition
was found to be inadequate in the civil aviation safety-of-life applications, mainly due to
potential interference from ground radars operating near the GPS L2 band. As a result, a
third civilian signal L5, was introduced. As mentioned prior, since a main concern for GPS
is the low power level, L5 is designed to be transmitted at a higher power. L5 signals will
exhibit a wide broadcast bandwidth of 20 MHz minimum and will be more robust under
noisy and multipath conditions. L5 signals will also implement new ranging and navigation
code structures that are more efficient. A new military signal, known as M-code, was also
introduced along with L2C and was designed to be more robust than the P(Y)-code [4]. M-
code is transmitted on both L1 and L2 frequencies coexisting with the previous L1 and L2
codes, and is intend to eventually replace the P(Y)-code [2]. A fourth civilian signal, L1C,
was also introduced; it is transmitted on the L1 frequency and enables the interoperability

between GPS and international satellite navigation systems [13].

The frequency characterstics of the broadcast signal for GPS and Galileo are listed in
Table 2.2. Since the spectrum shape of a particular signal depends on the modulation used,
the null-to-null bandwidth shown in Table 2.2 can be defined as either the width of the
main spectral lobe, or the width between the outer nulls of the split main lobes (such as in
binary offset carrier (BOC) modulation used for M-code), of the signal power spectrum. The
bandwidth of a particular GNSS signal (hence the required bandwidth of a receiver for that
signal) is then typically referring to the null-to-null bandwidth. Figure 2.5 also illustrates
the frequency allocation plans for the current GNSS and other regional and augmentation
systems. It is worth noting that many frequency bands used by different constellations
overlap with, or are situated relatively close to each other. This facilitates the development
and proliferation of multi-band GNSS receivers and receivers that covers two or more GNSS

systems.
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Table 2.2: Frequency characteristics of GPS and Galileo constellations [2,12,14-16].

GNSS Null-to-Null Bandwidth
Center Frequency (MHz)
Constellation (MHz)
L1 C/A 1575.42 2.046
L1 P(Y) 1575.42 20.46
L2 P(Y) 1227.6 20.46
L2C 1227.6 2.046
GPS
L5 1176.45 20.46
L1 M 1575.42 30.69
L2 M 1227.6 30.69
L1C 1575.42 4.092
E1l 1575.42 24.552
E6 1278.75 40.92
Galileo Eb5b 1207.14 20.46
E5 1191.795 51.15
Eba 1176.45 20.46
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Figure 2.5: Illustration of the frequency allocations for several GNSS, regional, and augmen-

tation systems [16].
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CHAPTER 3

GPS Antennas: General Considerations

GPS ranging is accomplished using the concept of trilateration, as discussed in Chapter
2. Although the trilateration is conceptually straightforward, accurate range measurement
is subjected to factors such as atmospheric effects in ionosphere and troposphere, receiver
circuitry, multipath and other RF interference, and eventually, receiver antenna designs.
Antenna is the first element in any GNSS receiver to process a user’s positioning information.
The antenna acts as both a frequency and spatial filter, therefore it will have a major impact
on the overall performance of the receiver system, notably regarding coverage, positioning

accuracy, and interference mitigation.

3.1 Polarization

The GPS satellite and receiver antennas exhibit right-hand circular polarization (RHCP),
which offers several significant advantages. Circularly polarized signals are desired because
linearly polarized signals undergo changes in polarization direction as they propagate through
the ionosphere due to Earth’s magnetic field, which is a phenomenon known as Faraday
rotation [7]. Additionally, a linearly or elliptically polarized antenna must be properly aligned
relative to the polarization of the incident wave to receive the maximum possible power,
otherwise a misalignment will reduce polarization efficiency. This is another complication in
the receiver design that can be avoided using circularly-polarized signals. Another benefit of
using circular polarization (CP) is that it allows the receiving antenna to distinguish a direct
signal from a strong multipath signal. Typically, the strongest multipath signals arrive at

the receiving antenna from directions close to the horizon or below it, usually after reflection
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from the surface of a good conductor, such as sea water or a building [7]. The polarization of
a circularly-polarized signal will switch handedness upon reflection; in the case of GPS, the
signal is changed to left-hand circular polarization (LHCP) from the original RHCP. Since
RHCP and LHCP components of an electric field are orthonormal, a perfect RHCP receiving

antenna is able to completely discriminate/reject a multipath signal that is perfectly LHCP.

3.2 Axial Ratio

The axial ratio (AR) is a metric for circularly and elliptically polarized antennas that mea-
sures the ratio of the major axis to the minor axis of the polarization ellipse. It can be used
to assess a CP antenna’s polarization efficiency and the ability to reject LHCP signals. AR
is calculated as [2,3,7,17]:

AR =

major axis ‘ Eax
Emin

minor axis

AR(dB) = 20log AR

(3.1)

FELax and E;, are the maximum and minimum electric field magnitudes, which defines the
major and minor axis of the polarization ellipse. For CP antennas, an axial ratio of 0 dB
(unity) implies perfect CP. In practice, an antenna has an acceptable CP when its AR is less

than 3 dB [3].

Axial ratio is inherently tied to the cross-polarization (X-pol) level; for GPS antenna,
the X-pol is LHCP and the co-polarization (co-pol) is RHCP. A metric that measures the
X-pol level is the cross-polarization discrimination (XPD), and can be determined from the

AR as [7]:

|Er|  AR+1

XPD(dB) = 20log XPD

XPD =

where Eg and Fj, denote the RHCP and LHCP components of the electric fields respectively.
Using (3.2), for an acceptable CP with an AR less than 3 dB, the corresponding XPD
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should be more than around 15.34 dB. For a GPS antenna, this means that the LHCP level
should be more than 15.34 dB below the RHCP level across the desired angular range and
range of frequencies for acceptable CP performance. In general, AR and XPD are strong
functions in terms of the elevation and azimuth angles, and the characteristics may vary
noticeably depending on the specific antenna design geometries and feed network used. For
GPS antennas, maintaining a good AR over a beamwidth that can be very wide, extending
from the zenith to a low elevation of 10 degrees for reasons that will be discussed in the

following section, is usually difficult to achieve [7].

3.3 Radiation Pattern

Typically, a GPS antenna is placed where there is a clear view of the sky with ideally as little
obstruction as possible. One of the key requirements then for such antennas is to provide
a minimum gain needed and a sufficiently broad beamwidth for at least four GPS satellites
in view. These factors dictate the radiation pattern for most traditional GPS antennas,
and since gain and beamwidth vary inversely with each other, this creates an unavoidable

trade-off.

The optimal radiation pattern for a typical GPS antenna is also limited by the required
minimum elevation mask angle 6, in the upper hemisphere [7,14]. For GPS receivers, the
elevation mask angle is a preset angle above the horizon; any satellite signal below the mask
angle will be ignored, or "masked out,” by the receiver [18]. This is depicted in Fig. 3.1.
An ideal GPS antenna should receive radiations only above the minimum mask angle and
have no radiation below it. The sharp cutoff at the elevation mask is thus a major design
difficulty, since most realistic GPS antennas have smooth, cardioid-like patterns [1]. One
consideration for setting the mask angle is related to receiver noise. The incoming GPS
signal is already very weak; elevation mask helps to reduce potential atmospheric noise in
the incoming signal by masking out satellites closer to the horizon, whose signals will travel
longer, and thus degrade more, in the atmosphere than those of satellites closer to the

zenith. Another consideration for elevation mask has to do with radiations below the mask
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angle, which may subject the antenna and receiver to undesired effects such as multipath,

interference, and jamming [1,7].

Theoretically, for a 24-satellite constellation, an elevation mask of 5° will always ensure
at least five satellites in view and at least seven satellites in view more than 80% of the
time for a user at all altitudes [7]. Before 2010, the general convention is that for terrestrial
applications, the elevation mask angle usually ranges from 10° to 15 or 20°, and —10° to 10°
for airborne applications; a negative mask angle means it is below the horizon. After 2010,
with the advent of multiple GNSS constellations in operation with more or less overlapping
operating bands, in addition to receivers being developed capable of receiving from multiple
constellations, there is a trend of moving toward a higher elevation mask angle. Traditionally,
the concern was that a mask angle that is too high may exclude satellites needed for a
minimum number of four. With a well-developed constellations in orbit, the likelihood of such
scenario became increasingly low. Thus after 2010, for terrestrial applications, the elevation
mask angle can be from 20° to even as high as 40°, and 10° to 30° for airborne applications.
Other than the availability of more satellites near the zenith, factors contributing to the trend
of higher elevation angles include the increase in interference signals coming from the horizon
from other applications operating near the GPS L-bands, and the superior performance using
near-zenith coverage enabled by GPS augmentation constellations such as Japan’s Quasi-

Zenith Satellite System (QZSS) [1].

Ideally, a GPS antenna’s RHCP far-field radiation gain pattern should exhibit a greater-
than-unity (>0 dBic), constant (flat) gain value over the elevation angles above the elevation
mask, and a sharp gain roll-off below the mask [7,14]. This is clearly depicted by the idealized
radiation pattern shown in Fig. 3.1a. For an ideal, lossless, purely RHCP polarized antenna

with such pattern, one can determine the directivity (or gain) as:

47 2

D:_:—
Q4 1—sinb,,

(3.3)

Suppose the elevation mask angle 6,, is set to 10°, the gain of this ”ideal” radiation pattern

is calculated to be around 3.8 dBic using (3.3); a gain below 3.8 dBic indicates there exists
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Figure 3.1: (a) Idealistic GPS antenna radiation patterns with a relatively uniform RHCP
directivity or gain value at the upper hemisphere and a sharp cut off at the elevation mask
angle [1]. The elevation mask angle 6, is equivalent to 90° — 6., where 6. is the polar
angle measured from the zenith shown in the figure. The figure on the right shows a higher
elevation mask angle convention after 2010. (b) Example of a more realistic, though still

some-what ideal, GPS antenna radiation pattern with a roughly 5° elevation mask [7].
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radiations below the elevation mask, and a gain higher means a narrower antenna beamwidth
and a more directive pattern. Obviously, realistic GPS antennas will not possess such ideal
patterns or perfect RHCP polarization across the beamwidth, such as non-uniform gain above
the elevation mask, non-zero backlobes and radiations below elevation mask, and degraded

RHCP polarization at lower elevation angles that introduces polarization losses [7].

The pattern shown in Fig. 3.1 is for a generic baseline GPS antenna placed in idealized
environment with open sky and no obstruction, and no further design constraints. Ulti-
mately, the desired radiation pattern is still platform-specific, which may impose more, or
less, specific operating requirements on the GPS antennas [1]. For example, though vast ma-
jority of GPS antennas would consider a sharp cutoff at low elevation mask angle desirable
for reasons explained above, it may not be the case for antenna installed on platforms such
as ships and aircraft. Since ships can experience considerable pitch and roll motions caused
by heavy sea conditions, and similarly for aircraft during pitch, yaw, or roll maneuvers with
significant orientation changes, a good gain at low elevation angles may actually be desired.
This is in agreement with the mask angle convention discussed above, in which the mask
angles are usually lower for airborne platforms, even extending to 10° below horizon before

2010, compared to terrestrial platforms [1,7].

It is also noteworthy here to address the notion of beamwidth for GPS antennas. Typi-
cally, when mentioning the beamwidth of an antenna, it is referring to the 3-dB beamwidth,
or half-power beamwidth (HPBW), defined as the angular range whose boundary is at a level
3 dB below the main lobe peak. However, this conventional definition, though important for
point-to-point communications links, is regarded to be of little significance when evaluating
the performance of a GPS antenna. As mentioned before, typical GPS antennas are required
to have very broad beam, extending from the zenith to the elevation mask, to acquire as
many satellites as possible in the upper hemisphere. Therefore the gain in this large angu-
lar range has to satisfy a minimum requirements that is considered crucial for GPS signal
acquisition. The minimum gain beamwidth extends from the zenith down to the elevation
angle as long as the gain of the GPS antenna satisfy the minimum gain requirement within
this angular range [7]. The minimum gain requirements at different elevation angles for the
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L1-E5 bands are listed in Table 3.1.

Table 3.1: Minimum gain requirement versus elevation mask angle for the L1-E5 bands [7].

Elevation mask angle (°) Minimum gain (dBic)
> 15 —2
10 -3
5 —4.5
0 —7.5

3.3.1 Dilution of Precision

It is worth mentioning here the notion of dilution of precision (DOP), which is a measure
of the geometry of the visible satellites [18]. More specifically, DOP is a numerical value
that indicates the confidence of the position measurement obtained by the receiver from the
geometry of the visible satellites [7]. Ideally, one would want the four or more GPS satellites
to be equally spaced around the receiver. However, this is not possible, since the receiver
will only see the upper hemisphere, as the Earth itself is blocking the bottom hemisphere.
Therefore, the second best orientation would be to have a satellite at the zenith directly
above the receiver, and the other three equally spaced around the receiver, elevated to about
25 to 30 degrees above the horizon [18]. If the satellites are clustered together, it will result in
poor DOP values; this can be illustrated in Fig. 3.2. This is another reason why an elevation
mask that is too high may be undesirable, since it may exclude satellites at lower elevations
for a good DOP. This is a particular concern for GPS precision in mountainous terrain and in
large cities with densely packed high-rises, not to mention the fact that high-rise buildings
also serve as near-perfect reflectors that produce multipath signals. For these cases, one
would imagine the only visible satellites are the ones almost directly above. This is some
what alleviated by the deployment of GPS augmentation constellations such as QZSS, which
operates satellites in geosynchronous orbit (GSO); GSO satellites are situated near-zenith,

which can directly aid in signal reception in urban environment [1,18].
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Figure 3.2: (a) Positioning accuracy as relates to the relative geometry of the user and
signal emitters [2]. DOP is a common consideration used in time-of-arrival ranging, which
calculates the transit time of signals from position reference sources such as foghorns, GPS
satellites, or other signal emitters. As the figure on the right suggests, signal sources that
are clustered together will result in higher uncertainties and errors in range measurements,
and hence, poor DOP values. (b) Figures illustrating GPS satellite geometries that would

result in good or poor DOP values.
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3.4 Bandwidth

There are three main definitions used for antenna bandwidth. The first one, the impedance
bandwidth, is by far the most common, which specifies the range of frequencies where ade-
quate impedance matching is achieved. More specifically, it is defined as the frequency range
within which over 90% of the incident power is delivered to the antenna, or equivalently, the
S11 (the reflection coefficient) is below —10 dB; this is the typical impedance matching con-
dition. This bandwidth can also be expressed as a percentage of the center frequency fy,

known as the fractional bandwidth %BW:

%BW = Bf—W x 100% (3.4)

0

where BW on the right-hand side is the impedance bandwidth.

