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Abstract

Multipath interference is an error generating issue in high-accuracy global
navigation satellite system (GNSS) applications. Since the propagation of
surface waves along the surface of antenna structure is the root cause for
reception of multipath signals in GNSS antennas, surface wave suppressing
ground structures are needed for GNSS antennas that are employed in high-
precision GNSS applications. Two-dimensional (2D) corrugated structures,
also known as choke rings, are commonly used as the ground structure for high-
accuracy GNSS antennas. Despite their superior performance, choke rings
suffer from large size, heaviness, costly fabrication, and inability to integrate
with printed circuit board (PCB) structures. The objective of this thesis has
been to design low-profile substitutions for these bulky structures.

First, a review of literature is conducted on the multipath signals, sur-
face waves, and surface wave suppressing ground structures to acquire a deep
understanding of the problem and techniques to analyse it.

Then, a compact dual-band substrate integrated choke ring (SICR) ground
structure has been designed by engineering the location of via holes and partial
copper cladding of the substrates in a multilayer structure.

Next, a novel technique for miniaturization of corrugated structures is pre-
sented and folded corrugations are introduced. The miniaturization is achieved
by implementing a fold or slit inside each corrugation. The proposed minia-
turization technique is modeled using the modal expansion method and an

equivalent circuit is extracted which precisely models the surface impedance

i



of the proposed folded corrugation. A time-efficient deign procedure is pre-
sented based on the equivalent circuit model and a Folded SICR (FSICR)
structure is designed.

Finally, the idea of folded corrugations is expanded to multi-folded corru-
gations (MFCs) to achieve further miniaturization. The design procedure is
adjusted as well to design dual-band multi-folded corrugated structures. A
dual-band Double-Folded SICR (DFSICR) structure is designed to suppress
the propagation of surface waves over the main GNSS frequency bands, L1
(1573-1587 MHz) and L2 (1215-1240 MHz).

The performance of the proposed structures has been investigated by mount-
ing a right-handed circularly polarized (RHCP) GNSS antenna on it. The
introduced designs demonstrate significant multipath mitigation capabilities,
close to that of a classic choke ring, while they eliminate the drawbacks of
a conventional one. An example design of DFSICR shows miniaturization
of 85% in height and 38% in diameter compared to the conventional choke
rings. It also demonstrates weight reduction of more than 90%, thanks to its
substrate integrated design.

It worth noting that although the motivation behind the introduced minia-
turization technique has been to address a problem in GNSS antennas, the
approach looks promising for miniaturization of other corrugated structures

such as spoof surface plasmon polartion (SPP) waveguides and components.
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Chapter 1

Introduction

Real-time positioning and navigation using the global navigation satellite sys-
tem (GNSS) has made cutting-edge and efficient technologies available in every
aspect of modern life such as agriculture, surveying, mapping, construction,
transportation, automation, and unmanned vehicles [1]. The phenomenon
known as multipath is one of the major sources of error in GNSS, which pre-
vents accomplishing centimeter-level accuracy required in many applications
[2]. This phenomenon occurs when the satellite signal reflects or diffracts from
surrounding objects (e.g., towers and trees on the Earth and spacecraft body
in space), and reaches the receiving antenna indirectly; in addition to the line
of sight (LOS) signal. The LOS and multipath signals are summed at the
receiver input, causing error in satellite-to-user range computation and posi-
tioning. Different post-processing techniques are reported in the literature to
detect and discard the multipath signals [3]-[6]. Although these techniques
have been successful in estimating long-delayed multipath signals and cancel-
ing them out, they can hardly distinguish the short-delayed multipath signals
with the LOS signal. This is due to the fact that short-delayed multipath
signals are created by very nearby obstacles, and hence, do not substantially
differ in amplitude and phase with the LOS signal. This problem is more chal-
lenging to solve in time-dependent dynamic GNSS applications that rely on
real-time or near-real-time positioning, where all processing and computation
must be completed over a few seconds.

In contrary to post-processing techniques, a properly designed receiving



antenna can reject the multipath signals in real-time as they usually reach
the antenna at near or below horizon angles [7]-[10]. It should be noted that
the polarization of right-handed circularly polarized (RHCP) satellite signal,
changes to left-handed circularly polarized (LHCP) after reflection. As a re-
sult, multipath resistant GNSS antennas with low side and back radiation,
and high polarization isolation, which are able to reject multipath signals, are
highly in demand in high-precision GNSS applications.

A major limiting factor in realizing such radiation patterns is the propa-
gation of surface waves along the ground plane of the antenna [7]-[9]. When
these surface waves reach the edges of the ground plane, they diffract and
cause considerable levels of side lobes and back lobes, and consequently, force
the antenna to receive more multipath signals.

A variety of approaches has been reported in the literature to mitigate the
propagation of surface waves along the ground plane of the antenna and real-
ize multipath-resistant radiation patterns. For instance, planar and non-planar
antenna arrays are used to place nulls at the points of interference [11]-[13].
However, antenna arrays often need complex feeding networks, mutual cou-
pling considerations, and are large and costly. Thus, they are mostly used in
military applications where intentional interference and jamming signals must
be suppressed in addition to multipath interference. In another approach, cor-
rugated structures are employed to decrease side radiations and increase the
boresight gain of antennas by manipulating the interaction between surface
waves and spatial radiation [14], [15]. A specific type of corrugated structures,
called choke rings, are utilized beneath the ground plane of the antenna as
the most common commercial solution to the GNSS multipath interference
problem [7]. Although choke ring structures are bulky, quite heavy (about 5
kilograms), and costly to fabricate, they are usually employed in GNSS appli-
cations that require centimeter-level accuracy due to their superior multipath
mitigating characteristics. As an alternative to choke ring ground planes, Elec-
tromagnetic Band Gap (EBG) structures are utilized to block side and back
radiations by creating a high impedance region around the antenna and pre-

venting the propagation of surface waves [16]-[18]. EBG structures are much
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lighter and more cost-effective than choke ring structures since they can be fab-
ricated in multilayered printed circuit board (PCB) technology. Despite this,
high periodicity is needed to achieve acceptable multipath rejection, which re-
sults in larger area consumption, while the performance is not often as good
as the choke rings. Thus, choke rings have remained the dominant antenna
ground structures for high-accuracy GNSS systems.

A choke ring may be miniaturized by filling its corrugations with dielectrics;
however, dielectric loading decreases the operational bandwidth [8], [9]; and
a dual-band design is required to cover the lower GNSS band (1165 — 1300
MHz) and upper GNSS band (1560 — 1610 MHz), simultaneously. A dual-
band dielectric-loaded choke ring has been proposed in [8] lately, which covers
the most common GNSS frequency bands, L1 (1563-1587 MHz) and L2 (1215-
1240 MHz). Although this design is smaller than the conventional one reported
in [7], the metallic nature of corrugations still imposes the heaviness and the
inability to integrate with PCB circuits. Additionally, two types of dielectrics
or a grooved one must be used to realize the dual-band behavior, which may
result in a complicated and costly fabrication process. Therefore, state of
the art research is required to develop appropriate substitutions for the choke
rings.

The objective of this work is to design low-profile, low-cost, and substrate
integrated ground structures for GNSS antennas without sacrificing the an-

tennas multipath rejection performance.



Chapter 2

Background and Review of
Literature

2.1 Multipath Signals and Multipath Resis-
tant Radiation Patterns

As discussed in chapter 1, the reception of multipath signals at the GNSS an-
tennas leads to inaccuracies in locating and navigating the user. The goal of
this section is to provide a more visual and intuitive explanation of the multi-
path phenomenon and to illustrate the ideal radiation pattern of a multipath
rejecting GNSS antenna.

Fig. 2.1 illustrates an example of multipath phenomenon. Ray 1 depicts
the direct satellite signal, also known as line-of-sight (LOS) signal, whereas,
ray 2 and 3 depict the reflections of the satellite signal from ground and a
nearby object jrespectively. Thus, ray 2 and 3 are multipath signals that
approach the antenna from paths other than the direct path. If the receiving
antenna demonstrates a considerable gain, compared to the boresight gain, at
the reaching angles of the multipath signals, the antenna receives the multipath
signals which may lead to significant errors in the receiver.

