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1
Introduction

In recent years, lens array architectures have become significantly more prominent in the literature in
combination with integrated feed technologies to generate highly directive antenna patterns for high fre-
quency applications. The lens array systems prove to be a potential candidate for 5G point-to-point commu-
nications [1], [2], wide-band wireless communications [3], [4], imaging systems [5], [6], and multiple-input
multiple-output (MIMO) RADAR systems [7] with a few examples shown in Figure 1.1. This can be ascribed to
their ease of integration with other electronic components to mitigate surface waves in relatively thick feed
substrates at (sub)-millimeter wavelengths. Furthermore, the shape of the lens substantially improves the
directivity and efficiency of the antenna system. The lens interface, however, generates reflections within the
lens substrate, which can seriously affect the radiation properties of a lens array system [8]. When multiple
feeds are placed under a lens or an array of lenses, these reflections increase the mutual coupling between
the feeds thus making it a critical aspect to investigate while designing an integrated lens antenna system.
The focus of this thesis is to study the effect of mutual coupling in lens antenna systems and propose a model
to calculate and analyse this impact with a reasonable computational complexity and speed.

Figure 1.1: (a) Phased array for 5G point-to-point communications [1], (b) Fly’s eye ens array for wideband wireless communications
[3], and (c) Scanning phased array at sub-millimeter wavelengths [7].

1.1. Mutual coupling in lens array systems

In an array antenna system operating in reception mode, when the incident electromagnetic (EM) waves
interact with an antenna element, a current is induced on the antenna. This induced current radiates a field
that causes surface current on the neighbouring elements. As a result, the radio signal received by an antenna
element represents the incoming signal but also a part of the signal received by its neighbouring radiating
elements [9]. This effect is termed as mutual coupling. Figure 1.2 depicts this coupling in an antenna array.
The mutual coupling alters the amplitude and phase of the induced current in each antenna element, thus
affecting the antenna gain, pattern, resonant frequency, beamwidth, and input impedance [9].
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1.1. Mutual coupling in lens array systems 1. Introduction

Figure 1.2: Mutual coupling between elements of an antenna array system.

There are several parameters that affect the mutual coupling level in an antenna array. One such critical
parameter is antenna element spacing. As the spacing between the elements increases, the mutual coupling
decreases. Various studies have shown that to achieve low mutual coupling, the element spacing should be
larger than half-wavelength [9]. This in-turn makes the operating frequency also an important parameter
that affects the mutual coupling.

But are these parameters equally significant in high frequency quasi-optical systems? Are there additional
parameters that need to be taken into account for evaluating mutual coupling in these scenarios? Although
there are substantial studies available in the literature on the mutual coupling in the context of phased and
focal plane arrays [9], [10],[11], to the best of the knowledge of the author, there is not enough research per-
formed on how the mutual coupling is impacted in high frequency quasi-optical systems. In the case of lens
antenna array systems, multiple feeds are placed at the ground plane under a single lens or array of lenses
depending upon the application demand.

Figure 1.3 depicts three different types of integrated lens antenna array configurations, their feed isolation
requirements and their use in potential applications. For interferometry applications, the signals received by
array elements are correlated and hence a feed isolation level in the order of 70 dB is required [12]. In lens
phased array geometries, a single feed is placed under each lens element. In this case, the active impedance
of the antenna elements is unaffected when the mutual coupling level is below -20 dB [13]. On the other
hand, the isolation between antenna elements in lens array geometries for communication systems is related
to the Signal to Noise Ratio (SNR) level required for the modulation. For example, in the Fly’s eye lens array
studied in [14], an SNR of 25 dB was required for the modulation of signals; therefore the mutual coupling
level between antenna elements receiving different signals needed to be smaller than -25 dB [14]. Whereas,
in a lens array geometry where the transmitting and receiving feeds are placed under the same lens, then a
higher feed isolation in the order of 60 dB is required [14].
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1.2. Methods to evaluate mutual coupling in Quasi-optical systems 1. Introduction

Figure 1.3: Examples of integrated lens antenna array geometries.