Two other less used, though important, definitions of bandwidth is gain bandwidth and
axial ratio bandwidth. The gain bandwidth is defined as the frequency range over which the
gain is above certain minimum threshold values. For GPS antenna specifically, the minimum
gain values are required for the antenna to acquire the GPS satellites from the zenith to the
elevation mask; they are specified in Section 3.3 above. The AR bandwidth is defined as
the range of frequency whithin which the antenna is able to meet the maximum X-pol
level requirement (AR <3 dB) for a desired angular range. Most typically, the impedance
bandwidth is the limiting factor, which often can be almost an order of magnitude smaller

than the gain bandwidth [7].

3.5 Phase Center Stability

The concept of phase center is related to equiphase surface; for the far-field radiation pattern,
the equiphase surface can be approximated as a spherical surface, and the center of the sphere
is equivalent to the phase center of the antenna [3,21]. More formally, the phase center of
an antenna can be defined as the point at which the spherical phase fronts of the far-field

radiation pattern seem to emanate from when the antenna is in transmit mode. This means
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Figure 3.3: (a) Ideal versus realistic equiphase front radiated by an antenna [19]. The
actual phase front will not be perfectly spherical and is depended on the angular positions,
which will introduce different phase offset errors for the signals received by the antenna.
(b) Another illustration of ideal versus actual equiphase surface [7]. The apparent phase
center is different at each angular observation positions; the average phase center is the
mean location of the apparent phase centers for a defined angular range. (c) The antenna
reference point (ARP) is the geometric center of the antenna. The difference between the
ARP and the average phase center is the phase center offset (PCO). The difference between
the phase center at a particular angular position and the average phase center is the phase

center variation (PCV) at that position [20].
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that the phase center is also the point at which the electromagnetic energy seems to be
received by the antenna, assuming reciprocity holds, which is true for most conventional
antennas. Hence, the spatial location of the phase center of a receiving antenna is the
actual 3D position measured by a GPS user/receiver. For an ideal antenna, the phase center
would be at the center of the far-field spherical, equiphase surface surrounding the antenna;
realistically, this is unattainable for any practical antenna designs simply because of the
radiation mechanisms. The equiphase surface, and hence the phase center, of an antenna
is then largely depended on the operating frequency and polarization, and has a range of
valid solid angle around the antenna broadside for that phase center [3]. Fig. 3.3 illustrates
the concept of antenna phase center. For a GPS receiver, particularly in high-precision
applications, the stability and repeatability of the antenna phase center, when receiving
satellite signals in different frequencies and elevation and azimuth angles, are therefore crucial

features in order to achieve millimeter-level precision [7].

3.6 Multipath Rejection

Multipath remains a major source of error for both pseudorange and carrier-phase measure-
ments. Multipath error in carrier-phase can reach a maximum value of a quarter of a cycle,
which is about 4.8 cm for L1 carrier phase, and in C/A-code pseudorange measurements can
be potentially up to several tens of meters in theory; in practice, this error can typically be
reduced to several meters using mitigation techniques [4]. Methods of mitigating multipath
effects for GPS receivers can be classified into two main approaches: antenna based or signal
processing based. Most signal processing based approaches have some ways of comparing
the direct and multipath signals. At a basic level, for example, one can recognize that the
multipath signal travels a longer path, thus its signal will arrive slightly later with a slightly
weaker power. Although signal processing methods have progressed substantially, multipath-

induced errors still occur frequently, even with high-performance correlator receivers [3].

Antenna based approaches rely on reducing the reception of multipath signals through

clever design choices. Choices such as the settings where the antenna is placed can be sig-
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nificant; for example, applying coating with RF-absorptive materials of reflective structures
close to the antenna, and placing the antenna closer to the ground that decreases the path
lengths of multipath signals coming from below [2]. But more than often, antennas are de-
signed inherently to reject or minimize multipath reception. Since the strongest multipath
signals usually arrived from the bottom or low elevation angles, GPS Antennas should be
designed with very small backlobes. Antenna designs that place choke ring, electromagnetic
band gap (EBG) metamaterials, or resistively tapered ground planes around the rim of an-
tennas are very successful in eliminating multipath signals arriving from the ground and

low-elevation scatterers [7].

It is important then to discuss multipath rejection ratio (MPR) as a metric for an an-

tenna’s multipath rejection quality. The MPR is defined as [7,22]:

Grucp (0)

MPR =
GRrucp (1800 — 9) + Grucp (180° — 9)

(3.5)

where Grucp and Gprgcp are the RHCP and LHCP gains respectively, and 6 is the polar

angle measured from the zenith. These variables are illustrated in Fig. 3.4.
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A related alternative metric for evaluating multipath rejection quality is the desired-to-

undesired (D/U) ratio, also known as up/down ratio or front-to-back ratio, defined as [7]:

GRHCP (9)
Grucp (180° — 6)

D/U ratio = (3.6)

For an ideal antenna possessing negligible gain in both right- and left-hand CPs in the
backward direction (bottom hemisphere), the denominator in (3.5) or (3.6) will approach
zero, and the MPR or D/U ratio of such antenna will approach infinity; in other words,
this antenna will have a perfect multipath rejection ability. Though this is not realistically
achievable, the gain below the elevation mask should be as low as possible to avoid multipath

interference [7].

3.7 GPS Antenna Designs

Designs for GPS antenna vary greatly in accordance with specific requirements and imposed
constraints. A detailed description on all of them will be well-beyond the scope of this
section. Instead, a brief overview on some of the most widely used and proven antenna

choices for GPS reception is presented.

3.7.1 FRPA: Patch Antenna

Fixed radiation pattern antennas, or FRPAs, have fixed radiation patterns as the name
suggests, as opposed to controlled radiation pattern antennas (CRPAs), such as beamform-
ing array antennas. FRPAs include some of the most popular and common GPS antenna
choices. A FRPA possesses a more or less omnidirectional pattern that provides a better-

than-minimum required gain in the upper hemisphere and is designed to acquire at least

four GPS satellites [1,7].

Microstrip patch antennas are by far the most universally employed FRPA antenna de-
sign used in both civil and military GPS applications. This is facilitated by their typical

advantages such as low profile, medium-to-small size, possessing a structure that can conform
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Figure 3.5: (a) GPDF254.A, a L1-band dual-feed GNSS patch antenna by Taoglas [23]. (b)
HX-CS7017A, a L1/L2 dual-band, four-feed, stacked patch antenna by Harxon [24]. (c)
HX-CSX078A, another four-feed, stacked patch GNSS antenna design by Harxon, featuring

circular patches [25].

to the platform, relatively easy to obtain RHCP from simple feed networks, and importantly,
low cost manufacturing [3,7]. CP can be obtained using specific patch structures, such as the
truncated corner patch, or using two or four orthogonally placed feeds with 90° successive
relative phase shifts between the feeds; some of the representative commercially-available
patch antennas are shown in Fig. 3.5. The three most used patch shapes for achieving
circular symmetry in azimuth are a square, a circle, or an annular ring; square and circular
patch designs are shown in Fig. 3.5. The annular ring is the basis of the design for this

thesis, and will be discussed in much more details in Chapter 4.

The dielectric substrate selection is usually one of the most crucial steps that affects
characteristics such as patch size, height, bandwidth, and gain of the antenna. More than
often, the substrate choice involves the trade-off between these characteristics. For example,
a substrate with high permittivity may make the size of the patch more compact at the
expense of reducing both gain and bandwidth and also increasing the radiation close to the
horizon via surface waves [7]; a substrate with high dielectric loss tangent may be very low
cost and enable a broader bandwidth at the expense of a decreased gain. Ultimately, the

substrate choice would defer to the specific real-world, application-driven constraints.

Patch antennas are obviously not without their drawbacks. Being a type of resonant
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antenna, a patch antenna is therefore inherently narrow-band. The fractional bandwidth
for an ordinary patch antenna is only around a few percent. A majority of the GPS patch
antennas used in low-cost, commercially available receivers operate only over a single fre-
quency band, the L1 band, with a single-layer substrate; some have only an around 2 MHz
bandwidth just enough to receive the L1 C/A-code. Many elaborate efforts have been made
to increase the bandwidth or add more bands of operation. Additionally, the AR for patch
antenna generally degrades significantly with decreasing elevation angles. This is because
all microstrip patch antenna possesses a ground plane, on which the horizontal component
of the electric field must become zero to satisfy the boundary condition. This makes the
antenna linearly polarized, with polarization almost vertical near the ground plane. Hence,
the AR can be observed to approach a very large value at smaller elevation angles. Due
to this degradation of AR, the signal received from satellites at lower elevation angles can
experience a significant polarization loss compared to those at higher elevation angles. The
RHCP gain may decrease from the zenith to the horizon by as much as 10 dB [7]. There are
ways to overcome this such as mounting a choke ring around the patch antenna, which will

be discussed in the sections below.

As market demand grows, operating in dual L1 and L2 bands are increasingly desired for
high measurement accuracy; the trend may be moving to even tripled band in the future as L5
matured and proliferated, or even broadband operation covering the entire GNSS spectrum
of around 1146-1616 MHz [1]. Multiband or broadband patch antennas are usually much
more difficult to achieve. Multiband patches usually combine two or more patches resonating
at the desired bands and either stack them on top of or parasitically coupled to each other.
Stacked multi-band GPS antennas are shown in Fig. 3.5b and 3.5c. Usually the smaller L1
patch is placed on top of the larger L2 patch. The larger bottom patch acts as the ground
plane for the top patch; both patches have negligible reactance effect on the other patch

when they are resonant on their own respective frequencies.
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Figure 3.6: (a) HC771E, a L1-band quadrifilar helix antenna by Tallysman [26]. (b) A wide-
band conical spiral antenna designed for GPS and Galileo reception [27]. (c) A GPS Block
IIR-M satellite, showing its antenna farm [28]. Quadrifilar helix and spiral antenna elements
are also commonly used in GNSS satellites for UHF communications and transmission of

L-band navigation signals [3].

3.7.2 Other FRPA Designs

Other popular GPS FRPAs worth mentioning include but not limited to quadrifilar helix

and spiral antennas, which are shown in Fig. 3.6.

The quadrifilar helix antenna (QHA) consists of four helical elements wrapped around a
cylinder at the desired pitch angle; the CP is achieved by either adjusting the length of the
four helical elements, known as self-phasing QHA, or fed the elements with successive 90°
phase shifts, called externally-phased QHA,. The QHA possesses multiple advantages such
as light weight, inexpensive to build, and have no need of a ground plane that enabled its
compact size. But the main attractiveness is its ability to produce a broad RHCP beam, of
up to 100° or even 180°, and is the only antenna design that can sustain a reasonable RHCP

radiation at low elevation angles; it is typically used in handheld and mobile receivers [3,7].

High precision geodetic-grade GPS antenna designs often uses some form of planar or

conical spirals. Highly precise phase center accuracy and stability requirements are best
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fulfilled with a well-designed spiral antenna, such as a conical spiral mounted on top of a
ground plane. This is mainly because the RHCP characteristics is achieved intrinsically
in the spiral structure itself, and the bandwidth is frequency-independent for such spirals,
leading to a highly uniform gain pattern with sustained RHCP and rejection of LHCP at

low elevation angles [7].

3.7.3 Mitigation of Multipath and Platform Effects

As described in previous sections, typical GPS antennas are designed with very wide beamwidth,
which may cause significant illumination on the platform on which they are installed. The
size, shape, and material of the platform can then heavily influence the resulting radiation
patterns. Patch antenna’s ground plane are able to suppress multipath signal reflecting from
the ground. However, diffraction from ground plane edges may interfere with the primary
radiated signal, causing ripples in the radiation patterns that affect the gain and phase center
of the antenna as a function of observation angle, and also increase the antenna backlobes,
which make the antenna more susceptible to multipath. A simple demonstration on the
platform effects on the performance of two GPS antenna designs is shown in Appendix B.
These platform effects (also called ground plane effects) are important in high-precision GPS
applications when submeter to even subcentimeter accuracy is required [7]. Many types of
modified ground planes are employed to mitigate edge diffraction from ground plane in ad-
ditional to suppressing influence from multipath signals. These are choke ring, EBG ground
plane, rolled edge ground plane, and resistively tapered ground plane. A brief survey of each

will be given below.