One may observe that the multipath signals reach the antenna at low or
below elevation angles. As a result, to avoid receiving the multipath signals,
the ideal GNSS antenna should demonstrate no radiation gain at low or below
horizon angles. Since the GNSS systems utilize RHCP polarization, the re-

ceiving antenna should be designed for pure RHCP radiation/reception. It is
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Figure 2.1: Ilustration of multipath phenomenon.
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Table 2.1: Specifications of a Multipath Resistant GNSS Antenna

Boresight Gain | Polarization | 3-dB Axial Ratio Beamwidth | Front-to-Back
(dBic) (degrees) (dB)
> 4 RHCP 180 > 15

obvious that the realization of such an ideal radiation pattern may not be pos-

sible in practice, however, the criteria listed in Table 2.1 is usually considered

as acceptable performance in high-precision GNSS applications.

2.2 Surface Waves

Surface wave (SW) is a specific type of wave which propagates along a surface;

e.g. on the surface of a grounded dielectric slab or a corrugated conductor. For

instance, on a grounded dielectric slab, SWs are identified by the type of fields

that are mostly confined in the dielectric and near the dielectric-air interface,

while decaying exponentially outside the dielectric [19]. SWs are mainly di-
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vided into two types: transverse electric (TE), and transverse magnetic (TM)
as illustrated in Fig. 2.2. The complete analysis and formulation of these
waves can be found in classic electromagnetics books such as [19]. Cut-off fre-
quencies of TE and TM surface waves propagating along a grounded dielectric

slab are given in [19] as:

(2n —1)c
=) —1.2,3 2.1
foe = Qqye—1"" 21)
foy=—2 =012, (2.2)

2d+/€, — 1

where c¢ is the speed of light in free space, and d and ¢, are the thickness
and permittivity of the dielectric, respectively. As one may notice, the cut-off
frequency of TMy mode is zero. Thus, the TMy mode always exists on the
dielectric-air interface of planar antennas. These waves diffract when they
face a discontinuity, e.g. the edges of the ground plane of the antenna. This
diffraction enhances the level of the side lobes and back lobes of the antenna

and makes it more susceptible to multipath interference [7], [8].

€r€p Dielectric

Figure 2.2: Tllustration of the fields of TE and TM surface waves on a grounded
dielectric slab.

2.3 Surface Wave Suppressing Structures

To avoid the diffraction of SWs at the edges of the ground planes of anten-

nas, and achieve multipath resistant radiation patterns, the propagation of
6



SWs should be suppressed by using electromagnetic surfaces that effectively
change the boundary conditions. Periodic surfaces may be used beneath the
antenna structure to change the boundary conditions and force the electric
or magnetic fields of surface waves to be zero, preventing their propagation
in practice. Such periodic structures have been reported in literature with
names such as artificial magnetic conductors (AMCs), soft surfaces, Electro-
magnetic Band-Gap Structures (EBGs), and high-impedance surfaces (HISs).
Although these structures have been initially developed from different perspec-
tives, their principles of operation are closely related [20]. Here, we provide a

brief description of these surfaces.

2.3.1 Artificial Magnetic Conductors (AMCs)

An AMC is a textured surface that mimics the characteristics of perfect mag-
netic conductor (PMC), i.e., zero tangential magnetic field and zero reflection
phase, over a limited frequency band. An AMC does not allow the propagation
of TM surface waves on its surface by imposing the zero tangential magnetic
field boundary condition on the surface. As a result of this boundary condi-
tion, the surface impedance, defined as the ratio of electric field to magnetic
field on the surface, is high [21]. Thus, an AMC is sometimes called as a HIS.

An example of an AMC surface is a the surface of a corrugated metal if
the corrugation width and depth are subwavelength and quarter wavelength,
respectively, as depicted in Fig. 2.3. This is because each narrow corrugation
can be modeled with a parallel plate transmission line and the short circuit
at the bottom of corrugation is transformed to an open circuit at the cor-
rugation opening if the depth of corrugation is an odd multiple of a quarter
wavelength. This open circuit is equivalent to a zero tangential magnetic field
at the corrugation opening, which is the characteristic of a PMC.

Due to their characteristics, AMCs may be used as the ground planes of
antennas to achieve multipath resistant radiation patterns. Although AMCs
do not generally block the propagation of TE surface waves, this is not often
a concern as the cut-off frequency of TE modes is usually much higher than

the frequency of operation in the microwave regime. For instance, from 2.1,
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(a)

(b)

Figure 2.3: A corrugated surface, and example of an AMC when s+t << A
and d = \/4 (a) Top view (b) Front view.

the cut-off frequency of the TE; mode for an FR4 substrate with thickness of
3 mm and permittivity of 4.4, is roughly 40.67 GHz which is higher than the

frequency of operation for most microwave applications.

2.3.2 Soft Surfaces

A soft surface is characterized by blocking the propagation of TE and TM
surface waves, simultaneously [20]. An example of a soft surface is a surface
formed by repetition of PEC and PMC strips where PEC and PMC strips block
the propagation of TE and TM surface waves, respectively. Consequently, the
corrugated surface depicted in Fig. 2.3 is not only an AMC, but also is a soft
surface for the waves propagating perpendicular to the corrugations. A more
practical version of this corrugated surface, is a corrugated metallic disk with

concentric circular corrugations, also known as choke rings, as illustrated in

8



(CER

(a)

(b)

Figure 2.4: A choke ring structure, and example of a soft surface when s+t <<
A and d = \/4 (a) Isometric view (b) Cross section.

Fig. 2.4. Due to radial symmetry, a choke ring structure is a soft surface for

waves propagating in any direction.

2.3.3 Electromagnetic Band-Gap Structures (EBGs)

An EBG is a 2D periodic surface which prevents the propagation of SWs by
providing a band-gap. Fig. 2.5 shows an example EBG surface (known as
mushroom-like EBG) which consists of an array of metallic patches connected
to a flat metallic sheet through a series of vias. If the mushroom-like unit cell,
shown in Fig. 2.6, is small compared to the operating wavelength, the unit
cell may be modeled with a parallel LC circuit [21], where the capacitance
is formed in slots between the metallic patches, whereas, the inductance is
formed in the pass between the patches through the vias and the bottom plate.
Thus, the structure may be modeled as a 2D network of LC resonators which
act as a 2D filter and prevent the propagation of SWs in certain frequencies.
In the limit that the cell size is much smaller than wavelength, the surface
may be assigned a surface impedance equal to the impedance of the unit cell
equivalent LC resonator, Z, = jwL/1 —w?LC. Near the resonance frequency,

the surface impedance is high meaning the tangential magnetic field is small.
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(2)

(b)

Figure 2.5: An EBG structure (a) Top view (b) Front view.

IA Unit cell ‘I

Figure 2.6: Illustration of capacitance and inductance in the unit cell of the
mushroom-like EBG.

Consequently, the structure shows AMC characteristics as well.

2.3.4 High-Impedance Surfaces (HISs)

In order to describe the high-impedance surfaces and their behavior in inter-
action with surface waves, first, we briefly analyze the propagation of surface
waves on a general impedance surface. Fig. 2.7 depicts the propagation of
TM and TE surface waves over a surface with given surface impedance of Z;.
For the TM case, assuming propagation along the y-axis and the impedance
surface being located on the x-y plane, the electric and magnetic fields can be

written as:

10



Figure 2.7: Propagation of surface waves over a general impedance surface.

—az—jk
Ey = Ey() (& IhyY
Ez = EzO e—az—jkyy
H, = Hyye @Ik (2.3)

where « is the attenuation constant along the z-axis. Following [22], we use
the Maxwell’s equation V X H = jwegE to obtain the relationship between

Eyy, E., and H,y. Applying this identity results in:
— OéH:CO = jWE()EyO (24)

kyHa:O = WG()EZO (25)
Hence, the surface impedance can be obtained as:

_E(z=0) _ ja
PTHGE=0) e 0

Assuming that Z; is given and imposed by the impedance surface, the above

equation can be re-written as:
arm = —jweoZs (2.7)

The TE case can be analyzed in a similar approach which results in:

E.(2=0) _Jwho (2.8)



which can be re-written as:

Jwio
Zs

(2.9)

QTE = —

It worth noting that to obtain the correct sign for the surface impedance, one
should pay attention to the convention that an absorbing surface should posses
positive resistance whereas a reflective one should have a negative resistance
[22]. The minus sign in 2.8 is considered for the surface impedance of TE wave
to comply with this convention.