The mutual coupling between feeds in a lens array configuration is impacted by not just the adjacent
radiating antenna element but also by the multiple reflections that occur at the lens surface as depicted in
Figure 1.4 [8]. Although most of the power from the feeds are transmitted out of the lens, a portion is reflected
back inside the lens due to the refraction that occurs at the lens interface. In fact, multiple reflections tend
to occur at the lens surface. These reflected EM fields interact with the antenna elements present under the
lens, thus increasing the mutual coupling between feeds which can degrade the antenna array performance.
Therefore, in these configurations the mutual coupling can be significant even when the element spacing is
greater than half-wavelength.

Figure 1.4: Effect of the lens surface on the mutual coupling between antenna feeds in a lens antenna system

In order to achieve the required feed isolation levels for various lens antenna systems, it becomes per-
tinent to study the effect of mutual coupling due to internal reflections inside a lens. The high frequency
methods available in the literature that will aid to evaluate mutual coupling in quasi-optical systems are dis-
cussed in Section 1.2.

1.2. Methods to evaluate mutual coupling in Quasi-optical systems

There are several methods developed in the literature to analyse high frequency EM fields [15], [16], [17],
[18]. Ray tracing is one such method that can be used to trace the path of the refracted EM fields when they
interact with a surface that is large with respect to the wavelength. The method is well suited to model the
path of the reflected EM fields from the lens surface to the ground plane. The field propagation paths can
be either computed analytically or numerically. Various analytical and numerical approaches are available in
the literature for ray tracing in lens antennas, [16], [19], [20], [21]. Even though the direction of the reflected
EM waves can be determined accurately, the method does not provide the amplitude or phase information
of these fields.
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1.3. Thesis outline and contributions 1. Introduction

In order to obtain the EM fields for the evaluation of mutual coupling, the field calculation can be approx-
imated using Geometrical Optics (GO) combined with Physical Optics (PO) approximation methods used for
high frequency EM analysis [22], [23]. This method can be incorporated with the ray tracing analysis. In [8],
a ray tracing approach is presented and combined with GO-PO approximations to evaluate the effect of the
internal reflections on the input impedance of a feed placed at the focus of an elliptical lens [8]. According
to the paper, the EM rays emanating from the source undergo reflections at the lens surface and the doubly
reflected rays return to the focus [8], thus affecting the input impedance of the antenna element. Further,
[19] uses ray tracing and GO-PO method to calculate mutual admittance between two slots spaced equally
off-focus under a dielectric lens. It was found that the internal reflections on the dielectric lens impacted the
mutual admittance value. The study also posited that in the plane where the direct coupling is weak, the lens
reflections dominate the mutual admittance between the slots [19].

The mutual coupling between elements in a lens antenna system can also be computed accurately using
full-wave simulations in terms of S-parameters. Nevertheless, the high computational cost and complexity
in setting up these simulations make this approach impractical for optimization iterations and design states.
Another method to evaluate mutual coupling is by performing physical measurements of the lens antenna
systems which pose to be extremely expensive and will not give a clear picture of the internal reflections that
occur inside the lens.

1.3. Thesis outline and contributions

The model proposed in this thesis incorporates the high frequency EM analysis techniques such as ray
tracing and GO-PO approximations to compute mutual coupling between feeds placed under an elliptical
lens. The model uses a simple analytical approach for forward ray-tracing. The mutual coupling is directly
represented in term of S-parameter using an antenna in reception formulism instead of the mutual admit-
tance parameter. The model takes as input the equivalent currents of the feed, thus making it capable of
modelling mutual coupling for different feed types. The entire model is computationally efficient and pro-
vides the flexibility to rapidly study the mutual coupling behaviour in various scenarios such as different feed
types, elliptical lens geometries, lens material, matching layer, and displacement of antenna elements to any
location in the lens focal plane. The implemented method does not consider the diffraction effects at the
lens edge [24] but takes into account the reflections at the surface until the second order reflections. It can
be easily extended to higher order reflection effects as well. In the future this method will be extended and
employed to analyse mutual coupling in applications with array of lenses with single or multiple feeds under
each lens.