Choke rings are widely used for shaping the radiation pattern to mitigate multipath effects
and stabilize the phase center. Typically, they are constructed with three to five concentric
metallic circular corrugations with the GPS antenna element placed at the center. A typical
choke ring antenna is shown in Fig. 3.7a. The depth of the corrugations are roughly a
quarter-wavelength at the desired operating bands, mostly L1 or L2. The corrugations are

deigned to function as quarter-wavelength transformer, in which the short circuit at the
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Figure 3.7: (a) HX-CGX606A, a multi-band GNSS antenna by Harxon, featuring a 2D choke
ring around the antenna element at the center [29]. (b) A typical EBG structure [30]. (c¢) A

EBG structure installed around a GPS antenna [31].

bottom/base of the corrugation is impedance transformed to an open circuit at the top,
where the antenna element is placed. As such, they present a high impedance surface to
the electric field polarized perpendicular to the corrugations. This way, they can effectively
suppress the propagation of surface waves and prevent edge diffraction from ground planes.
The resulting radiation pattern has a sharp cutoff near the horizon with low susceptibility
to multipath, suppressed LHCP levels over the entire upper hemisphere, and a smooth main
beam roll of down to the horizon with no ripples. Choke rings are heavily used in high-
precision geodetic-grade surveys. Despite their performance, choke rings are generally bulky,
heavy, and expensive. A typical choke ring can have a diameter of tens of centimeter and

weights around 5 kg or more, which may limit their viability on many platforms [7].

Compared to choke rings, EBG ground planes are relatively compact and lightweight,
able to function with thickness much less than a quarter-wavelength. A typical EBG ground

plane surface is a frequency selective surface (FSS) comprises of a two-dimensional array
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of subwavelength metal discs with pins, or subcells, connecting them to the ground plane
beneath, as shown in Fig. 3.7b and 3.7c; these cells are aptly called "mushroom” structures
[32]. Each subcell funcitons as an LC resonant circuit. The EBG surface can provide high

impedance for both polarizations for all propagating directions [7].

Rolled edge ground plane prevents diffraction from sharp edge by simply rolling the edge
under the ground plane. They are easier to manufacture compared to choke rings or EBG
ground planes. However, they do not provide much backlobe suppression due to creeping
wave diffraction. This can be mitigated by coating the rolled edge with radar absorbing

materials (RAM), though it will increase the weight and cost [7].

Resistively tapered ground plane employs gradual increase of surface resistance from the
center to the outer edge of the ground plane. The advantage of this design is its broad range
of frequency use as opposed to limiting to certain frequency bands like the choke ring or
EBG ground planes. This type of ground planes have demonstrate the ability to suppress
the diffraction ripples and backlobe radiations [7].
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CHAPTER 4

Shorted-Annular-Ring Patch Antenna

Multipath is one of the major factors that limits the accuracy of a high-precision GPS
receiver, and it is one factor that can be more or less mitigated via antenna design, in
addition to signal processing techniques and receiver designs [2,6]. As discussed in Chapter
3, multipath-mitigating antennas typically involve specially-designed ground planes such as
choke rings and EBG structures that also suppress deleterious ground plane effects. However,
these ground planes are usually large and expensive, and are thus unable to satisfy our
design requirements. Shorted-annular-ring (SAR) patch antenna is an attractive design
with the unique characteristics of not exciting surface wave modes, which is favorable for
multipath limitation. It also possess the advantages enjoyed by a typical patch antenna,
which are compact size, relatively low complexity, and low cost manufacturing. These make
it a promising design competitive with the much more expensive choke ring antennas in

high-precision GPS applications.

4.1 Surface Waves in Patch Antennas

It is important to discuss the concept of surface waves and theirs effect on GPS antennas.
All patch antennas possess a grounded dielectric substrate, and thus generate surface waves.
Surface waves are EM modes that are "trapped” in the dielectric substrate layer and prop-
agate via successive internal reflections between the dielectric-air boundary and the ground
plane. The surface waves travels through the substrate and once they reach the edge of the
substrate or the ground plane, they are reflected or diffracted into air, as shown in Fig. 4.1.

The diffracted radiation may interfere with the main radiation from the antenna and cause
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Figure 4.1: Surface waves propagate through the substrate, causing deleterious effects such as

radiations from edge diffraction and increased mutual coupling between antenna elements [7].

several deleterious effects on the antenna performance; these include increased multipath
from the backlobes, higher X-pol levels, and ripples in the antenna pattern. Additionally,
the surface wave will be a source of increased mutual coupling and interactions between
adjacent antenna elements or metallic objects positioned near the antenna, that will result
in a change in the antenna pattern. This is a particular concern for antenna arrays with

closely space antenna elements [7,33].

Surface waves excited in a grounded dielectric substrate can be in either transverse mag-
netic (TM) or transverse electric (TE) modes. The cutoff frequencies of the surface wave

modes are give by [33,34]:

1,3,5,... for TE, mode
n = (4.1)

/= ne
Ahve =1 0,2,4,... for TM,, mode

where c is the speed of light, ¢, is the relative permittivity of the substrate, and h is the sub-
strate thickness. Equation (4.1) can be obtained by solving two simultaneous transcendental
equations, which are derived from applying the wave equations on a grounded dielectric sub-

strate structure, detailed in [34]. It should be noted that for any nonzero substrate thickness
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with permittivity greater than 1, there is always a propagating mode, the TMy mode. This
lowest order, dominant TM, mode has no cutoff frequency, as shown in (4.1), and can be
excited at any frequency, and therefore has the greatest effect on GPS antennas [7,34]. The
propagation of the next lowest mode, TE; mode, can be mitigated by using a thin substrate,

such that h satisfies the condition:

Ve — Tkpnh < g (4.2)

where k,, is the free-space wave number of the maximum frequency f,, in the intended
operating frequency band; again, this condition can be derived from [34]. Equation (4.2) can

also be reexpressed as:

c
< —
4frne — 1

An alternative practical formula for the condition of substrate thickness h is given by [7,35]

h (4.3)

as:

0.3c
h< ——— 4.4
= 27Tfm\/ €r ( )

In general, decreasing the substrate thickness and/or permittivity, less energy is coupled
into the surface waves. However, these are done at the expense of a reduction in antenna

bandwidth and radiation efficiency, or an increase in the patch size [33].

For ordinary GPS patch antennas that are placed ideally where there are no obstruction,
the surface wave may be beneficial for patches that use high permittivity substrate. This is
because high permittivity substrate enhances the surface wave radiation in direction close to
the horizon, which can improve the directivity of the patch antenna at low elevation angles for
acquiring GPS satellites [7]. Nonetheless, these theoretical advantages need to be evaluated
with consideration of the negative impact resulting from using high permittivity substrate,

such as increased backlobes and susceptibility to multipath, as discussed previously.

45



4.2 Circular Patch Antennas

In order to understand the operating principles of a shorted-annular ring patch antenna,
which is the design studied in this thesis, an ordinary circular patch antenna should be

studied first.

4.2.1 Cavity Model

A generic circular patch on a dielectric substrate is shown in Fig. 4.2. The modes supported
by a conventional circular patch can be found by treating the patch, the ground plane, and
the materials in between together as a circular cavity. The theoretical treatment in finding
the modes of a circular patch can then be done using cavity model, which approximates the
cavity as bounded by perfect electric conductors (PECs) on the top and bottom, and by
perfect magnetic conductors (PMCs) along the perimeter of the patch (p = a). PMC can
be used for modeling the ”side walls” because of the assumption of negligible current flow
around the edge of the patch from the bottom to the top side of the patch metal layer, and
that most of the charges and current flows are concentrated at the bottom side of the patch
metal. By this assumption, zero current flow to the top will create no tangential magnetic

field components at the perimeter of the patch, and hence, one can model the side as a

Z

x ¥

Figure 4.2: Basic geometry of a circular patch.
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perfect magnetic wall. Though realistically there will not be exactly zero current flow to the
top, this is a good approximation for thin substrates. There are other valid approximations
that can be made for thin substrates (h < A). First, the field variation along the height
(z-direction) will be considered as constant. Additionally, because the substrate is thin,
fringing fields will be very small, and therefore the electric fields will be nearly normal to
the surface of the patch along the patch perimeter. Hence, the primary modes of interest
are TM?, where z is the direction perpendicular to the patch. In general, the cavity model

becomes more accurate as the substrates becomes thinner [21].

The TM? modal fields for the cavity model can be determined once the magnetic vector
potential A, is found. It is sufficient to work with only the z-component of the vector poten-
tial because we have established that the electric fields are in the z-direction perpendicular
to the patch; the other components of the vector potential can be set to zero. With this

simplification, the fields within the cavity, in cylindrical coordinates, can be found as [17,21]:

1 0%A. 110A,
Ep:_j_8 Hp:__a
wpe 0pdz wp O0p
1 10%4 10A,
E¢:—'——8 z H¢:——a (4.5)
wie p 0p0z w Op
1 2
E,=—j— (8—2+k2)Az H.=0
wpe \ 0z
These fields are subject to the following boundary condition:
(
E,(z=0,h) =0
Ey(z=0,h) =0 (4.6)
Hy(p=a)=0

The boundary conditions in (4.6) is consistent with the cavity model, with PECs on the top

(z = h) and bottom (z = 0) and a PMC wall along the patch perimeter (p = a).
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The vector potential A, within the cavity, in cylindrical coordinates, must obey the scalar

homogeneous wave equation:

V2A, (p, ¢, 2) + K*A, (p, ¢, 2) = 0 (4.7)

The solution form for A, can be obtained using the method of separation-of-variables:

Az (pd,2) = f(p) g (&) h(2) (4.8)

One can apply (4.8) into (4.7), then follow the well-established steps of solving the scalar
homogeneous wave equation using the method of separation-of-variables in cylindrical coor-
dinates to obtain a general solution form of A,. The solution form of A, satisfying (4.7),

with physical considerations for the fields within the cavity, is expressed as [17,21]:

Az = (Avdn (kpp) + BiYon (kpp)) - (A2 cos (me) + By sin (mg))
(4.9)

- (Az cos (k.z) + Bssin (k,z))

where J,,, is the Bessel function of the first kind of order m, and Y,, is the Bessel function
of the second kind of order m. Solution (4.9) is also in accordance with the constraint, or

dispersion, equation:

K2+ k2 =k = w?pe (4.10)

The solution form of (4.9) can be further simplified if we consider one more physical char-
acteristics of the field. The fields within the cavity must be finite, hence we can determine
that B; must be zero, since Y,, will approach infinity at the center of the patch (p = 0).
Applying (4.9) into (4.5) and enforcing the boundary conditions of (4.6), we can additionally

determine B3 = 0, and the following relations:

N m=0,1,2,..
k, = Zmn (4.11)

“ n=1,2,3,..
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k,=— p=0,1,2, ... (4.12)

h

where X/ is n*® zero of the derivative of the Bessel function J,,(z) and determines the order

of the resonant frequencies. The first four values of x/ ., in ascending order, are:

Xpp = 1.8412
Xa1 = 3.0542
(4.13)
Xop = 3.8318
Xgl = 4.2012
We can then write our solution of A, for a specific TMf,mp mode as:
A, = Bnpdm (kpp) (Az cos (me) + By sin (me)) cos (k. 2) (4.14)

where B,,,, represents the coefficient after merging coefficients A; and Az in (4.9), and k,

and k. obey (4.10)—(4.12).

Equation (4.10) and (4.12) also entail why electric field variation along the z-direction
has to be constant for thin substrate (small ). If the electric field varies in the z-direction,
then p # 0, which also means k, # 0. In this case, small A may make k, too large to satisfy

the dispersion equation of (4.10).

4.2.2 Resonant Frequencies

As discussed previously, since typical patch antenna substrates are thin (h < 0.05)), the
fields are constant along the z-direction, which implies p = 0 and k, = 0. Thus, the resonant

frequencies of TM?, , , modes are determined to be:

k 1 P — 1 !
Jrnno 2w/ e 2w /L€ p I 271'1//1,6( a ) (4.15)
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As seen from (4.13), the dominant mode for a circular patch antenna is the TM3,, mode;

using (4.15), it’s resonant frequency is then:

1.8412  1.8412¢
2man/fE 2ma/e,

Note that (4.16) is based on the assumption of no fringing fields. Realistically, fringing fields

fllO =

(4.16)

will make the effective radius of the circular patch to be slightly larger than the nominal

value of a. The effective radius a. given as [7,21]:

. =a (1 L (m (g—Z) n 1.7726)) v (4.17)

TaE,

The nominal values of a for calculating the resonant frequencies in (4.15) should then be
replaced with the effective radius a.. For example, the resonant frequency for the dominant

TM;3,, mode becomes:

1.8412 1.8412¢

fuao = 2T e/ 1€ - 2Tac\/Er

(4.18)

4.3 Shorted-Annular-Ring Patch

A shorted-annular-ring (SAR) patch antenna is essentially a circular patch with a concentric
ring that shorts the top patch to the ground plane, shown in Fig. 4.3; the lowest order TM,
surface wave mode can only be mitigated by such SAR patch antenna design [7]. Both the
annular ring and patch radii, which are b and a respectively, of the antenna are adjusted to
provide suppression of TM, surface wave and lateral wave propagation while operating at

the desired frequency [36,37].

4.3.1 Conditions for Surface Wave Suppression

From (4.5), we can determine the general form of the equivalent surface magnetic current

density M at the patch perimeter (p = a) for TMj,, mode:
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p=a [P=D

Figure 4.3: Top and side view of a representative shorted-annular-ring patch. Note the

concentric ring boundary that shorts the top patch to the ground plane.

— ~

M, (¢) = - x E| =-pxZE, (p=a,¢)=0E,(p=a,¢)
p=a (4.19)

x (ﬁ cos ¢
For thin substrates, the p and ¢ components of the electric field is zero for reasons explained
in Section 4.2.1. Note that we choose the variation of M, with respect to ¢ as cos¢ for
simplicity; realistically, it will depend on the precise feed location with respect to the coordi-
nate system and can be a combination of cos ¢ and sin ¢. This sheet of equivalent magnetic

currents is depicted in Fig. 4.4.