For the surface wave to exist, a must be a positive real number. In contrast,
a negative o means that the solution is invalid and the surface wave cannot
propagate on the surface. Thus, a TM surface wave is supported when Z; is
inductive and is stopped when it is capacitive. In contrary, a TE surface wave is
supported when Z; is capacitive and is stopped when it is inductive. One may
conclude that no surface is able to block the propagation of TE and TM surface
waves at the same time, however, this incorrect allegation, arises from the fact
that surface impedance is in fact an average surface impedance associated with
a smoothed surface, which is an approximation of the actual textured surface.
That is why a corrugated surface is able to suppress the propagation of TE
and TM surface waves at the same time while it demonstrates a capacitive
average surface impedance. In the corrugated structure of Fig. 2.3, the surface
impedance over the metallic strips is approximately zero. Thus, the average

surface impedance of a unit cell is obtained from:

S

Zs=1
Js+t

Zy tan(Sd) (2.10)

Where jZj tan(fd) is the input impedance of the equivalent transmission line
of the corrugation (with Zy being the characteristic impedance of the parallel-
plate transmission line and (§ the propagation constant), and s/s + t is called
the filling factor. One may observe that although Z; is capacitive for A/4 <
d < \/2 (recall B = 27 /)), the TE surface waves are suppressed by teeth of the
corrugated structure regardless of the depth of corrugations. Thus, the surface
impedance model shows limitations in predicting the complete behavior of a

textured surface. Despite the limitations, the concept of surface impedance
12



is useful in designing textured surfaces since it can be calculated in the unit
cell simulations employing simulation software packages. However, one should
notice that to suppress TM surface waves, the actual requirement is to enforce
the tangential magnetic field to be zero (or small in practice). Therefore,
to suppress the TM surface waves the surface impedance should be highly
capacitive, i.e., Z, = —j|Z|, |Zs| >> mo, where ny = \/po/€o is the intrinsic
impedance of free-space. A surface that demonstrates such characteristics is
sometimes called a high-impedance surface (HIS). One may notice that HIS is
not in fact a different category of surface wave suppressing structures, but is
a concept and model to facilitate the design and analysis of such structures.
That being said, AMCs, soft surfaces, and EBGs may be called HIS as well.
It worth noting here that if Z, is highly inductive, « is a positive large
number meaning TM surface waves can propagate along the surface and are
tightly bound to it. Thus, they diffract when they reach the edges of the

surface as it is not infinite in practice.

2.4 Choke Rings and their Applications

As mentioned in subsection 2.3.2, a choke ring structure is a corrugated metal-
lic disk (see Fig. 2.4) which is capable of suppressing TE and TM surface waves
at the same time. Due to their surface suppressing characteristics, choke rings
have remained the dominant multipath mitigating ground structures in high-
precision GNSS antennas. In addition to GNSS applications, choke rings are
used in different pattern-shaping problems. In this section, a few examples
of the other applications of choke rings are reviewed. In [23], choke rings are
employed around an open-ended circular waveguide to obtain a choke horn
antenna with hemispherical pattern, stable phase center, and reduced low-
elevation multipath for deep space satellite applications, e.g., LEO, MEO, and
GEO. The proposed antenna may also be employed as a feed for reflector
antennas to increase gain and decrease back-radiation. Another variant of a
choke horn antenna is designed in [24] for Q-band radio astronomy applica-

tions. The antenna has demonstrated high gain, symmetrical beam, and low

13



cross-polarization. In [25] and [26], a set of choke rings with nonlinear heights
are used to achieve gain enhancement (compared to uniform length choke ring
antennas) and to provide an isoflux-shaped pattern which is advantageous in
remote sensing satellites where the antenna should compensate for different
signal attenuations that occur due to different satellite angles relative to the
ground station. In a novel application, choke rings are used in [27] as a shield to
isolate the ground penetrating radar (GPR) antennas from the above-ground

environment.
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Chapter 3

Proposed Miniaturization

Technique and the Introduction
of Folded and Multi-Folded
Corrugations

As discussed in section 2.3.4 TM surface waves will be suppressed most ef-
fectively when the surface impedance becomes highly capacitive. As a result,
in the corrugated structure of Fig. 2.3, the corrugation depth, d , should
be slightly larger than a quarter-wavelength to bring about the best surface
wave suppression. In other words, the resonance frequency of corrugations and
surface impedance should be slightly below the intended frequency of opera-
tion. This requirement results in different disadvantages for the employment
of corrugated structures in GNSS antennas such as large size, heaviness, costly
fabrication, and inability to integrate with printed circuit board (PCB) struc-
tures. In order to reduce the necessary physical length of corrugations while
maintaining the effective electrical length and desired resonance frequency, the
author proposes to introduce a discontinuity in form of a fold or slit in each
corrugation as shown in Fig. 3.1. The narrow slit excites evanescent higher or-
der modes near the discontinuity and in turn, adds a capacitance in middle of
the corrugation. This extra capacitance can decrease the resonance frequency

of the corrugation and lead to depth miniaturization.
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Figure 3.1: Cross section of a folded corrugation (unit cell of a folded corru-
gated structure).

3.1 Analysis of Folded Corrugations using Modal
Expansion Technique

In order to extract the mathematical relationship between the slit capaci-
tance and slit dimensions, and develop a design procedure there after, the
folded corrugation is analyzed using the modal expansion method. Following
the procedure employed in [28] and [29], with a number of modifications, the
equivalent circuit of the folded corrugation can be derived analytically. Fig.
3.1 depicts the unit cell of a periodic structure formed by repetition of folded
corrugations. The corrugations are assumed infinitely long in the x-direction
and periodic in the y-direction. An oblique plane wave impinges on the corru-
gated surface, which for the purpose of this analysis, it is assumed to be TM
polarized as the interaction of TE plane waves with the structure is negligible
[28]. By employing the modal expansion in the parallel plate waveguides of
region (1) and (2), the y-component of the electric fields at both sides of the

slit can be written as:

EP(y) = (1 + RO ) E£1>e—jk;1>y> e I (3.1)
n#0
EP(y) = 3 EPe ity (3.2)

where the amplitude of the impinging plane wave has been normalized to unity,
RW is the reflection coefficient of the reflected plane wave inside region (1),
ki = (&) 2 ko sin 8 is the tangential component of the wavevector of the obliquely

incident plane wave, with kg = 27 f/c being the free-space wavenumber (f is
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the frequency of the incident time-harmonic field and the ¢ is the speed of light
in free space), and # the incidence angle. B = 27n/p; and ER) = 27n/po
are the cutoff wavenumbers of higher order modes, where p; = s; + t and
ps = So + t represent preiodicity intervals in region (1) and (2), respectively.
The coefficients of the field expansions can be derived by projecting each mode
over the field profile using Fourier analysis. In the language of mathematics:

o1

) — —
P Jp,

E(y)e Sy (33)

1 1(2)
E® — -~ EP (y)el™ vdy (3.4)
P2

It worth reminding that the tangential electric field on a perfect electric con-
ductor is zero and practically, the integration in (3.3) and (3.4) happens only
over the slit. Due to the narrow width of the slit, the spacial profile of the
field over it can be assumed independent of frequency [29]. In other words,
E,(y) = A(f)g(y) where g(y) is the frequency-independent spacial profile of
the field and A(f) is the frequency-dependent amplitude of the field. For TM

polarized incident plane waves, the spacial field profile can be written as [29]:

o(y) = {1—(1’_%)2};,0@@ (35)

2
which takes into account the singularities at the edges of the slit. By substitut-
ing (3.5) in (3.3) and (3.4), the coefficients of the field expansion are obtained
as:
B = LA I((HD + k) Syl 36