Using superposition principle, the radiation of this sheet of magnetic current can be

constructed from the radiations of single magnetic current loops K (¢) at various heights zg
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Figure 4.4: Magnetic ring current sheet My at the perimeter (p = a) of the patch.

above the ground plane, where the z-direction is shown in Fig. 4.4. Now consider a single
Hertzian dipole of magnetic current, oriented in the x-direction, parallel to and at a height z
above the ground plane; the dipole will excite TM, mode surface waves [36]. Let ¢ denotes
any particular component of this surface-wave field, the general form of the field is given

as [36]:

) = Az, 20) Hi? (krwiop) sin (4.20)

where I 1(2)

is the Hankel function of the second kind of the first order representing outward
traveling waves in cylindrical coordinates, kry, is the propagation constant of the TM,
surface wave in the substrate, and A (z,z) is the amplitude factor as a function of the
height of the source zy and the height of the observation point z. The sin ¢ factor comes
from the radiation pattern of a Hertzian dipole oriented in the z-direction; this factor will
change according to the orientation of the dipole. For the single magnetic current loop K (¢),
its surface-wave radiation can be constructed from that of the Hertzian dipole integrating

over the ring current. The procedure will be detailed in Appendix A. The resulting surface

wave field of the single magnetic current loop is found to be [36]:

) o Hfz) (krm, p) cos ¢J (kraya) (4.21)

where J] is the derivative of the Bessel function of the first kind of the first order.

Equation (4.21) is considered to be the fundamental design equation. Essentially, it
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indicates that for the magnetic current loop to not excite TMy mode surface waves (¢ = 0),

the radius a of the current loop, and thus of the patch, should be such that:

I (kraya) = 0 (4.22)

which yields:

kTae@ = Xin, n=123,.. (4.23)

For the smallest possible patch size, we choose n = 1. For thin substrates (h < Ag), another
feature of a magnetic current loop satisfying (4.22) is that it will also exhibit a reduced
space-wave radiation along the air-substrate interface. Space-waves along the interface are
dominated by the radially-propagating lateral waves with free-space wave number ky. For
thin substrate, it can be shown that ky ~ kry,. Therefore, (4.22) is also a condition for

suppressing lateral wave propagation [36].

Thus, the smallest patch radius a, such that the TM, surface wave mode and lateral wave

propagation are suppressed, satisfies the following condition:

koa = kpyga = X, = 1.8412 (4.24)
or:
Xi  1.8412
AL A 4.25
“ k‘[) 2 0 ( )

Note that (4.24) and (4.25) indicate that the patch radius a for maximum surface wave

suppression is nearly independent of the substrate permittivity for thin substrates.

4.3.2 Single-Band SAR Patch Design

A circular patch with radius a chosen according to (4.25) will suppress surface wave and

lateral wave propagation. However, the patch at this size is generally not resonant at the
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desired operating frequency [36]. This can be shown by examining (4.15) from the cavity

model; a circular patch resonating at TM7,, mode will have a radius of:

/
X
a = 11

. (4.26)

where k is the wave number in the substrate at the desired operating frequency. However,
surface wave suppression requires that the radius of the patch should also satisfy (4.25), and

therefore we have:

krm, ~ ko < k (4.27)

This implies that a conventional circular patch cannot simultaneously satisfy both (4.25) and
(4.26), and therefore cannot be resonating at a desired frequency while exhibiting surface
wave suppression. Equation (4.27), together with (4.25) and (4.26), indicates that a circular
patch that suppresses the TMy mode surface waves will be larger than the desired resonant
patch size, and resonating at a lower frequency as a result. In order for the patch to reso-
nant at the desired frequency without changing the patch radius a, somehow the resonant

frequency has to be raised.

A SAR patch antenna exhibits a concentric short-circuit boundary at radius b as shown in
Fig. 4.3; such shorting ring can accomplish the task of decreasing the effective patch radius
so that the antenna can operate at the desired frequency, while maintaining the actual patch
size of radius a which provides suppression of TMy mode surface waves. The radius b of the
shorting ring is adjusted to achieve the desired resonant frequency. Due to the short-circuit,
the region of p < b is not important, and thus the metal within this region can be removed,
and hence the name ”annular-ring” [36]. The shorting boundary can be realized by either

an actual metal cylinder or a wall of vias, which makes the design practical to conventional

PCB manufacturing (7,36, 37].

To obtain the proper short-circuit boundary radius b for the resonant condition, we
must derive the field expression for a SAR patch. The short-circuit annular ring established

additional boundary conditions at p = b:
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(4.28)

Note that these additional boundary conditions are added to the existing boundary condition
of (4.6). Again, for thin substrates, the E, component of the electric field is zero for reasons
explained in Section 4.2.1. For the original vector potential expression in (4.9), we determined
that B; has to be zero, since the field must be finite at p = 0 for an typical circular cavity. For
annular ring patch, however, we are only interested in the region of b < p < a, and therefore,
By does not need to be zero. Using (4.5) and (4.9), the z-component of the electric field for

the TM3,, mode can then be expressed as:

B, o< (A1 Jy (kp) + BiYi (kp)) cos ¢ (4.29)

The variation with respect to ¢ is again chosen to be cos¢ for simplicity. Enforcing the
boundary conditions of (4.6) and (4.28) at p = a and p = b, we can obtain the following
relationship:

LKD) Ji(ka)

Y(kb) ~ ¥ (ka) (4.50)

The transcendental equation of (4.30) is the design equation for determining the radius b of

the shorting ring at the desired resonant frequency.

4.4 Dual-Band SAR Antennas

Modern GPS receivers typically operate in both L1 and L2 bands. Typical dual-band patch
antenna designs involve stacked or parasitically coupled patches. However, these designs
may not be easily realizable due to the existence of the shorting boundaries. As the res-
onant frequency is very sensitive to the radius of the shorting boundary, the construction
or manufacturing quality and precision of such boundary is especially crucial. Nonetheless,

the shorting boundary can be realized using a ring of vias, this increases the feasibility of
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Feed probe

I I

Feed probe

Figure 4.5: The inverted shorted-annular-ring (ISAR) patch antenna configuration. Note
that the shorting boundary can be constructed with a ring of vias. The two feed probes are

excited with 90° relative phase to generate circular polarization.

these designs using conventional, low-cost PCB manufacturing techniques for the SAR patch

design.

One clever method of realizing a dual-band SAR design recognizes that a resonant circular
cavity can also be formed by placing the shorting boundary outside the magnetic current
loop [38]. Such configuration is shown in Fig. 4.5. This configuration is known as the inverted
shorted-annular-ring (ISAR) patch antenna, and can be considered as a complementary
structure to the SAR patch. The design also obeys the transcendental equation (4.30); the
only difference is that the ISAR design has b > a as opposed to b < a for the SAR design. It

is worth noting here that the ISAR design will intrinsically not excite surface waves due to
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the existence of the top layer metal that extends to the edge of the substrate and the shorting
boundary positioned outside the magnetic current loop [38]. Nonetheless, the radius a of the

magnetic current loop is still chosen using (4.25) to reduce lateral wave propagation.

A Dual-band GPS antenna can then be constructed with a smaller L1-band SAR patch
placed concentrically within a larger L2-band ISAR patch [38]; such antenna is shown in Fig.
4.6.

L1-band SAR L2-band ISAR

Dual-band ISAR-SAR

Figure 4.6: A dual-band configuration (top view) can be constructed with a SAR patch and
an ISAR patch.
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CHAPTER 5

Simulation and Performance Verification

5.1 Single L1-Band SAR Patch: Design Investigation and Perfor-

mance Verification

The design of GPS SAR patch antenna starts with validating the performance of a single-
band circularly-polarized SAR antenna. The measurement of a fabricated prototype was
carried out in the spherical near-field antenna measurement chamber at the Center for High
Frequency Electronics (CHFE) of UCLA; the measurement accuracy at L1- and L2-bands

using the open-ended waveguide probe is discussed in Appendix D.

5.1.1 Substrate Considerations

Substrate selection is one of the first crucial steps in microstrip patch antenna design. As
detailed in Chapter 3, substrate characteristics such as permittivity, thickness, loss tangent
can profoundly affect antenna performance. One important note here is that typically in
patch antenna design, high-permittivity substrates, such as ceramics substrates, allow the
miniaturization of the patches; the size reduction can be desirable for some applications such
as patch antenna arrays. However, as described in Chapter 4, the size of a SAR patch has
a well-defined radius such that it will result in reduced surface waves, and this is almost
independent of the substrate used. Therefore, high permittivity substrates will likely not
offer much benefits for SAR patches. Several common substrates are simulated using HFSS
during design investigation for the L1-band SAR patch. The SAR antenna performance of

four of the substrates studied are shown in Table 5.1.
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Table 5.1: Characteristics of the substrates used in simulation and antenna performance

metrics achieved using the substrates. All performance results are simulated at the L1

frequency (1.575 GHz).

RT/duroid Taconic
Substrate Material FR4 RO4003C
6002 RF-41
€r 4.4 2.94 3.55 4.1
Material tan & 0.02 0.0012 0.0027 0.0038
Parameters Thickness
1.524 1.524 1.524 3.175
(mm)
Directivity
9.1 94 94 9.3
(dBic)
Antenna Gain
3.5 8.8 8.2 8.5
Performance (dBic)
Bandwidth
~30 ~12 ~11 ~21
(MHz)

Table 5.2: Inquired prices, minus the shipping cost, for one PCB unit of size 150 mm X
150 mm from two different PCB vendors. *Layer refers to the number of conductive (e.g.
copper) layers, not substrate layers, of one PCB unit. N/A indicates that the substrate is
either unavailable for the vendor at the time of inquiry, or that the number of conductive

layers is not supported for that particular substrate by the vendor.

RT /duroid Taconic
Substrate Material FRA4 RO4003C
6002 RF-41
Vendor 1: 2 Layers* ~3$10 N/A ~$100 N/A
PCBWay 4 Layers ~$20 N/A N/A N/A
Vendor 2:
Fast Turn 3 Layers ~$200 ~$2000 N/A N/A
PCB
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For each substrate that yields the results in Table 5.1, some of the antenna parameters are

tuned such that the antenna is resonant at the L1 frequency for that substrate.

During the simulation and price inquiry from vendors, the size of the antenna substrate
is 150 mm x 150 mm, which adheres to the design constraints. The inquired prices listed
in Table 5.2 are for substrate with thickness of around 1.5 mm per layer of substrate, and
thicker substrates are proportionally more expensive. We show approximated prices in Table
5.2 because different substrates and vendors have different offers of standard thickness. For
example, Fast Turn PCB is able to work with a FR4 substrate with thickness of 1.524 mm,
whereas PCBWay can only work with 1.6 mm, among other standard thickness it offers. As
shown in Table 5.2, we also inquired the PCB prices for different number of metal layers.
This is for price comparison and in consideration of the potentially multi-layered design
accounting for the feeding networks. It is worth pointing out that two conductive layers
correspond to one substrate layer, and three conductive layers correspond to two substrate

layers, and so on; each substrate layer is around 1.5 mm as mentioned above.

Since one of our design constraint of for the GPS antenna is low cost, this will factor
into substrate and vendor considerations. FR4 is a very common PCB substrate while being
comparatively low cost, as shown in Table 5.2. However, by examining Table 5.1, FR4 can
be eliminated as a candidate since its relatively high loss tangent results in a large loss of
efficiency at L1, which can be seen in the reduction of 5.6 dB from the directivity to gain. The
two substrates from Rogers Corporation, RT/duroid 6002 and RO4003C, results in similar
antenna performance. Antenna that uses the Taconic RF-41 substrate also shows comparable
directivity and gain; since the RF-41 substrate has an available thickness of almost twice
of those of the two Rogers substrates, the bandwidth is almost doubled of the Rogers ones.
Unfortunately, the RF-41 substrate is not available for the two vendors considered. For the
remaining two Rogers substrates, RO4003C is offered at a much lower price at at one vendor,

and hence will be selected for our manufactured prototype for performance assessment.

60



5.1.2 Simulated Performance

A preliminary L1-band SAR patch antenna design using the RO4003C substrate is simulated
using HFSS, shown in Fig. 5.1.

Z

Coaxial feeds

(a) (b)

.

) i %h
(c)

Figure 5.1: The top view (a) and bottom view (b) of the simulated L1-band SAR patch
antenna model in HFSS. (c¢) Top and side views of the SAR patch with labeled design

parameters, whose values are shown in Table 5.3.
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Table 5.3: Nominal design values used in the HFSS simulation for the antenna dimensions

shown in Fig. 5.1c.

Design parameters Nominal values (mm)
Substrate length (L) 150
Substrate width (W) 150

Substrate thickness (h) 1.524
Patch radius (a) 55.8

Shorting boundary radius (b) 32.1025
Feed location () 38.6

The patch radius a is first calculated using (4.25) at L1 frequency of 1.575 GHz, which yields
a = 55.8 mm. The shorting boundary radius b can then be determined by solving (4.30),
which produces a preliminary value of around b = 31.91 mm for the given patch radius of
55.8 mm at L1. The value of b is then further tuned during simulation such that the resonant
is almost exactly at the L1 frequency. The two coaxial feed points, with 90° relative phase
to achieve circular polarization, are located at r¢, which can also be adjusted to obtain a
good matching. The final nominal values for the design parameters are listed in Table 5.3.
The shorting boundary is realized by a ring of 200 vias, each with a diameter of 25 mils,
or 0.635 mm, and they are closely spaced with each other. The discrete spacing between
the vias will produce a reactive surface impedance, and not an exact short-circuit, at the
desired shorting boundary. According to [38], this effect can be assumed to be negligible for
closely-spaced vias, though no definitive rule is addressed on how many vias is considered
sufficient. Actual HFSS simulations using different number of vias, ranging from 20 to 200,
produce no significant differences in antenna performance such as radiation patterns, return

loss, and gain, etc.

The simulation results of the L1 SAR patch antenna is shown in Fig. 5.2-5.4. From Fig.
5.2, the bandwidth (Sy; < —10 dB) is around 11.4 MHz. Though the SAR patch antenna is
inherently very narrowband as with many conventional patch antennas, such bandwidth is

more than sufficient to receive the civilian L1 C/A and L1C signals, as shown in Table 2.2.
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Figure 5.2: Simulated S7; of the L1 SAR Patch Antenna. The results for both ports are

near-identical.
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-150 150 -150 150

Figure 5.3: (a) ¢ = 0°-cut gain pattern in dB. (b) ¢ = 90°-cut gain pattern in dB.

However, wider-bandwidth designs should also be considered if one also wants to receive the
military L1 P(Y)- or M-codes that has ten times or more the bandwidth of the C/A-codes.

Another practical reason for investigating higher-bandwidth designs or bandwidth enhance-
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Figure 5.4: (a) Axial ratio in dB versus polar angle 6 for ¢-plane cuts. (b) Axial ratio in dB
in the zenith direction (0 = 0°) versus frequency. The AR = 3 dB level is shown as black
dotted line.

ment techniques is to consider practical issues such as manufacturing/material tolerances,

which can shift the resonant frequencies; these will be addressed later sections.

The gain patterns shown in Fig. 5.3 shows several desired features such as smooth
broadside radiation pattern, low backlobes with a D/U ratio of more than 20 dB for angles
close to the zenith, high XPD value of more than 20 dB to almost 30 dB near broadside, and
low gain values (or large gain roll-off ) near the horizon. The peak directivity and gain are 9.4
dBic and 8.2 dBic respectively, and a wide beamwidth that satisfies the GPS minimum-gain
requirements; these are more than sufficient for typical GPS applications. The radiation
pattern of a SAR patch antenna is usually more directive than a typical GPS antenna, but
this should not be a concern as the recent trend for mask angle if to shift to higher elevations.
The AR results shown in Fig. 5.4 shows an acceptable CP (AR < 3 dB) for more than 100°

in beamwidth, and good AR levels across frequencies.

As discussed in Section 3.5, antenna phase center stability is important in high-precision
GPS applications. The phase center can be found by first varying the position of a local
coordinate system, then identifying the point at which the radiated RHCP far-field, defined

in the local coordinate, will exhibit the least amount of phase variation. Since the SAR
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Figure 5.5: (a) Determining the phase center of the SAR patch antenna. The global coor-
dinate system is shown in black, and the varying local coordinate system is shown in red,
offset by Az from the global coordinate origin. (b) Simulated RHCP radiated far-field phase
versus the polar angle 6 for the L1-band SAR patch when the origin of the coordinate system
is at the phase center of the antenna. The black dotted lines denote 6 = 50°.

patch is circularly symmetric around the z-axis (though not perfectly symmetric due to the
dual-feeds), it is reasonable to assume that the phase center will be on, if not close to, the
Z-axis.

We will then only vary the local coordinate along the z-axis by Az to find the phase
center, where Az is the z-direction offset of the local coordinate system’s origin from the
origin of the global coordinate system as shown in Fig. 5.5a. The origin of the global
coordinate is defined at the center of the ground plane of the SAR antenna, as shown in
Fig. 5.1a and 5.1b. When Az = 0, the local and global coordinate systems coincide and
are identical. HFSS simulations found that the phase center is around Az = 15-16 mm for
¢ = 0°, 45°, and 90° plane cuts. The co-pol (RHCP for our case) radiated far-field phase
the three ¢-plane cuts are plotted in Fig. 5.5b. The absolute values of the phase does not
matter. It is clear that within the 100° beamwidth (the beamwidth at § = 50°), the RHCP
far-field phases for the three plane cuts are spaced by roughly 45° apart as expected, and
their variation within this beamwidth is consistently within 10°. At L1, a 10° phase variation
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translates to a variation of about 5 mm in length measurement; such precision is more than

enough for our application.

5.1.3 Fabrication and Measurements: Feed Networks

A low-cost feed network for testing purposes was constructed for the L1 SAR patch antenna
prototype measurements. The two feed points of the antenna have 90° relative phase to re-
alize RHCP, which require a 90°-phase hybrid coupler. The coupler network can be designed
using typical microstrip lines, however, an alternative is to use a low-cost commercial off-the-
shelf component. One promising candidate is QCN-19+, an ultra-small RFIC manufactured
by Mini-Circuits. QCN-19+ is a two-way quadrature-phase power combiner/splitter; some
of the important parameters of QCN-19+ is shown in Table 5.4. QCN-19+ has an operating
frequency range of 1.1-1.925 GHz, which covers both L1 and L2 bands. The RFIC has a
maximum dimension is around 3.2 mm, which is small enough to be incorporated in a mi-
crostrip feeding network. QCN-19+4 has a typical phase unbalance of around 2° across its
operating frequency, and a maximum of 4°. The L1 SAR patch antenna is simulated with

the two feeds having relative phase of 86° and 94° to account for the phase unbalance; the

QCN-19+ 90° hybrid

[

~ coupler RFIC
Solder positions for (W Soldered
SMA connectors T

test boarc e 30 mm

y

¢ ( Solder positions for
SMA connectors |

Figure 5.6: (a) Test board and QCN-19+ on-chip quadrature hybrid. (b) Assembled test
board with soldered QCN-19+ in the center and SMA connectors
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Table 5.4: Some relevant parameters of the QCN-19+4 quadrature-phase hybrid coupler.

Price ($ per unit) 4.89
Dimensions (mm) 3.2 x 1.6 x0.89
Frequency Range (GHz) 1.1-1.925
Input Power Rating (W) 15
Isolation (dB) 25
Phase Unbalance (°) <4

Table 5.5: Relevant information regarding the QCN-19+ test board.

Manufacturer/vendor PCBWay
Substrate FR4
Price ($ per piece) ~1
Size (mm) 30 x 30
Thickness ¢ (mm) 0.6
Transmission line width W' (mm) 1.147

result shows that a 4° phase unbalance will not significantly impact the RHCP performance

such as gain and AR.

For the potential finalized design in the future, the antenna will consists of multiple
layers of substrate, one of which will be used for the feeding networks. However, for the
initial testing purposes, a separate test board will be constructed for the 90° hybrid coupler
chip, which allows its performance to be measured and assessed independently from the

antenna.

As shown in Fig. 5.6a, the test board consists of four 50-{2 transmission lines that will be
soldered to four SMA connectors, and the on-chip coupler QCN-19+4 will be soldered at the
center of the board. QCN-19+ is a 6-pin RFIC; the two center pins are ground pins, which
will be connected to the ground plane via the shorting pins, shown in Fig. 5.6a. The other

four pins of QCN-194 are the coupler ports, which will be soldered to the transmission lines;

67



L2 L1 Lz U

0 95 [ [
5 (1.1-1.925 GHz)
@ Mean phase: 89.3°
= 893 Standard dev.: 1.7°
©
—~ Q
5-10 S 91
- S
»-15 M % 89
o)
0
-20 \V/’Mw 1 g7
o
25 ' 85 ‘ ‘ ‘ . | .
0.6 08 1 fr1e'2 (GLi) 16 18 2 06 08 1 12 14 16 18 2
d freq (GHz)
(a)
(b)
L2 L1
35
30+
S251 VAL
T
c 20 w’“\ ]
2
g1 \
o)
<107
5 L
0
0

6 08 1 12 14 16 18 2
freq (GHz)

()

Figure 5.7: VNA measurements for (a) Si1, (b) phase unbalance, and (c) isolation of the

QCN-19+ on the test board.

the transmission lines will then be soldered to SMA connectors at the edge of the board. The
fully assembled test board with soldered SMA connectors and QCN-19+ is shown in Fig.
5.6b. The test board is manufactured on FR4 substrate through the very low-cost vendor
PCBWay, which is also the SAR patch manufacturer; other relevant information of the test
board are listed in Table 5.5.

The performance of QCN-19+ is measured using vector network analyzer (VNA) con-
nected to the assembled test board. The measured performance is shown in Fig. 5.7. From

Fig. 5.7a, the Sy; is consistently below —15 dB across the operating frequencies. Fig. 5.7b
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shows a calculated mean value of 89.3° and a standard deviation of 1.7°, and the unbalance
is almost consistently within +2° across the operating frequencies. The isolation is measured
between the two output (or input if functioned as a power combiner) ports, and it is around

20 dB at L1 and L2, which is acceptable for an extremely low-cost unit.

5.1.4 Fabrication and Measurements: Antenna Sq;

The preliminary L1-band SAR patch antenna design shown in Section 5.1.2 is manufactured.
Part of the purpose of the preliminary design is to assess the performance of the manufactured

prototype through a low-cost vendor such as PCBWay.

The design uses a circular array of 200 vias as the required shorting boundary. As
noted in Section above, although HFSS simulations for different number of vias produce
no significant difference in the performance, the manufacturing cost for different number of
vias is the same for the vendor PCBWay. Hence, the manufactured prototype will feature

200 vias. It is known that the resonant frequency of the SAR patch antenna is particularly

Soldered SMA feed connectors Soldered SMA feed connectors

(a) (b)

Figure 5.8: (a) Top view and (b) bottom view of a prototyped L1-band SAR patch antenna
manufacturerd by PCBWay.
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Figure 5.9: Comparison between measured and simulated Sy; of the antenna feed ports. The

three measured results are shown to assess the manufacturing consistency of the prototypes.

sensitive to the shorting boundary radius b, and since the design is also inherently narrow-
band, a measured prototype will assess the viability of such narrow-band, sensitive design

through a commercial low-cost vendor.

Five manufactured antenna units is ordered from PCBWay; one unit with soldered SMA
feed connectors is shown in Fig. 5.8. The S;; of the antenna input ports are measured using
a VNA, and the measured results are obtained at the input ports of several prototyped units.
The simulated and three measured results are plotted in Fig. 5.9. Clearly, the measured
S11 exhibits a resonant shift of around 40-45 MHz to a lower frequency of roughly 1.53 GHz
compared to the simulated design, which is resonant at L1 (1.575 GHz). All measurements
show a very similar frequency shift, which means the cause is likely to be systematic in nature.
Both simulated and measured results show a bandwidth of around 11-12 MHz; though minor

frequency shift between simulation and manufactured prototype is common in patch antenna
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designs, the observed frequency shift is outside the bandwidth of the original design centered
at L1. This further suggest that a wider-band design is desirable. A sensitivity and tolerance

studies will be conducted in the following section.

5.1.5 Sensitivity Analysis and Tolerance Studies

There are several main parameters that can affect the resonant frequency of a SAR patch,
which are: the permittivity of the substrate €,, substrate thickness h, patch radius a, and
the shorting boundary position b, which is the radius of the ring of vias. There are certainly
other potential factors, but these four have relatively more influence. The tolerance and
sensitivity studies are done by varying each of the above parameters with the maximum
nominal tolerances and observe the resulting resonant frequency shifts in the Sy;, while

other parameters remain the original nominal values in Table 5.3.

The tolerance and sensitivity study results are shown in Fig. 5.10. The variation in the
parameters are based on the nominal tolerance values from the manufacturer or vendor of
the material such as PCBWay and Rogers. Since the SAR patch is inherently narrowband
with a bandwidth of around 11-12 MHz, the nominal tolerances can shift the resonant
frequency outside the bandwidth centered at L1, as seen from the simulated results. A
rough measurement from the manufactured patch shown in Fig. 5.8 suggests that the patch
radius a and via ring radius b are manufactured fairly accurately. HFSS simulations also
determined that for the resonant frequency to shift by around 40-45 MHz to the left of L1 as
shown in Fig. 5.9, the via ring radius b will be roughly 0.7 mm smaller than the nominal value
in Table 5.3. A 0.7 mm deviation seems unlikely given the rough measurements performed
on the actual unit and the manufacturing tolerance specified by PCBWay. Similarly, the
substrate height is also fairly accurate, and unlikely to contribute to the observed resonant
shift. The ”"worst-case” scenario shown in Fig. 5.10e suggests that it is possible for the
resonant frequency to shift by more than 30 MHz, based on the nominal tolerances given
by the vendors. Realistically, however, the tolerances are unlikely to reach their maximum

values, let alone all shifting the resonant frequency in one direction. Additionally, the actual
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Figure 5.10: (a) Tolerance studies with varying substrate permittivity €,. Original design is
based on RO4003C substrate with ¢, = 3.55. The tolerance value is based on the process
tolerance of +0.05 provided by Rogers. (b) Tolerance studies with varying substrate thickness
h. We choose the tolerance value of £10% based on the vendor PCBWay. (c) Tolerance
studies with varying patch radius a. The value is chosen to be +0.1 mm based on the trace
tolerance of PCBWay. (d) Tolerance studies with varying shorting boundary radius b, which
is the radius of the ring of vias. The value is also based on the trace tolerance of PCBWay.
(e) Simulated S;; with the nominal ”worst-case” tolerance of the studied parameters. For

)

example, ”worst-case” lower shows the nominal worst-case result using tolerances of all

parameters that shift the resonant frequency to a lower value.
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Figure 5.11: Comparison between measured and simulated S7; of the antenna feed ports.

frequency shift in the fabricated unit is more than the nominal ”worst-case” scenario, and
since the observed frequency shifts are all some-what consistent, as suggested by Fig. 5.9,
the cause of which is more likely to be systematic rather than due to tolerances, which are

likely to be random.

One important note is that the nominal permittivity of RO4003C substrate specified
by Rogers is 3.55 from 8 to 40 GHz [39]; there is no simple way to verify that 3.55 is the
actual permittivity value at L1 for the fabricated antenna substrates. Additionally, 3.55 is
only the average value for a number of tested lots of materials by Rogers, and for a 20-mil
(or 0.508 mm) thick RO4003C substrate, the permittivity is around 3.68 at L1, measured
using differential phase length method by Rogers. HFSS simulations found that using a
substrate with permittivity of 3.77 (other parameters stay the same as RO4003C) will shift
the resonant frequency to around 1.53 GHz; this is plotted in red, shown in Fig. 5.11, alone

with the previously simulated and measured results of Fig. 5.9. Therefore, future L1 design
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using RO4003C substrate may require simulations with a substrate with permittivity of 3.77,
with other parameters staying the same as RO4003C. Nonetheless, the tolerance study also
shows the benefit of a wider-band design, which will potentially experience less impact from

such resonant shifts.