E® = Y A(F) Iy (kDY) ekt
n p2 n 2

where Jg is the zero-order Bessel function of the first kind. Considering the

2 (3.7)

fact that 1+ RM = E", one may obtain:
14+ RO = D A(F) (k= )eit s (3.8)
b1 2
In order to derive another relation between R and A(f), and attain an

expression for R, the continuity of tangential magnetic field over the slit
17



(Hg(cl) = Hg(f)), can be projected over the electric field profile. In other words:

/Ow (AP9w) (HO @) - HO () dy =0 (3.9)

To solve (3.9), the expressions for the tangential magnetic fields at both sides

of the slit may be derived from (3.1) and (3.2) as:

HO(y) = (1 — YR 3 Y,f”’(l)ES)ejk’g)y) eIk (3.10)
n#0
HO(y) = Y Yin@E@ ety (3.11)

where Y, is the input admittance of the transmission line associated with

the n*" harmonic in the i* medium, that can be obtained from:

(1)Yn(0) + jY,fl) tan(ﬁff)dl)

y;im) — v (3.12)
Y 45V tan(8V dy)
Y@ = — 5@ cot(8Dd,) (3.13)

where Y\ is the characteristic admittance corresponding to the n!” mode in

the i*" medium, and may be written as:

' (i)k
Y0 =0 =0,1,2 (3.14)
10 5n

with 79 = \/110/ €0 being the intrinsic impedance of free-space. @(f) is the phase

constant of the n'* harmonic in the " medium and can be obtained from:

BY =\ k2 — (k + KDY, i = 0,1 (3.15)
50 = \Jkz — (K2 (316)

By substituting (3.10) and (3.10) in (3.9), the following relationship be-
tween R and A(f) can be derived:
w

Yo ok )e s = (3.17)

1—RW

A(f)
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w , w W — , w
_Zyzn7(l)J2( ko k) _> 2y Ym,@)ﬁ(k@)_)
1 ~ n 0 ( ¢t n ) 9 + Do Rl n 0 no9

Solving (3.8) and (3.17) for R results in:

- (AP 4 viy)

RO — } (3.18)
Yy + (AP 4 Y,)
where
Yoo = > (ADYm0) 4 A@y;im) (3.19)
n#0
T (ke + kD)%)
AL = ,n#0 (3.20)
(k%)
HEE)
AR _PLOAVTE ) (3.21)

P2 g2 (k%)
By comparing (3.18) to the input reflection coefficient of a transmission line,
one may interpret that Y, is connected in parallel with the input admittance
of the transmission line associated with the propagation of main harmonic
in medium (2), while the characteristic admittance of this transmission line
is adjusted by the factor AE)Q). This interpretation is depicted in Fig. 3.2.
It worth mentioning that although A(()Z) is generally frequency-dependent, in

practice, the slit width is much smaller than a wavelength over the bandwidth

of interest, i.e. w << A1 (A\®) = —¢_ is the wavelength in the i** medium).

e

As a result, JZ (k;ﬁ) ~ 1, which leads to the frequency-independent relation,
A(()z) ~ p1/pe. Thus, the equivalent circuit remains almost linear over the
intended frequency band.

Equation (3.19) describes a parallel combination of transmission lines mod-
eling the higher order modes in Y,,. However, (3.19) can be simplified to

admittance of a capacitor. It can be shown that for p; < A1) /2 :
€2 — (b + kD)2 <0,n#0 (3.22)
Similarly, for p, < A2 /2 :

€D — ()2 <0,n#0 (3.23)
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Figure 3.2: Equivalent circuit of the folded corrugated structure

In practice, the required conditions for (3.22) and (3.23) are almost always
satisfied, and consequently, Béi) is purely imaginary for all higher order modes.

Thus, (3.15) and (3.16) can be re-written as:

B = —34(8Y,n #£0 (3.24)

where
B9 = /U + KD)2 — €902,0 = 0,1,m £ 0 (3.25)
821 = (2~ Phgn 20 (3.20

Substituting (3.24) in (3.14) results in:

YO = jwC® i=0,1,2 (3.27)
where '
; 606&2)

CW = oy i=0,1,2 (3.28)

|
Now, by employing (3.24) and (3.27) in (3.12) and (3.13), one may re-write
(3.19) as:

Vi = juoCog = joo 3 (ADCI0 4 AP Cin @) (3.20)
n#0
where (0) (1) (1)
cinit = o &r_+ Cn_tanh((5n|d:) (3.30)
cV el tanh(|ﬁr(zl) \dy)
Cim@ = CP coth(|B? |dy) (3.31)
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One may notice that the calculation of C., from (3.29), apparently requires
the calculation of an infinite summation. However, due the characteristics of
the Bessel functions, AY decreases as n increases. Also, % and in turn Ci-®
decrease as n increases. As a result, C,, can be computed with negligible error

using a limited number of terms of the summation in (3.29).

3.2 Demonstration of Miniaturization Capa-
bility of Folded Corrugations

As demonstrated in section 3.1 a folded corrugation may be modeled as two
transmission lines with a capacitor connected between them. The input impedance
of such a configuration is simulated using Keysight ADS, and is compared to
the input impedance of a regular (non-folded) transmission line of the same
length. As shown in Fig. 3.3, the equivalent circuit of the folded corrugation
demonstrates a lower resonance frequency in the input impedance; proving
the miniaturization capability of this technique. It should be noted that the

impedances are normalized with respect to jng.

100 . ' . . .
50| / -
£ _J
Qm 0 e I - ma mER = —_———ne
N 1
-50 1 1
-100 ' ‘ ' ' '
1.4 1.5 1.6 1.7 1.8 1.9 2
Frequency (GHz)
= =7s Folded Corrugation Zs Non-folded Corrugation

Figure 3.3: Comparison between the normalized surface impedance of a non-
folded corrugation and a folded one for dy = dy = 9.2 mm, €, = 4.7, Coq = 0.35
pF.
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3.3 Parametric Analysis of Folded Corruga-
tions

To investigate the effect of corrugation parameters on the value of Ceq, a MAT-
LAB code has been developed to calculate Ceq. For simplicity, it is assumed
that S; = Sy = S, and subsequently, p; = p» = p. The value of C,, with
respect to slit width, w, has been plotted in Fig. 3.4 for different values of
corrugation width, S. It may be concluded from Fig. 3.4 that for a constant
corrugation width, Cyq increases as slit width decreases. Also, for a fixed slit

width, Ceq increases as corrugation width increases.

Swe——
1.3 |
1.1
0.9 N
0.7
0.5
0.3
0.1

(pF)

C

1 1.5 2 25 3 35 4 45 5 55 6 65 7
w (mm)

- =S—=14mm =——f—S=16mm —a— S=18mm S=20mm
semns S=15mm =——@— S=17mm S=19mm

Figure 3.4: Value and variation of C¢, for different values of slit width and
corrugation width assuming €, = 4.7, d; = dy = 9.2 mm.

3.4 Multi-Folded Corrugations and their Equiv-
alent Circuit

As demonstrated earlier in this chapter, introducing a fold or slit in a corru-
gation reduces its resonance frequency and leads to miniaturization of depth
of corrugations and height of choke rings. In this section, to achieve further

miniaturization, the idea of folded corrugations has been expanded to multi-
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Figure 3.5: A multi-folded corrugation.

folded corrugations (MFCs), as illustrated in Fig. 3.5. The equivalent circuit
of MFCs may be derived following a similar procedure as described in sec-
tion 3.1. However, deriving expressions for Vi@ for MFCs is a cumbersome
process due to the fact that a greater number of mediums are involved. To ad-
dress this challenge, a reasonable approximation is made in this work. For the
purpose of calculation of Y,in’(i), it is assumed that the slit is placed between

two semi-infinite parallel plate waveguides. This assumption leads to:

O~ W j=1,2 (3.32)
This approximation may be justified in two ways. From the viewpoint of

mathematics, the arguments of tangent hyperbolic and cotangent hyperbolic

functions in (3.30) and (3.31) are usually sufficiently large to assume:
tanh(|3V|d;) ~ 1, coth(|5P|dy) ~ 1 (3.33)