5.1.6 Fabrication and Measurements: Antenna Radiation Characteristics

Since the fabricated antenna shows a frequency shift and resonates at around 1.53 GHz, the
radiation measurements will be performed at 1.53 GHz instead of L1; the measured results
will then be compared to the simulated results at LL1. HFSS simulation verifies that the
radiation characteristics for a design resonant at 1.53 GHz is very similar to those for the

original design at L1; the SAR antenna design resonant at 1.53 GHz is the same one that

Contains hybrid coupler network inside

Figure 5.12: Measurement setup of the L1 SAR patch antenna in the spherical near-field
antenna measurement chamber at the Center for High Frequency Electronics (CHFE) of

UCLA.
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produces the red curve shown in Fig. 5.11. Therefore, the comparison between the measured

result and the simulated one at L1 is adequate.

The fabricated SAR patch is measured in the spherical near-field antenna measurement
chanmber at CHFE of UCLA, shown in Fig. 5.12. The measurement is only done for the
upper hemisphere, or 0° < 6 < 90°, since the lower hemisphere is occupied by the antenna
mount. The measured normalized gain pattern and AR at 1.53 GHz are plotted compared
to the simulated ones of L1-band SAR patch, shown in Fig. 5.13 and 5.14. The measured
RHCP radiation patterns follow rather closely with the simulated results. The measured
directivity is around 9.003 dBic, compared to 9.4 dBic simulated. The X-pol levels, however,
are observed to be significantly higher than the simulation, which means that the measured
AR levels is also worse than the simulated one, as shown in Fig. 5.14. One important thing
to consider is that the electrical connections between the test board, which contains the

quadrature hybrid coupler, and the antenna can be relatively crude. The connections are

Phi=0" Phi =90

300 60 300 60
270 90 270 90
240 ' 120 240 . 120
210 150 210 150
180 180

—Meas RHCP (1.53 GHz)
----- Meas LHCP (1.53 GHz)
—Sim RHCP (1.575 GHz)
----- Sim LHCP (1.575 GHz)

Figure 5.13: Comparison between measured and simulated normalized gain pattern for the

SAR patch.
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Figure 5.14: Comparison between measured and simulated AR for the SAR patch. The AR
= 3-dB level is plotted in black dotted line.

made with hand-soldered SMA connectors and cables, which are more or less stretched using
the assembly of the antenna and the test board. In the potential finalized design, the coupler
will be soldered on a layer of substrate beneath the patch layer, and their connections will
be realized with plated vias. These can be done with standard manufacturing procedures
and therefore are not subject to nonidealities associated with hand-soldering and connections
using SMA cables. Though the measured results are far from ideal, they nonetheless provided
a rough assessment of the viability of the low-cost narrowband L1 patch design and the QCN-
19+ hybrid coupler.

5.1.7 Four-Feed L1-Band SAR Patch Antenna

A potential four-feed L1-band SAR patch antennas is also simulated during design inves-
tigation. This configuration is large the same as the dual-feed design, except it uses four
feeding probes with successive 90° phase shifts, shown in Fig. 5.15. The radius b of the via
ring and the feed probe positions r; are adjusted so that good resonance and matching at

L1 are achieved.

The simulated S7;, gain pattern, and AR results are shown in Fig. 5.16. Clearly, the
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Figure 5.15: A four-feed L1-band SAR antenna design. Note that the four feeding probes
are spatially separated by 90° concentrically, and their excitations are also phase shifted by

90° successively to achieve CP.

four-feed design inherits all the desirable performance features of the dual-feed design, such
as low radiation levels near the horizon and very high XPD. Additionally, using four feeding
probes saw a large improvement in the impedance bandwidth, with the additional benefits
of a more symmetric radiation pattern. Unlike the dual-feed design shown in the previous
sections, the four-feed configuration is circularly symmetric around the z-axis, hence the

results at ¢ = 0° and 90° are expected to be identical.

The notable feature of the four-feed design is its larger bandwidth of more than 50 MHz,
which is roughly five times that of the dual-feed design. Although 50 MHz may still be
regarded as narrow-band in the conventional sense, this bandwidth is more than enough
for receiving both the civilian and military L1-band signals. The wider bandwidth will also
enable the design to be more resilient against potential frequency shifts in the manufactured
unit due to nonidealities. Nonetheless, one drawback of the four-feed design is the more

complicated feeding (or receiving) networks, which can potentially increase the cost.
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Figure 5.16: (a) Simulated Si;; all four ports yield identical results. (b) Simulated gain

pattern at ¢ = 0° and 90°. (¢) Simulated AR versus polar angle § at ¢ = 0° and 90°.

5.2 Dual-Band SAR Antenna Characterizations

As discussed in Section 4.4, a popular configuration of dual-band SAR antenna uses a con-

centric pair of L2-band ISAR antenna and L1-band SAR antenna, as shown in Fig. 4.6.

However, since the ISAR antenna also follows the same design equation as a SAR patch,

we can calculate the radii of the magnetic current loop and the shorting boundary required
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at L2-band using Eq. 4.25 and 4.30 respectively. Since the L2-band antenna is ISAR, the
radius of the shorting boundary b is larger than the radius of the magnetic current loop a.
The numerical value for the magnetic current loop radius a at L2 is determined to be 70.7
mm. This approaches close to the design constraint for this project, which limits one dimen-
sion of the antenna to be within 150 mm. A shorting boundary then will definitely exceed
the constraint and therefore not realizable. Hence, an alternative dual-band configuration is

needed.

5.2.1 Stacked SAR Patch

Stacked patch antenna is a common configuration to realize dual-band operation. A dual-
band stacked SAR antenna configuration operating at the GPS L1 and L2 bands is simulated;
the geometry is shown in Fig. 5.17. This configuration consists of two layers of RO4003C
substrate with three conductive layers. The smaller L1-band SAR patch is positioned at
the top conductive layer and the larger L2-band SAR patch is positioned at the middle
conductive layer, sandwiched between the two substrates. Each patch is fed by four coaxial
probes, which increases the impedance bandwidth comparing to dual-feed designs. The
dimension of the designs are shown in Table 5.6 for the parameters shown in Fig. 5.17b.
One advantage of the stacked dual-band design is its compatibility with the conventional
PCB manufacturing process. As shown in Fig. 5.17, the L1-band shorting boundary is
formed using a ring of plated through-hole vias, similar to the single band design in Section
5.1.7; the L2-band shorting boundary consists of a ring of plated blind vias, connecting only

the middle and bottom conductive layers.

The simulated results are shown in Fig. 5.18. The impedance bandwidths at L1 and L2
frequencies are around 40 MHz and 50 MHz respectively, as shown in Fig. 5.18a, which are
more than enough to cover the entire L1- and L2-band signals. The radiation patterns and
AR at both frequencies both suggests good performance characteristics, consistent with the

single-band design discussed in Section 5.1.7.
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(b)

Figure 5.17: (a) 3D view of the stacked SAR patch antenna design model. (b) Top and side
views of the stacked SAR patch with labeled design parameters, whose values are shown in

Table 5.6. The red objects attached at the bottom are coaxial feed probes.
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Figure 5.18: (a) Simulated Sj; for the stacked SAR patch antenna; for each patch, the Sy,
results of the four feed ports are identical. (b) Simulated gain pattern at ¢ = 0° and 90° for
the L1 patch. (c) Simulated AR versus polar angle 6 at ¢ = 0° and 90° for the L1 patch. (b)
Simulated gain pattern at ¢ = 0° and 90° for the L2 patch. (c) Simulated AR versus polar
angle 6 at ¢ = 0° and 90° for the L2 patch.

Table 5.6: Nominal design values used in the HFSS simulation for the antenna dimensions

shown in Fig. 5.17.

Design parameters Nominal values (mm)
Substrate length (L) 150
Substrate width (V) 150

Single-layer substrate thickness (h) 1.524
L1 patch radius (ar;) 55.8

L1 shorting boundary radius (by;) 32.1025
L1 feed location (ry,,) 45
L2 patch radius (ars) 70.7

L2 shorting boundary radius (brs) 40.6425
L2 feed location (ry,,) 60
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Figure 5.19: The dual-band side-by-side configuration, with the smaller L.L1-band SAR patch
on the left, and the larger L.2-band SAR patch on the right.

5.2.2 Side-by-Side SAR Patch

Since the design requirement has a maximum size constraint of 150 mm x 300 mm, the
previously shown single-band and stacked dual-band design, having the same profile of 150
mm X 150 mm, only utilize half of the available space. The extra space enables us to
alternatively place the L1- and L2-band patches in a side-by-side configuration, as shown in

Fig. 5.19, instead of a stacked configuration.

Under typical GPS operating scenarios, this side-by-side placement may not be desired,
since it will introduce a considerable offset between the phase centers of the two antennas.
The realistic impact of this offset on the positioning operation by the GPS receiver will need
to be determined experimentally, and if necessary, compensated through signal processing or
software means. However, one radiation environment of concern for this project is when the
antenna is placed close to a large metallic body, i.e. the freight container, which essentially
introduces blockage of half of the upper hemisphere. In this case, at least two antennas are
needed to place on each side of the freight-carrying vehicle in order to obtain acceptable GPS
signal reception. This means that the receiver should readily account for the position mea-

surements from two spatially-separated antennas. In this way, studying the performance of
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Figure 5.20: Side-by-side configuration simulation results at L1. Simulated gain pattern for

(a) ¢ = 0° and (b) ¢ = 90°. (c) simulated AR versus polar angle 6. (d) Simulated RHCP

radiated far-field phase versus the polar angle # when the origin of the coordinate system is
at the phase center of the antenna. The phase center is found at around z = 15 mm, where

z = 0 is defined at the ground plane layer, and the z-axis is through the L1 patch geometric

center. The black dotted lines denote 6 = 50°.
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Figure 5.21: Side-by-side configuration simulation results at L2. Simulated gain pattern for
(a) ¢ = 0° and (b) ¢ = 90°. (c) simulated AR versus polar angle 6. (d) Simulated RHCP
radiated far-field phase versus the polar angle # when the origin of the coordinate system is
at the phase center of the antenna. The phase center is found at around z = 15 mm, where
z = 0 is defined at the ground plane layer, and the z-axis is through the L2 patch geometric
center. The black dotted lines denote 6 = 50°.
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a side-by-side configuration is not unrealistic. Nonetheless, the practical performance under
said scenario should be verified via field tests. In this section, we assume that the receiver
is able to perform positioning through multiple spatially-separated antennas. Though the
stacked patch design has the advantage of having a smaller size, it is worth while to inves-
tigate the the side-by-side configuration, since if plausible, it has the potential advantage of
being more flexible in design for each of the LL1- and L2-band antennas. In this section, we

focus on the SAR design for both bands.

A typical concern for placing microstrip patch antennas close together is mutual coupling,
which is a function of edge separation between adjacent elements [7]. Mutual coupling can
have potential adverse effects on important performance parameters for GNSS applications
such as impedance mismatch and degradation in RHCP gain and AR. Mutual coupling is
possible through both surface wave, particularly the TM, mode, and space wave radiations.
For SAR patches, the surface wave and lateral waves can be significantly reduced, as ex-
plained in Chapter 4, and hence should alleviate the deleterious effect of mutual coupling
in principle. The simulated radiation characteristics at L1- and L2-bands are shown in Fig.
5.20 and 5.21 respectively. The Si; results are virtually identical to Fig. 5.18a, since the
patch designs are the same. Some design dimensions are slightly tuned so that the patches
resonant at L1 and L2. With the side-by-side configuration, the radiation patterns do not
exhibit the symmetry as those of the stacked design. As expected, it is caused by coupling
effects from adjacent elements, though the effects are not too severe such that the radiation
characteristics become undesirable. The highest LHCP backlobes gain are around the same
level as the stacked design, with a D/U ratio of around 15 dB or more for angles close to the
broadside. The radiations toward the horizon are 15 dB or more below the zenith. The AR
results show a considerable beamwidth at both L1 and L2 for good CP performance (AR
< 3 dB). The far-field phase simulations shown in Fig. 5.20d and 5.21d indicate that within
the 100° beamwidth (the beamwidth at § = 50°), the RHCP far-field phase vary by around
10° at the most, which corresponds to sub-centimeter-level variation in length measurement;

such precision is more than sufficient for our application.
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5.3 Radiation Performance With Side Plate

Ultimately, the potential SAR antenna design needs to function on the autonomous vehicle
when a shipping container is attached. This presents an atypical radiation environment,
in which roughly half of the upper hemisphere will be blocked by a conductor positioned
very close to the antenna. Such environment is expected to be very adverse to the radiation
performance of any GPS antenna. A simulation using a full-sized container model will be
very unrealistic for HF'SS to run, since it will require extremely large mesh operations. Hence,
we will approximate the freight container using a large side plate with a size of 2 m x 2 m,

shown in 5.22.