On the other hand, from the electromagnetic point of view, the lengths d; and
ds are large enough to allow higher order modes to decay substantially before
they reach to free-space or short circuit at the borders of regions (1) and (2).
Consequently, the free-space and short circuit at the end of regions (1) and
(2) do not alter the decaying fields of higher order modes considerably. As a
result, the capacitance created by higher order modes around the slit is almost
independent of the loads placed at the end of parallel plate waveguides. Thus,
Ceq may be approximated as:

Caam Y (ADCH + APCE) (3.34)

n#0
where the tilde over the Cgq, denotes to the approximated value. To test the

validity of this approximation, the relative error of 5eq with respect to Ceq,

which is defined as:

Oe - CVe
Errore,, = % x 100 (3.35)
eq
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is plotted in Fig. 3.6 versus d (assuming d; = dy = d) for different values of
slit width. As Fig. 3.6 illustrates, the error of this approximation is negligible.
Thus, to design MFCs, it may be assumed that the equivalent capacitance of all
slits are the same and roughly equal to the capacitance of a slit placed between
two semi-infinite parallel plate waveguides. By using this approximation, an
MFC can be modeled with a number of transmission lines connected through a
set of shunt capacitors. For instance, Fig. 3.7 depicts the equivalent circuit of
a double-folded corrugation. Such circuit modeling is very useful in obtaining

the optimal parameters of an MFC for an intended resonance frequency.

. d (mm) .

_— mwy=lmm e——w=2mm —8—w=3mm w=4mm
ssnes w=1.5mm —e—w=2.5mm —— w=3.5mm

Figure 3.6: Relative error of estimating slit capacitance using ((3.34)).

Figure 3.7: Equivalent circuit of a double-folded corrugation.
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In order to design a multi-folded corrugated structure, the following pro-
cedure may be employed. It should be noted that although the thickness
and permittivity of substrates can be different in general, for simplicity, it is
assumed here that all substrates posses similar thickness and permittivity.

1) By taking into account the accuracy and limitations of the fabrication
technology, and mechanical stability of the design, the minimum practical slit
width should be determined (it is assumed 1 mm in this work). Subsequently,
the maximum achievable capacitance, given the corrugation width and per-
mittivity of substrate, can be determined using (3.34).

2) By selecting the intended number of layers and utilizing the maximum
achievable capacitance in the equivalent circuit of the folded corrugation, the
minimum required substrate thickness may be determined by sweeping the
input impedance of the equivalent circuit over substrate thickness using circuit
simulation software packages.

3) By choosing a practical substrate thickness, close to the minimum re-
quired one, and fixing it into the equivalent circuit, the required capacitance
to achieve resonance in the desired frequency can then be determined.

4) The proper slit width can be determined by fitting the simulated required
capacitance into the plots developed for 5601.

It worth mentioning that this approach may need to be repeated for a few

iterations in order to obtain implementable design parameters.

3.5 Design of Dual-Band Multi-Folded Corru-
gated Structures

The design of single-band multi-folded corrugated structures discussed in sec-
tion 3.4. However, in some applications e.g., GNSS multipath suppression, a
single-band design may not be sufficient in practice, due to the narrow band-
width of the resonance. Thus, dual-band multi-folded corrugated structures
are needed to obtain surface wave suppression and multipath mitigation over
the lower and upper GNSS bands, simultaneously. Fig. 3.8 (a) depicts the

unit cell of a dual-band folded corrugated structure. To design a dual-band
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folded corrugated structure, one should note that each corrugation resonates
at a frequency almost independent of the other one if the intended frequencies
for dual-band operation are not too close. Thus, the goal is to set the res-
onance frequency of each corrugation to the intended frequency of operation
(e.g. 1227 MHz and 1575 MHz), using the procedure described in section 3.4.
In this case, the periods, p; and ps, are different at both sides of the slit, in
contrast to the single-band case in section 3.4. The corrugations correspon-
dent to L1 and L2 frequency bands, are denoted with g; and g in Fig. 3.8,

respectively. For the former,

!

pr=g1+tps =g+t — (wy—w) (3.36)

and for the later,

Pi= G2+t p2=go+1— (W5 — wy) (3.37)
This difference must be taken into account when calculating (3.34). It worth
mentioning that the single-band case depicted in Fig. 3.1 can be seen as a
simplified case of the dual-band design where ¢, = go = S, and w|, = w, =
wy =w =S —w.

Obviously, more than one solution exists as w; and wy, both affect the value
of equivalent capacitance related to L1 frequency band, and ws, and wg both
impact the one related to L2 frequency band. One possible solution, which
is considered in this work, is to assume w;, = w, and find the proper w;. To
design a dual-band multi-folded corrugated surface using this assumption, the
following steps may be taken:

1) A single-band corrugated structure should be designed following the
procedure described in section 3.4 for each of the intended frequency bands

!

!
opts, , and Wopts, ,

(L1 and L2). The optimum value of w’, denoted with w
should be recorded as well as their corresponding slit capacitors, COPtSLl and
Co
and L2 frequency bands, respectively.

P,y where subscripts Sp; and Spo denote to the single-band designs for L1

2) The initial parameters of the dual-band design may be related to the
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single-band designs as follows:
Wy, =Wy = Wg, ,Ws = UWs,, (3.38)

gip, = SSLla 9op = SSL2 (339)

where subscript D denotes to the dual-band design. This technique almost
preserves the characteristics of the single-band design over L1 frequency band
as the dimensions of one of the folded corrugations have remained unchanged.
To achieve significant multipath rejection over the L2 frequency band, the
dimensions of the other corrugation should be adjusted such that its slit ca-
pacitance, Cp, ,, obtains roughly the same value as the slit capacitance of the
optimized single-band design for L2 frequency band, CoptsL2~ In other words,
Cp,, = Coptsm. To adjust the design, the initial slit capacitance of the sec-
ond corrugation, Cj, , should be calculated by employing (3.34), (3.36), and
(3.37); and compared with Copts,,- U Cip < Copts, (which is usually the
case), wlgD should be increased to make the slit narrower and increase the ca-
pacitance. Also, the width of second corrugation, go, may be increased while
keeping the slit width constant as discussed in section 3.3 and illustrated in
Fig. 3.4. In the case of CiDL2 > Coptsm, measures opposite to the aforemen-
tioned ones should be taken. By employing these guidelines, the proper value
of g, and w;D can be obtained after a few iterations of calculating Cp,, and
comparing it with COPtSLQ' A final full-wave tuning might be needed to opti-
mize the performance, however, the dimensions resulted from this procedure
are close to optimal and a very good start point for the full-wave optimization
process. The surface impedance of the aforementioned dual-band unit cell is

illustrated in Fig. 3.8 (b).
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Figure 3.8: (a) Unit cell of a dual-band corrugated structure (b) Normalized

surface impedance of the unit cell for g = 14 mm, g = 19 mm, wy = wy =
9.4 mm, wy = 18 mm, t =2 mm, d; = dy = 7.5 mm, ¢, = 4.7.
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Chapter 4

Designed Choke Ring
Structures, Results, and
Discussion

As discussed earlier, choke rings are 2D corrugated structures that are com-
monly used as multipath mitigating ground structures in high-precision GNSS
antennas. In this chapter, the author’s proposed designs, miniaturized sub-
strate integrated choke rings, are presented and their performances are ana-
lyzed against conventional choke rings. In order to evaluate the performance of

the proposed designs, a dual-band RHCP microstrip patch antenna (NovAtel

a
(b)

Figure 4.1: A conventional choke ring structure (a) Isometric view (b) Cross section
and typical dimensions, ¢ = 342 mm, d = 66 mm, S = 19 mm, ¢t = 6 mm.
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VEXXIS GNSS-502 [30]) is simulated in three scenarios. First, the antenna is
simulated by itself. Then, it is mounted on top of the conventional choke ring
structure depicted in Fig. 4.1. Finally, the antenna is simulated while it has
been mounted on each of the introduced structures. In the two later scenarios

the antenna is separated from the choke ring structures with a 5-mm air gap.