The SAR antenna used for the simulation will be the L1-band dual-feed SAR patch dis-

cussed in Section 5.1.2; the simulated results shall provide insights to the potential radiation

2m

Figure 5.22: The freight container is modeled as a large PEC side plate.
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Figure 5.23: Simulated (a) ¢ = 0°-plane and (b) ¢ = 90°-plane gain patterns of the setup in
Fig. 5.22.

impact on other SAR antenna designs, such as the L2-band patch and the stacked or side-
by-side dual-band patch, since their radiation patterns are similar. The side plate will be
positioned 100 mm from the edge of the antenna substrate in the z-direction and offset by
200 mm in the z-direction; this is shown in Fig. 5.22. These are reasonable values chosen
based on the expected installed location of the antenna relative to the freight container; the
exact values are not a concern for this simulation study, since the primary objective is to
gain insight on the impact on the radiation performance. The simulated radiation patterns
of the setup of Fig. 5.22 is shown in Fig. 5.23. Clearly, the side plate results in significant
platform effects on the radiation pattern. The radiation patterns in both plane-cuts exhibits
significant ripples as expected, which are resulting from the diffraction from the side plate
edges. More importantly, the RHCP radiation is completely destroyed in the ¢ = 0°-plane,
since the co-pol and X-pol are are similar levels, which will realistically result in polarization
efficiency loss. The ¢ = 90°-plane cut shows more symmetric pattern as expected from the

geometry, but also shows poor XPD values of around 5 dB throughout the beamwidth.

The drastic increase in LHCP radiations as shown in the radiation patterns is expected
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Figure 5.24: The ideal radiation patterns of the GPS antenna on the autonomous vehicle

(a) with and (b) without a freight container installed

from the reflections from the side plate. There is no easy way of avoiding radiation inter-
action between the antenna and the side plate, as the antenna is installed very close to
such object. Since half of the upper hemisphere is blocked by the side plate, for ideally no
radiation interactions, an antenna placed in the orientation shown in Fig. 5.22 must exhibit
asymmetric radiation pattern or a radiation pattern that changes when the freight container
is installed. The depictions of the ideal radiation patterns for the GPS antennas installed on
the autonomous vehicle with and without a freight container is shown in Fig. 5.24. Needless
to say, the radiation patterns shown in 5.24b is not easily achievable on conventional, low-
cost antenna designs, since the ideal radiation pattern is not only relatively directive but also
uniform in the directivity/gain value across a wide beamwidth. To achieve such specialized
radiation patterns, excitation distribution design, array or adaptable antenna architecture
may need to be considered. These solutions are expected to be costly, and additionally, their
feasibility within our space constraint of 150 mm x 300 mm is questionable. Non antenna-
oriented solutions such as covering the freight container with radiation-absorbent material

may alleviate the undesirable effects, but they will not be our focus.
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5.3.1 Radiation Performance With Antenna Tilting

To reduce radiation interaction between the antenna and the side plate, one potential simple
solution is to tilt the antenna by 45° away from the container; this is depicted in Fig. 5.25.
The tilting may be realized through low-cost actuators, which activates when the freight
container is installed on the vechicle. For the tilted antenna, though, radiation interaction
with the ground will now become an issue. The 45° tilt angle is chosen since it is the mid
point between the zenith and the ground /horizon, and that the SAR patch radiation pattern
is symmetric. However, the ground is not modeled in the simulation due to additional mesh
size considerations on simulation time and size, and that a finite sized reflective surface

will introduced additional edge diffraction that is not realistic for the ground. Nonetheless,

Figure 5.25: The SAR patch antenna is tilted by 45° away from the side plate. This is done

by rotating the antenna by 45° around the y-axis based on the geometry of Fig. 5.22.
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effects from the ground merit further investigation in the future.

The simulated antenna performance is shown in Fig. 5.26. Note the orientation of the
coordinate system with respect to the side plate as shown in 5.25; we chose the z-axis to
be pointing out of the antenna geometric center. In this case, ¢ = —45° is the zenith and
¢ = 45° is the horizon, as labeled in Fig. 5.26a. It is clear that tilting the antenna can
potentially improve the radiation characteristics; namely, the patterns exhibit relatively less
diffraction ripples and lower X-pol levels. For ¢ = 0°, the AR is relatively high for the angles
close to the zenith, which still suffers from considerable radiation interaction with the side
plate, though much less so than without tilting. For ¢ = 90°, the AR is less than 3 dB for a
wider and more symmetric angular range around the antenna main beam, as expected from

the geometry.

The radiation interaction with the side plate also affects the antenna far-field radiated
phase characteristics. Since it will take a considerable amount of simulation time to find the
antenna phase center with the side plate, we assumed it is not far from the phase center for
the L1-band SAR patch of Section 5.1.2, which is at Az = 15 mm along the z-axis pointing
out of the antenna geometric center. We then vary the local coordinates by a small amount
around the Az = 15 mm point and determined that the phase variations around this point
is relatively more uniform, and hence it is in the vicinity of the actual phase center. The
phase characteristics shown in Fig. 5.26d all display uneven ripples resulting from radiation

interactions with the side plate.

For the ¢ = 0°-plane, we will mainly focus on the phase characteristics within the —45° <
6 < 45° range, which is the angular space between the zenith and horizon; the phase will vary
drastically outside this range as expected. The largest phase variation is close to 6 = 40°,
which is near the side plate. Nonetheless, it is still within 250 from the phases at other angle
6 within the range of interests; this corresponds to a maximum ranging error of around 1.3
cm, which is still relatively small. For the ¢ = 45°-plane, the largest phase variation is close
to 8 = 50° with a maximum deviation of 70o from the phases at other angle #; this will
result in a maximum ranging error of around 3.7 cm. Lastly, for the ¢ = 90°-plane, the

phase variation is the most uniform within the angular range of —40° < 6 < 40°; this is
93



Zenith Horizon

Curve Info
—  dB(GainRHCP)
—  dB(GainLHCP)

Curve Info
—  dB(GainRHCP)
—  dB(GainLHCP)

120 120

(a) (b)
10.00”W 175.00
150.00 1
8.00
$125.00
heJ
o 600 $100.00
© ©
x & ]
2 400 Q 75.007
A v £ 50.00°
2.00 1
25.00 ]
0.00 ‘ 000+ —————————
-90.00 0.00 90.00 -90.00 0.00 90.00
Theta [deg] Theta [deg]
— ¢p=0° — ¢ =90° — p=0° ¢ = 45° — ¢ =90°
(c) (d)

Figure 5.26: Simulated results for the setup in Fig. 5.25. Simulated gain pattern for (a)
¢ = 0° and (b) ¢ = 90°. (c) Simulated AR versus the polar angle 0. (d) Simulated RHCP
far-field phase versus the polar angle 6 when origin of the coordinate syst em is placed near

the phase center of the antenna.
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expected since it is the plane that will experience the least amount of platform effects from

the side plate.

These simulated results provide a rough expectation on the antenna radiation character-
istics when it is installed near a large metallic object such as the freight container. However,
it should be stressed that for the tilting setup, the analysis are done without incorporating
the effects from the ground. Without the ground element, the radiation pattern near the
horizon is not expected to be accurate as shown in Fig. 5.26a, and the actual radiation char-
acteristics are expected to be worse than Fig. 5.25 shows. More importantly, the tilting will
subject the antenna to more multipath signals; the effects of which should be duly evaluated
in real-world performance of the antenna. Additionally, the setups shown in Fig. 5.22 and
5.25 are certainly simplistic models compared to the actual antenna mount platforms and
freight containers. Ultimately, field tests of the antenna radiations with a side plate and
exposed ground should be conducted to assess the actual antenna performance in real-world

conditions. This merits further investigation in the future.
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CHAPTER 6

Conclusions and Future Works

Starting in the 1980s, the Global Positioning System (GPS) became accessible for general
use and since then, it has continued to be indispensable in many aspects of modern life.
Multitude of GPS antenna and receiver designs are developed and installed on distinct
platforms, enabling a wide range of applications. New applications with unique platforms
and requirements are continued to be devised. This thesis aimed to investigate a potential
GPS antenna design that would enable the precise navigational needs of a novel autonomous,
freight-carrying, railway vehicle. The antenna should feature dual-band, and right-hand
circular polarization (RHCP) with sufficient gain and beamwidth while remaining low-cost,
limited in size, and possess multipath rejection capability. In the first part of this work, we
presented the basic operation and navigation principle of the GPS system, detailed the typical
desired features a GPS antenna possesses, and presented several proven GPS antenna designs.
The autonomous vehicle also imposes atypical radiation environment when a freight container
is installed. It is a challenge to simultaneously satisfy the constraints while providing optimal

performance with and without a freight container installed on the autonomous vehicle.

Precise GPS receivers require robust multipath signal rejection capabilities, since multi-
path is one of the main issues affecting the ranging precision of a GPS receiver. Fortunately,
multipath can be mitigated through antenna design. As the main focus of this work, a
reduced-surface-wave (RSW) shorted-annular-ring (SAR) patch antenna is proposed and
studied. The theoretical treatment using cavity model suggests that a circular patch with a
radius at a particular value would result in suppressed surface wave radiations. This provides
several advantages desirable for a GPS antenna, including low radiation toward horizon, low

backlobes, reduced platform effects, and limited mutual coupling between adjacent SAR
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antenna elements. These radiation characteristics enable the SAR antenna to satisfy multi-
path requirement without the need of bulky and expensive specialized ground planes such
as a choke ring. A Ll-band SAR antenna prototype was manufactured through a poten-
tial low-cost vendor and its performance was measured using facilities at UCLA’s CHFE.
A quadrature hybrid coupler feed network is also constructed to provide the required cir-
cular polarization. The low-cost prototypes exhibits adequate performance; deviations from
the simulated results are likely due to manufacturing/assembly tolerances. More precisely

manufactured and assembled units are desired in the future.

The minor frequency shifts in the Si; of the measured prototype may be alleviated using
wider band designs, such as using four feed probes that increases the impedance bandwidth
by almost five times that of the dual-feed design. Dual L.1-L.2 band SAR patch antennas are
also simulated. The stacked configuration provides good radiation characteristics at both
bands. The side-by-side approach utilizes all the available space in the constraint, and can
provide more flexibility than the stacked configuration in the design of the individual an-
tenna at each band if desired, though further investigations are needed on the positioning
effectiveness using separate L1- and L2-band antennas. Dual-band antennas and feed net-
work designs for the four-feed configuration should be prototyped in future works, after the

performance assessments on the more precisely fabricated single-band antennas.

The L1-band SAR patch antenna is also simulated in the presence of a large side plate
modeling the freight container. The side plate will severely affect the radiation characteris-
tics of the SAR patch antenna placed perpendicular to it. The tilting concept may alleviate
the radiation interactions with the side plate. However, the simulated container models are
simplified and limited in size and scope. A more accurate characterizations of the antenna
performance, with and without tilting, near the container should be investigated; the perfor-
mance of a tilted antenna should be field-tested to assess the realistic impact from the side
plate, the ground, and multipath signals in order to evaluate the feasibility of the concept
in actual operations. The studies performed in this thesis provide the necessary theoreti-
cal foundation and design basis for developing a complete and robust GPS antenna for the

autonomous vehicles in the future.
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APPENDIX A

Derivation of the Fundamental Design Equation for a

SAR Patch With No Surface Wave Excitation

The fundamental design equation, as expressed in (4.21) of Chapter 4, for a SAR patch is

reproduced here:

W oc HP (krnyp) cos ¢ J; (ko) (A1)

where 1 represents any particular component of the surface-wave field produced by the
magnetic current ring sheet, as shown in Fig. 4.4. This appendix will detail the derivation
procedure from (4.20) to (4.21), described in Section 4.3.1. The derivation procedure is

originally outlined in [36], and will be reproduced below.

As discussed in Section 4.3.1, the surface-wave radiation from a single magnetic current
loop K (¢) can be obtained by integrating the fields of the magnetic Hertzian dipole over
the ring current. The far-field approximation of the phase delay over the path length s of

the surface wave radiation from each particular point on the ring yields the following factor:

eIkngs — pikTmgacos (9—¢) (AQ)

where ¢ is the observation angle and ¢’ is the angle of the particular source point on the
current ring, shown in Fig. A.1. Note that the time convention e/“? is not explicitly shown,
which is typical when dealing with time-harmonic fields. Unlike phase, we can assume
the magnitude variation from points along the ring is negligible at far-field. Using (4.20)
and (A.2), the surface wave fields of the magnetic current ring sheet can be obtained by

integrating along the ring:
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Figure A.1: Geometry used in the far-field surface wave phase approximation.
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0

where B(z) is a z-dependent amplitude factor defined as:

h
B(Z)E/O A(z, z0) dzo (A.4)

In (A.3), the cos(¢’) factor in the integrand comes from the magnetic current distribution
K(¢) along the ring. The factor cos(¢ — ¢’), which can be obtained from 7 - 7' using the
geometry shown in Fig. A.1, accounts for the orientation of the current at each point ¢’
along the ring with respect to the observation point at ¢; this factor can be thought of as
how the radiations from a Hertzian dipole at a particular ¢’ on the ring will appear to the

observation point at ¢.

To evaluate the integral of (A.3), apply the substitute variable @« = ¢ — ¢ into the

integral, we then have:
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27
o< H? (ko p) B(z) / (cos ¢ cos® v — sin ¢ cos asin o) /™M doy (A.5)
0

We further apply the Jacobi-Anger expansion to the phase delay factor:

eIhmgacose — 7o (kv a) + 2 Zj”Jn(k:TMOa) cos(na) (A.6)

n=1
Applying (A.6) into the integral and carrying out the integration in (A.5), it can be shown

that only the n = 2 term in (A.6) will yield a non-zero result; we then obtain:

¥ o< maHP (krayp) B(2) cos ¢ (Jo(kraga) — Jo(kraya)) (A7)

Using the following property of the derivative of Bessel function:

, 1
Ji(2) = 5 (Jolz) = () (A.8)
then applying it to (A.7), we have:
¥ o< 2maB(2)H? (kra, p) cos ¢, (kv a) (A.9)

We thus complete the derivation of the surface wave field radiated by the equivalent magnetic
ring current sheet, which is also the fundamental design equation of the SAR antenna as
expressed in (4.21) of Chapter 4. Since only the Ji(kry,a) term contains a SAR antenna
design parameter, the rest of the factors in (A.9) can be ignored. This terms suggests that
for an ideal SAR antenna to radiate no surface wave, its patch radius a must be chosen such

that the term Jj(kra,a) becomes zero; this is detailed in (4.22)—(4.25).
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APPENDIX B

Platform Effects of SAR Patch Antenna:

A Comparative Study

One of the main desirable features of a SAR patch antenna is its suppressed surface wave
radiations. This allows less platform effects, discussed in Section 3.7.3, such as diffracted
radiations from ground plane and substrate edges that may cause uneven radiation patterns
(ripples) and higher backlobe and cross-polarization levels [7,33]. We will compare the
radiation characteristics of a L2-band SAR antenna with that of a conventional L2-band
square patch antenna, shown in Fig. B.1, when they are installed on a larger metallic

platform.