4.1 Dual-Band Substrate Integrated Choke Rings

A dual-band substrate integrated choke ring (SICR) structure is designed to
suppress surface waves over the L1 and L2 frequency bands. The author’s
proposed design exploits two corrugations with different depths to satisfy the
required corrugation depth over both operating bands. This is realized by us-
ing a multilayer structure as illustrated in Fig. 4.2. The top conductor of the
bottom layer is engineered such that it acts as the ground plane of the inner
corrugation while it is electromagnetically transparent to the outer corruga-
tion. Thus, the depth of the inner corrugation is the sum of the thicknesses
of top and middle substrates whereas the depth of the outer corrugation is
the sum of the thicknesses of all substrates. It is noteworthy to mention that

metallic rings are substituted with via holes covered by the copper cladding

e
’\—l—“””

a
(b)

Figure 4.2: (a) Cross section of the SICR (b) Design parameters of the SICR ground
structure. @ = 204 mm, s; = 10 mm, sy = 16 mm, s3 =7 mm, { = 2 mm, ¢y =4
mm, d; = ds = 7.6 mm, d3 = 3.81 mm, €, = 9.8 .
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of substrates to make the design substrate integrated. The design parameters

are given in Fig. 4.2. Three layers of Rogers TMM10i (e, = 9.8) are used.
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Figure 4.3: Comparison of the radiation patterns of the VEXXIS 502 mounted on
the SICR, conventional choke ring, and by itself at (a) 1575 MHz (b) 1227 MHz.
The RHCP and left-handed circularly polarized (LHCP) far-field patterns
of the above-mentioned scenarios are compared at the center frequencies of L1
and L2 frequency bands, in Fig. 4.3 (a) and (b) , respectively. It is observed
that over the L1 frequency band, the SICR reduces the LHCP gain of the
antenna and performs as good as the conventional one. Moreover, the front-
to-back ratio has been increased from 15 dB to 23 dB. One may also observe
that across the L2 frequency band, the SICR provides an effective multipath

rejection. The LHCP gain is below —20 dB and the front-to-back is 23.7 dB
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which is 11.2 dB greater than the 12.5 dB provided by the antenna itself. It
worth noting that the boresight gain has been improved by 1 dB over both
operating bands.

Also, the variation of AR is investigated in the aforementioned scenarios.
As illustrated in Fig. 4.4, the SICR lowers the AR of the antenna and keeps it
below 3 dB from zenith to horizon over both operating bands which is another

proof for its cross-polarization rejection ability.

1

i - - =VEXXIS 1575 MHz
N YT Classic Choke Ring 1575 MHz 1
i —o—SICR Ground 1575 MHz i
i —— VEXXIS 1227 MHz 7
Classic Choke Ring 1227 MHz 1
-y SICR, Ground 1227 MHz

-90-80-70 -60 -50 -40 -30 -20 - di 10 20 30 40 50 60 70 80 90
Theta (deg)

Figure 4.4: Comparison of the ARs of the VEXXIS 502 mounted on the SICR,
conventional choke ring, and by itself.

Axial Ratio (dB)
S = NN W B U N 0 O O

The proposed dual-band SICR delivers light weight fabrication due to its
substrate integrated design. The proposed choke ring is about 35% and 70%
smaller in height compared to the grooved dielectric one [8] and classic one [7],
respectively. It is also 27% and 44% smaller in diameter with respect to the
aforementioned designs, [8] and [7], while it demonstrates comparable multi-
path suppression characteristics. Therefore, it can be an attractive candidate

for low-profile and high-precision GNSS applications.

4.2 Single-Band Folded SICR (FSICR)

A single-band Folded SICR (FSICR) is designed following the procedure de-
scribed in section 3.4 to suppress the propagation surface waves over the L1
frequency band. The design employs two layers of Rogers TMM10i substrates
(e, = 9.8) with standard thickness of 6.35 mm. The configuration and opti-

mized design parameters are depicted in Fig. 4.5.
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Figure 4.5: Single-band FSICR (a) Expanded view (b) Cross section and design
parameters. a = 178 mm, » = 63.5 mm, s = 10 mm, w =5 mm, t = 3 mm, to = 5
mm, d = 6.35 mm, thickness of conductors= 0.018 mm, ¢, = 9.8.

The RHCP and LHCP gains of the FSICR are compared against the classic
choke ring and antenna itself at 1575 MHz in Fig. 4.6. It is observed that the
FSICR reduces the back radiation and performs as good as the classic choke
ring. Additionally, the FSICR improves the polarization isolation over the up-
per hemisphere and outperforms the conventional choke ring in this respect.
Polarization isolation enhancement of the FSICR can also be seen in the low
AR, illustrated in Fig. 4.7. Although the FSICR outperforms the classic choke
ring at the center frequency of L1 frequency band, one should notice that the
conventional choke ring provides multipath mitigation over a wide frequency

range [7], whereas the FSICR has a narrower operating bandwidth as depicted
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in Fig. 4.8. As may observe in Fig. 4.8, the FSICR provides excellent multi-

path rejection over the L1 frequency band and acceptable multipath rejection

over the G1 (1590-1610 MHz) frequency band. However, the performance de-

teriorates outside of this bandwidth (not shown here). In summary, one may

conclude that although the operating bandwidth of FSICR is narrower than

the classic choke ring, it covers the upper GNSS frequency bands, L1 and G1.
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Figure 4.6: Comparison between gains of the antenna when it is mounted on the
FSICR, classic choke ring, and by itself at 1575 MHz.
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Figure 4.8: Variation of the gain of the antenna mounted on the DFSICR over
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4.3 Dual-Band Double-Folded SICR (DFSICR)

A dual-band Double-Folded SICR (DFSICR) is designed using the design pro-
cedure presented in section 3.5 and optimized using the full-wave electromag-
netic simulation software, Ansoft HFSS. The optimization goals have been
the achievement of a polarization isolation of at least 15 dB (equivalent to
AR smaller than 3 dB) over the entire upper hemisphere, and minimization
of back radiation. The configuration of the design and the optimized design

parameters are illustrated in Fig. 4.9.

4.3.1 Gain and AR

As the first and most important performance metric, the RHCP and LHCP
gains of the antenna are plotted for the above-mentioned scenarios at the
center frequencies of L1 and L2 frequency bands in Fig. 4.10. Also, AR of the
antenna, which is a sign of its polarization isolation, is compared in Fig. 4.11
for the presented scenarios. It is observed that over the L1 frequency band,
the DFSICR decreases the LHCP gain of the antenna, reduces back-radiation,
and performs as good as the classic choke rings. Also, the DFSICR broadens
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Figure 4.9: Dual-band DFSICR (a) Expanded view (b) Cross section view and
design parameters . a = 227 mm, r = 63.5 mm, ¢; = 14 mm, go = 20 mm,
w, = w, = 11.5 mm, wy = 18.3 mm, t = 2 mm, {5 = 4 mm, d = 3.2 mm,
thickness of conductors= 0.018 mm, €, = 4.7.

the 3-dB AR beam-width (ARBW) of the antenna and keeps the AR below 3
dB over the entire upper hemisphere, providing adequate polarization isolation
for effective multipath rejection. Over the L2 frequency band, although the
polarization isolation is compromised over a narrow range of angles, the LHCP
gain and back radiation of the antenna are generally reduced and demonstrate

good multipath rejection capabilities.
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4.3.2 Bandwidth Analysis

In order to assess the frequency bandwidth of DFSICR, the structure has been
simulated using discrete frequency sweeps around the design frequencies, 1227
MHz and 1575 MHz. It is observed that the design demonstrates good mul-
tipath mitigating characteristics over the entire upper GNSS frequency band,
L1 and G1, as well as the L2 frequency bands. The gain of the structure at
lower and upper edge of each frequency band is depicted in Fig. 4.12 in ad-
dition to the center frequencies. One may observe that over the upper GNSS
band, the best performance occurs at the lower edge of the band, 1560 MHz.
This is due to the fact that the surface impedance of a choke ring becomes
less capacitive as the frequency of operation deviates from the resonance fre-
quency towards higher frequencies. On the other hand, if design parameters
are tuned to achieve such performance at the center frequency, performance
at the lower edge of the band would suffer severely due to the rapid change of
surface impedance from highly inductive to highly capacitive near resonance
(one should recall the behavior of surface impedance near resonance in Fig.
3.3). In other words, the lower edge of the band could get located in the
highly inductive regime which would result in extreme susceptibility to multi-
path signals. It worth mentioning that although the level of cross-polarization
increases at 1575 MHz and 1610 MHz compared to the 1560 MHz, the achieved
front-to-back ratios and polarization isolations are still as good as the conven-
tional choke ring and adequate for effective multipath suppression. A similar
behavior can be seen over the L2 frequency band, however, with smaller gain
variations. In summary, one may observe that the proposed DFSICR preserves
its multipath rejection characteristics over frequency bands necessary to GNSS

applications.