Figure B.1: (a) A L2-band SAR patch antenna. The dimensions of the antenna is tuned
so that it resonates at L2. Other characteristics, such as the substrate used, are the same
as the L1-band SAR patch discussed in Section 5.1.2. (b) A conventional L2-band, dual-
feed, circularly-polarized square patch antenna used for comparative purposes. The substrate
material is F4B with the same dimensions of 150 mm x 150 mm x 1.524 mm as the substrate

for the L2 SAR patch.
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Figure B.2: The platform modeled as a metallic circular plate with a diameter of 50 cm and

is positioned 6 mm below the antenna.

We will model the platform, on which the antenna is installed, as a metallic circular
plate with a diameter of 50 cm and is positioned 6 mm below the antenna, shown in Fig.
B.2. The simulated radiation patterns and axial ratios for the two antennas are shown in
Fig. B.3; the plots compared the results with and without the platform effects. Compared
to the conventional patch antenna, though not insignificant, the SAR patch results are
much less affected by the platform effects in the presence of the large metallic ground plane
platform. The theoretical treatment conducted in Chapter 4 gives a perfect TMy mode
surface wave suppression, since we assumed a PMC boundary at the patch perimeter and
therefore an ideal model of the equivalent magnetic ring current distributions. Ideally with
no surface waves present, the expected results with and without the platform should differ
very little. Realistically, however, this is not the case, since the patch perimeter is not a
PMC and fringing fields exists, not to mention the existence of higher order surface wave
modes depending on the substrate thickness. Thus, the formulated magnetic ring current
model described in Chapter 4 is only an approximation. As a result, surface wave excitation

will always exist.

Nonetheless, the simulated results shows that the conventional patch antenna is more
severely affected by the platform effects, including a more reduced gain near the broadside,

a much higher X-pol level, and a significantly more reduced AR beamwidth. Although this
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simulation is by no means comprehensive, since the antenna platform can be of a variety of
sizes and shapes, it does demonstrate the advantage enjoyed by a SAR patch antenna when

radiating in the presence of such particular metallic platform and likely similar ones.
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Figure B.3: Simulated (a) ¢ = 0° gain pattern and (b) AR of the L2-band SAR patch
antenna shown in Fig. B.la. Simulated (c) ¢ = 0° gain pattern and (d) AR of the L2-band

square patch antenna shown in Fig. B.1b.
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APPENDIX C

Bandwidth Enhancement Using Air Gap

Typically, increasing the thickness of the substrate is a reliable method of increasing the
impedance bandwidth of a patch antenna. This, however, comes at a price of increasing
the manufacturing cost. The cost of a patch antenna is expected to be proportional to the
substrate size and thickness, which is confirmed by several vendors; a substrate with twice
the thickness will then be roughly twice as expensive. Decreasing the substrate permittivity
will also increase the impedance bandwidth. However, the current design uses the RO4003C
substrate with a permittivity of 3.55, which is already not very high. Therefore, using a
substrate material with a lower permittivity (for the same substrate thickness) will likely

not result in a drastic improvement in the impedance bandwidth.

Another important note is that the SAR antenna is not a structurally flexible design, since
it requires a fix patch size to satisfy the condition of (4.22) for surface wave suppression, and a
shorting boundary for resonant frequency tuning. Hence, any potential design modifications
on the patch for bandwidth improvement will be very limited without destroying the basic
operation principles of a SAR patch. Nonetheless, incorporating an air gap layer is a known
technique to improve the patch antenna impedance bandwidth [40]. Some SAR antenna
designs studied in [41-43] have employed air gap layer for bandwidth enhancement purposes.
This will provide an alternative method of bandwidth enhancement without resorting to the
use of four feed probes, which is associated with a more complex feeding/receiving network.
The air gap layer essentially acts as a low permittivity ”substrate” and its thickness can be
chosen arbitrarily. The circular patch can then be manufactured on a cheap substrate that
is somehow suspended above the ground plane to realize the air gap layer. A representative

structure is shown in Fig. C.1.
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(b)

Figure C.1: (a) A 3D view of the SAR patch antenna design with an air gap layer. The
substrates maintain the dimension of 150 mm x 150 mm as the designs shown in Chapter
5. (b) The front view of the design, showing a 5-mm-thick air gap layer between the patch

and ground plane substrates.

The design shown in Fig. C.1 uses two FR4 substrate layers with thickness of 0.8 mm,
one for the patch and one for the ground plane; they are separated by a 5-mm-thick air gap
layer. The shorting boundary used in the simulation is still realized using a ring of vias;
the vias connect the patch to the ground plane through both substrate and air gap layers
as shown in the figure. In Table 5.1, we noted that FR4 substrate possesses a loss tangent
that is too high for the L1-band single-layer design, such that the resulting gain is too low
compared to other substrate options. However, as we will show later, FR4 substrate is
viable for the air gap design, since the effective substrate loss is dropped considerably when
factoring in the air gap layer. Additionally, the electric field strength between the patch
and the ground plane is decreased as the thickness of the substrate (factoring in the air gap

thickness) increases; this will also decrease the dielectric loss, which is proportional to the
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Figure C.2: Simulated (a) Si1, (b) AR versus polar angle 6, (c) gain pattern at ¢ = 0°, and

(d) gain pattern at ¢ = 90° of the air gap design shown in Fig. C.1.
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field strength. Hence, the resulting gain will not exhibit a large drop from the directivity

value as shown in Table 5.1.

The simulated results are shown in Fig. C.2. Clearly from Fig. C.2a, the air gap
layer improved the impedance bandwidth to more than 70 MHz. However, the increased
thickness affects the radiation characteristics in some undesirable way. For example, the
antenna exhibits more backlobe radiation and radiations toward the horizon compared to
the previous designs studied in Chapter 5. The cross-polarization levels are also significantly
higher than the previous designs, though the level is below the minimum required gain for
GPS application. The axial ratio still exhibits an appreciable beamwidth. However, it is
much less symmetric, especially in the ¢ = 90° plane caused by the rather asymmetrical
X-pol level. The asymmetry in the radiation and AR results can be resolved by using the
symmetric four-feed design. However, using the four-feed configuration can increase the

impedance bandwidth as shown in Chapter 5, which defeats the purpose of the air gap layer.

There is a potential risk of increasing the substrate thickness to a point that it will
introduce higher order surface wave modes, such as the TE; mode, as discussed in Chapter
4. For the air gap design, the equivalent substrate (including the air gap and the two FR4
substrate layers) has a total thickness of 6.6 mm. A simple estimation of the equivalent
relative permittivity using series capacitance calculation yields a value of 1.2626; the value
is expected to be closer to 1 since the air gap occupies a majority of the space. We then
choose a maximum operating frequency of 1.61 GHz according to Fig. C.2a, then using
(4.4), the maximum height for the equivalent substrate to not excite higher order modes
is roughly 7.9 mm. The total thickness of 6.6 mm for the air gap and substrates is thus
acceptable. Nonetheless, it should be noted that this calculation is based on the ideal
theoretical treatment using the cavity model. Realistically, as explained in Appendix A,
there will always be surface wave excitation since the patch perimeter is not a PMC and
exhibits fringing fields. Thicker substrates will also result in more fringing, which implies

larger deviations from the ideal model, and hence the analysis becomes less accurate.

The presence of an air gap layer also poses a significant problem to traditional PCB

manufacturing procedures. Consider the structure shown in Fig. C.1b, for the most part,
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Figure C.3: (a) A 3D view of the SAR patch antenna ”all-metal” design with an air gap
layer. (b) The top and front views of the design. Note the thickness of the metal is chosen

to be 1 mm. The air gap is maintained at a 5-mm thickness.

it is highly unlikely that the through-air-gap vias are manufacturable through conventional
PCB vendors, since traditional vias are not metal cylinders but are instead plated on the PCB
through-holes. Tt is not explicitly explained in [42,43] how the through-air-gap shorting vias
are added, but they are very likely to be hand-placed and soldered cylindrical metal pins.
Alternatively, there are SAR antenna designs that uses a cylindrical metal surface as the
shorting boundary, such as in [41,44,45]. Again, such metal cylinder of the required radius
and height is not realizable through conventional PCB vendors. In other words, realizing
either the through-air-gap vias or the metal cylinder design will require either hand-made
or alternative manufacturing processes. Since the PCB process is not viable, a SAR patch
antenna design without using PCB substrates is simulated; such ”all-metal design” is shown

in Fig. C.3.
The thickness of the patch, ground plane, and shorting cylinder are chosen to be 1 mm,
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Figure C.4: Simulated (a) Si1, (b) AR versus polar angle 6, (c) gain pattern at ¢ = 0°, and

(d) gain pattern at ¢ = 90° of the "all-metal” design shown in Fig. C.3.
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and the air gap is maintained at 5-mm. The simulated results are shown in Fig. C.4. An
impedance bandwidth of more than 50 MHz is achieved. The simulated radiation pattern
and AR results are largely similar to those of the air gap design, but with relatively lower
X-pol levels. The manufacturing options of such all-metal antenna structure should be
further investigated. Regardless of the manufacturing process, one of the key requirement is
high precision, since the resonant frequency is highly sensitive to the radius of the shorting
boundary b. One potential option is through metal 3D printing, though the potential high

cost may be a concern and thus vendor options should be carefully evaluated in the future.
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APPENDIX D

Evaluation of UCLA Spherical Near-Field Antenna

Measurement Range at L-Band GPS Frequencies

The L1-band SAR patch antenna measurements shown in Section 5.1.6 are conducted in
the spherical near-field antenna measurement chamber at the Center for High Frequency
Electronics (CHFE) of UCLA. The model of the open-ended waveguide (OEWG) probe
used in the measurements is WR770 by NSI-MI, shown in Fig. D.1. The WR770 probe
has a nominal frequency range of 0.96-1.45 GHz, and therefore, the L1 frequency of 1575.42
MHz is out of range. Sadly, the L1 frequency is also outside the operating range of the other
available probes at the measurement chamber. The WR770 probe was then chosen for its
frequency range being the closest to the L1 frequency. Operating beyond the specified upper
frequency limit may have the adverse effect of exciting unwanted higher-order modes, and

hence, producing inaccurate measurement results. Although L1 frequency is not drastically

Figure D.1: The WR770 OEWG probe used in the L1- & L2-band measurements at UCLA’s
CHFE.
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Figure D.2: The (a) top view, (b) bottom view, and (c) front view of the truncated-corner

patch antenna for probe measurement assessment.

higher than the upper limit, it is still prudent to verify the measurement accuracy.

A simple patch antenna design is then constructed, as shown in Fig. D.2; to verify the
WRT770 probe measurement accuracy at L-band GPS frequencies, in particular L1. The
antenna is a L2-band RHCP truncated-corner patch antenna. It features a 25-mm-thick air
gap layer that enables a wide impedance bandwidth. The thick air gap layer necessitates
the use of a long coaxial probe, which introduces significant inductance. The impedance
matching can be achieved through a proximity-coupled feed using a square disc at the bottom
of the antenna substrate, shown in Fig. D.2b; the disc introduces a series capacitance that
compensates for the series inductance of the long coaxial probe [46,47]. One primary reason
for this design choice is that the antenna can be constructed entirely by hand, without using

external vendors, and there are no precision etching or drilling involved. The wide impedance
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mount plate
nylon spacers

Figure D.3: (a) Fabricated test antenna. (b) Fabricated antenna mounted in the measure-
ment chamber. (¢) The simulation model includes the mount plate that introduces platform

effects and affects the measured results.

bandwidth also ensures any potential errors during hand-fabrication will not drastically affect
the antenna resonance. One important thing to note is that the performance of the antenna
is not a concern, since it is used for assessment of the measurement accuracy. In other words,
we are only concerned with the close agreement between simulated and measurement results,

and not the performance itself.

The hand-constructed antenna is shown in Fig. D.3. The truncated-corner patch is

directly cut from a piece of 1.575-mm-thick RT/duroid 5870 substrate, and the copper on
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Figure D.4: Measured and simulated radiation patterns at (a) L2 and (b) L1.

the back side is removed entirely using chemical etching solutions. The square disc on the
back side of the patch was realized using copper tape. The patch structure is supported
above the ground plane using four 25-mm-long nylon spacers, which also realizes the air
gap. The mounting platform available in the measurement chamber is a circular plate with

a diameter of 50 cm, which is accounted for in the HFSS simulation model.

The measured and simulated radiation patterns at both L2- and L1-bands are shown in
Fig. D.4. At L2, the measured and simulated results matches very well, which also suggests
that any error introduces during hand-fabrication process is not significant. Note that the
L1 measurements are shown in linear polarization in Ludwig-3 definition, since circular
polarization is not expected to be supported at L1 for the L2-band patch. The measured
and simulated results at L1 also closely agree with each other, even though L1 frequency
is slightly beyond the nominal operating range of WR770 probe. The measurement results

thus suggest that the use of WR770 probe for measurements at L1 frequency is acceptable.
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