4.3.3 Visualization of the Dual-Band Behavior

To better visualize the dual-band behavior of the DFSICR, the amplitude of
electric fields on the surface of the structure are plotted in Fig. 4.13 at center
frequencies of L1 and L2 frequency bands. As Fig. 4.13 shows, at 1575 MHz

the amplitude of the electric field over the inner double-folded corrugation is
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Figure 4.12: Variation of the gain of the antenna mounted on the DFSICR over
(a) Upper GNSS frequency band (L1 and G1) (b) L2 frequency band.

significantly higher than the amplitude of the electric field over the outer one.
Conversely, at 1227 MHz the electric field demonstrates more strength over
the outer corrugation than the inner one. To understand this phenomenon
one should recall that at the opening of a short-circuited quarter-wavelength
transmission line, the magnetic field has a node whereas the electric field has
an anti-node, i.e., the magnetic and electric fields have their minimum and
maximum amplitudes, respectively. Thus, the electric field is much stronger

over the resonating corrugation.
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Figure 4.13: Magnitude of electric field over the surface of the dual-band DFSICR
at (a) 1575 MHz (b) 1227 MHz.

4.3.4 Study of Slit Parameters

In section 3.3 the effect of slit dimensions on the value of equivalent capaci-
tance was studied theoretically. Here, the effect of slit dimensions on the AR
is studied using full-wave electromagnetic simulations and is compared with
the expected behavior from the equivalent circuit and surface impedance per-
spective. As demonstrated earlier, the inner and outer circular double-folded
corrugations are mainly responsible for the resonances in surface impedance
over the L1 and L2 frequency bands, respectively. Thus, the impact of w'1 and
g1 on AR is studied over the L1 frequency band, whereas, the effect of w; and
g2 is analyzed over the L2 frequency band. As mentioned in 3.5, the author has
assumed w;, = w, in the design procedure. Hence, ws is not an independent
variable to consider. The results of this analysis are shown in Fig. 4.14. It
can be seen in Fig. 4.14 (a) that as w, increases, 3-dB ARBW decreases at
the beginning, however, dramatically increases after that, and decreases again
there after. This behavior is completely consistent with the equivalent circuit
introduced in 3.1. This is because as w; increases, the width of the slit in
the inner corrugation decreases, which results in higher equivalent capacitance
and in turn shifts the resonance towards lower frequencies. As the resonance
frequency becomes closer to the intended frequency of operation, the surface
impedance becomes highly inductive at first but changes to highly capacitive

after that. In the highly inductive regime, the propagation of TM surface
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waves is strongly supported, resulting in low polarization isolation and high
AR at low-elevation angles. Conversely, in the highly capacitive regime, TM
surface waves cannot propagate. Consequently, high polarization isolation is
achieved. As w, and subsequently Ceq further increase, the resonance shifts
to frequencies lower than the design frequency. This results in a capacitive
but not a highly capacitive surface impedance at the design frequency which
in turn cannot suppress TM surface waves very efficiently. Thus, polarization
isolation degrades. A similar behaviour is found in the study of ws as depicted
in Fig. 4.14 (b) which can be justified with the same reasoning. This kind of
behavior can be observed in the variations of AR with respect to ¢g; and ¢, as
well, as illustrated in Fig. 4.14 (¢) and (d). One could expect such behavior
by recalling the fact that increasing corrugation width while keeping slit width
constant, increases Cgq as discussed in 3.3. As elaborated earlier in this sec-
tion, the increase of C¢, shifts the resonance towards lower frequencies which
results in a degradation-improvement-degradation behavior in performance as
Ceq continues to increase. It worth mentioning that in analyzing the effect of
g1 and gy, the w, and wé have been adjusted in each variation to keep the
slit width, g; — w; and g, — w;), constant. Ultimately, one can conclude from
the parametric study presented here that the theoretical analysis provided in

section 3.1 is in very good agreement with the result of full-wave simulations.
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4.3.5 Phase Center Stability Analysis

Phase center of an antenna is the center of a hypothetical constant-phase
sphere tangential to the far-field radiation of the antenna [7]. The stability of
the phase center of the antenna over the operating bandwidth is necessary in
high-precision positioning and navigation [1]. Thus, in this section, the impact
of the proposed DFSICR on the variation of the phase center of the employed
antenna is analyzed. As discussed in [31], phase center of an antenna can be
found by finding the center of the best-fit sphere to the three dimensional (3D)
phase data. It has been achieved in this work through a least square method.
The location of the phase center of the antenna in presence and absence of
the DFSICR is given in Table 4.1 for multiple frequencies in the operating
bandwidth of the DFSICR. It should be noted that the origin of reference
coordinate system is located at the center of the ground plane of the antenna
with the z-axis being normal to the antenna. Symbols X, Y., and Z. denote
to the components of the phase center of the antenna along the x-axis, y-axis,
and z-axis, respectively. As Table 4.1 shows, the employment of DFSICR
slightly shifts the location of the phase center along the z-axis; however, its
peak-to-peak variations over the L2, L1, and G1 frequency bands are limited
to 2.79 mm, 3.26 mm, and 1.27 mm, respectively. A peak-to-peak phase ripple
of 10°, which is equivalent to peak-to-peak variations of 6.8 mm at 1227 MHz,
5.3 mm at 1575 MHz, and 5.2 mm at 1600 MHz, is considered acceptable in
high-accuracy GNSS applications [32]. Therefore, one may conclude that the
DFSICR meets the phase center stability requirements of high-precision GNSS
antennas.

Table 4.1: Phase center of the antenna in presence and absence of the DFSICR.
Frequency (MHz) 1215 | 1227 | 1240 1560 1575 1590 1600 | 1610

X, (mm), Antenna | 0.04 | 0.05 | 0.05 0.01 0.01 0.01 0.01 | 0.01
X, (mm), DFSICR | —0.01 | 0.00 0.00 0.00 0.01 0.13 0.20 0.32

. (mm), Antenna | 0.01 | 0.01 | 0.00 —0.01 | —0.01 | —0.01 | —0.01 | 0.00
Y. (mm), DFSICR | —0.01 | 0.00 | —0.01 || —0.02 | —0.01 | —0.01 | 0.00 | 0.01
Z. (mm), Antenna | 7.05 | 7.14 | 7.22 8.71 8.83 8.95 9.02 | 9.09
Z. (mm), DFSICR | 11.37 | 9.74 8.58 12.30 | 10.41 9.04 8.34 7.7
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4.3.6 Prototyping

The design has been fabricated using three laminates of commercially available
FR4 substrates (Shengyi S1000-2) with each laminate being 3.2mm thick. The
folded corrugations are implemented by employment of metallized through-
drilled walls and proper arrangement of copper cladding of substrates. The top
view of top, middle, and bottom laminates as well as the assembled structure
are shown in Fig. 4.15. Eight M3 Nylon screws are used to fasten the layers
together. Additionally, since the performance of the structure is dependent
on the electrical connection of the conductors and proper formation of the
folded corrugations, the bottom of metallized drilled walls in each laminate
are carefully soldered to the conductor layer of the laminate beneath it. Four
strong clamps had been pressurizing the laminates during the soldering process
to close any gaps between the laminates. Soldering is used to maintain the
closed-gap state that the laminates experience under the pressure of clamps
and ensure the proper electrical connection between metallic parts of folded
corrugations. Finally, the electrical connections have been checked using a
digital multimeter. It should be mentioned that the hole in the inner area
of the DFSICR is designed to accommodate the feeding cable of the antenna

being mounted on it.

(a) (b)

Figure 4.15: Top view of the (a) Top laminate (b) Middle laminate (¢) Bottom
laminate (d) Assembled structure.
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4.3.7 Measurement Results

The NovAtel GNSS-502 antenna has been mounted on the designed DFSICR
and the radiation pattern of this configuration has been measured using the
NSI anechoic near-field chamber at the University of Alberta. The measure-
ment setup is shown in Fig. 4.16. The raw data is acquired in the cylindrical
coordinate system with the source antenna sweeping a path along the verti-
cal axis while the positioner rotates the antenna under test (AUT). Since the
source antenna is linearly polarized, the magnitude and phase of the received
signals are measured for two orthogonal polarizations, and are then combined
using a computer code to obtain the RHCP and LHCP gains. The measured
RHCP and LHCP gains of the structure are illustrated and compared with
those of the simulations in Fig. 4.17 at the lower and upper edge of the op-
erating frequency bands. One may observe that the measurement results are
generally in good agreement with the simulations. There are small discrep-
ancies between the simulated and measured radiation patterns which author
believes might be a result of fabrication tolerances and near-field measurement
imperfections. In spite of that, the structure demonstrates high polarization
isolation at low-elevation angles as well as low back radiation. Polarization
isolations of at least 15 dB over almost the entire upper hemisphere and mea-
sured front-to-back ratios of 20 — 25 dB are achieved over both frequency
bands. To better visualize the achieved polarization isolation, the measured
ARs are depicted in Fig. 4.18. It can be seen that the ARs remains below
3dB from zenith to horizon over the upper frequency band. A close result is
achieved over the lower frequency band with a slightly narrower 3-dB ARBW.

Also, the reflection coefficient (S1;) of the antenna has also been measured
in presence and absence of the DFSICR. As Fig. 4.19 illustrates, the DFSICR
does not affect the Si; of the antenna considerably.

In short, one can conclude that the required performance for multipath

mitigating high-precision GNSS antennas has been met.
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Figure 4.16: Measurement setup (a) source antenna (b) antenna under test.

4.3.8 Comparison with Other Multipath Mitigating Ground
Structures

In order to demonstrate the advantages of the proposed DFSICR, a comparison
between the proposed configuration and other multipath mitigating ground
structures is given in Table 4.2. In this comparison three EBG structures
designed for GNSS applications are compared with the proposed DFSICR in
addition to the conventional choke ring [7], and the dual-band dielectric-loaded
choke ring reported in [8]. As one may observe, the EBG structures presented
in [16] and [18] provide good front-to-back ratios and promising 3-dB ARBW
with a relatively low height, however, they only cover one of the GNSS fre-
quency bands. Besides, their lateral dimensions are about 30% larger than the
DFSICR. The EBG structure introduced in [17], which is a modified version
of [16], shows a dual-band behavior and a good front-to-back ratio, however,
it suffers from very large area consumption due the larger size of its dual-band
unit cell. Moreover, it shows a very narrow 3-dB ARBW. On the other hand,
the dielectric-loaded choke ring reported in [8] demonstrates a generally better
performance with smaller lateral dimensions compared to the aforementioned
EBG structures. In spite of that, the height of the dielectric-loaded choke
ring is still considerably high and the performance needs improvement over

the lower frequency band. The DFSICR introduced in this work, however,
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Figure 4.18: Measured ARs of the antenna mounted on DFSICR.
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Figure 4.19: Measured S7; of the antenna with and without DFSICR.

outperforms the dielectric-loaded choke ring and demonstrates a very close
performance to the conventional choke ring while it provides significant size
and weight reduction. The DFSICR is 85% and 67% smaller in height com-
pared to the classic choke ring and dielectric-loaded one, respectively. Also,
the DFSICR shows size reductions of 38% and 20% in diameter with respect
to the aforementioned designs. Moreover, it demonstrates weight reduction
of more than 90% compared to the conventional choke rings. The weight of
the DFSICR is less than 0.5 Kg whereas the weight of a classic choke ring
structure is about 5 Kg. Thus, the proposed DFSICR demonstrates a great
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potential to be employed in multipath mitigating GNSS systems.
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Table 4.2: Comparison between the proposed DFSICR and other multipath
mitigating ground structures

Reference | Frequency Bands | Technology Material
[16] L1 EBG Foam (e, = 1)
18] L1 EBG Not named (¢, = 7)
[17] L1, L2 EBG Foam (e, = 1)
7] 1.15-1.65 GHz | Choke Ring | Hollow corrugation (e, = 1)
8] L1, L2 Choke Ring FR4 (¢, = 4.4)
This work L1, L2 DFSICR FR4 (¢, = 4.7)
Reference | Max Lateral Size Height 3-dB ARBW | Front-to-back
(mm) (mm) (degrees) (dB)
[16] 300 (1.56)) 10 (0.052)) 140 22
(18] 286 (3.93)) 7 (0.096)) 170 20
[17] 428 (1.73X) 10 (0.041)) 40 — 60 24 — 27
7] 360 (1.38)) 66 (0.253\) 160 — 180 23 =27
8] 280 (2.38)) 29.2 (0.250)) 90 — 160 17 —22
This work 224 (1.97)) 9.6 (0.085)) 160 — 180 20 — 25

A is the wavelength inside the dielectric material at the lowest frequency of

operation.
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Chapter 5

Conclusion and Future
Directions

In this chapter the contribution of this work is summarized and the potential

future research directions are presented.

5.1 Overall Contributions

In chapter 3 of this thesis, a novel technique for miniaturization of corrugated
structures is presented and folded corrugations are introduced. The proposed
folded corrugated structure is rigorously analyzed using the modal expansion
method and equivalent circuit of a folded corrugation is derived using this anal-
ysis. It is demonstrated that the slit in a folded corrugation can be modeled
with a capacitance. Analytical formulas for calculating the slit capacitance
are derived and the effect of corrugation dimensions on the value of slit ca-
pacitance and consequently, corrugation resonance frequency are studied. The
concept of folded corrugations is expanded to multi-folded corrugations and
a time-efficient procedure for the design of multi-folded corrugated structures
is presented using the extracted equivalent circuit and analytical formulas.
Moreover, a design guide for realization of dual-band multi-folded corrugated
structures is presented.

Three compact substrate integrated choke ring structures are designed and
presented in chapter 4. In the first design, dual-band SICR, the via holes

and copper cladding of substrates have been configured to realize two sub-
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strate integrated corrugations with different depth and consequently, a dual-
band HIS. Next, a folded-miniaturized SICR, FSICR, is designed using the
proposed folded corrugations to obtain multipath mitigation over the upper
GNSS frequency band. Finally, a low-profile dual-band double-folded SICR,
DFSICR, is presented which brings about surface wave suppression and mul-
tipath mitigation over the L2, L1, and G1 GNSS frequency bands. All of
the proposed designs demonstrate great multipath suppression characteristics,
close to the classic choke rings, while they provide substantial reductions in

height, diameter, and weight compared to the them.

5.2 Future Directions

Spoof surface plasmon polariton (spoof SPP) structures, also known as plas-
monic materials, have been in great interest in the recent years. SPPs are
highly localized surface waves that generally appear on the interface of two
medium with opposite permittivities [33]. SPP modes naturally appear on the
metal plates in the near infrared regime. Due to their high field confinement,
SPP-enabled transmission lines, components, and devices are highly attractive
for modern communication and sensing systems that require signal integrity,
interference suppression, and compactness at the same time. Different tex-
tured structures have been proposed to imitate the surface plasmon behaviour
in the microwave and terahertz frequencies among which corrugated structures
have received great attention [33], [34]. Numerous passive and active compo-
nents have been designed such as power dividers [34], directional couplers [34],
frequency splitrers [35], resonators [36], filters [37], logic gates [38], and re-
configurable and programmable SPP transmission lines [38]. However, further
miniaturization of these devices is required for low-frequency applications. The
author believes that the folding miniaturization technique introduced in this
work is promising to be applied to the present SPP components for further

miniaturization.
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