This thesis is divided into six chapters. Chapter 2 explains in detail the methodology for calculation of
mutual coupling between two antennas. This chapter also puts forward an analytical model to evaluate mu-
tual coupling between two antennas in a homogeneous medium and showcases the impact on this coupling
when the two antennas are placed under a dielectric lens. In Chapter 3, a Geometrical Optics - Physical Op-
tics (GO-PO) model is proposed that combines ray-tracing, geometrical optics and physical optics to obtain
EM fields radiated from the lens surface back to its feeds which leads to the evaluation of mutual coupling
between two feeds under a lens antenna system. The results attained from the GO-PO model is validated us-
ing CST MS fullwave simulation [25]. This model can be applied to different lens geometries, materials, feed
types and feed locations. Using the GO-PO model, the effect of lens truncation angle, edge illumination and
lens material on the mutual coupling between two feeds placed under a lens is studied and the inferences
gained are documented as case studies in Chapters 4 and 5 for plastic and silicon lenses, respectively. Chap-
ter 6 contains the conclusion of this thesis which summarizes the main ideas discussed in the thesis and then
sets goals for the possible future work based on the research performed in this thesis.
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2
Evaluation of Mutual Coupling

This chapter discusses the method used to evaluate mutual coupling between two antennas. Firstly, an
analytical approach is presented for calculating the mutual coupling between two antennas in a homoge-
neous medium. This approach is validated using a full wave simulation in CST MS fullwave simulator [25].
Lastly, the effect of a lens surface on the mutual coupling between two antennas is studied.

2.1. Mutual Coupling between two antennas in a homogeneous medium

The mutual coupling between antennas placed in a homogeneous dielectric medium can be evaluated by
considering two antennas. A transmitting test antenna ~M1 and a receiving one, ~M2. These test antennas are
placed in the homogeneous semi-infinite dielectric medium at a distance of R from each other as shown in
Figure 2.1.

Figure 2.1: Two test antennas placed in homogeneous medium

For an arbitrary field incident on an antenna, one can resort to a reception formalism [26] by employing an
equivalent Thevenin circuit. The induced open circuit voltage in this formalism can be evaluated over any
surface S enclosing the receiving test antenna ~M2 as [27]:

Voc I0 =
Ï

S
( ~H1 · ~M2 − ~E1 ·~J2)dS (2.1)

where [~E1, ~H1] are the electric and magnetic fields radiated by the transmitting test antenna ~M1 over the
surface S. ~M2 and ~J2 are the equivalent magnetic and electric currents of the receiving test antenna when fed
by a current I0. In the case where this surface S is located at ground plane, the equation 2.1 reduces to:

Voc I0 =
Ï

S
2( ~H1 · ~M2)dS. (2.2)
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2.1. Mutual Coupling between two antennas in a homogeneous medium 2. Evaluation of Mutual Coupling

The magnetic field has a factor of two since the effect of the ground plane on the EM fields is taken into ac-
count by using the Image theorem with respect to z = 0 plane [28].

Assuming impedance matched antennas, the mutual coupling, S12, can be calculated as:

S12 = Pl2

Pr ad1
= |Voc I0|2

16Pr ad1Pr ad2
. (2.3)

where Pl2 is the power delivered to the load of the receiving test antenna, and Pr ad1/2 is the total power
radiated by the test antennas 1 and 2 in the far-field, respectively. The magnetic field ~H1 is evaluated over the
surface S enclosing ~M2 using the analytical method described in section 2.1.1. This method is validated using
a full wave CST simulation as shown in section 2.1.2.

2.1.1. Calculating Magnetic Field over the receiver’s Ground Plane - Analytical approach

The magnetic field ~H1 radiated by the transmitting test source ~M1 can be calculated using the Green’s
function, g̃ hm , in a homogeneous medium as:

~H1 =
Ï

A1

g̃ hm(~r −~r ′) ~M1(~r ′)dS′ (2.4)

when the distance between the two test antennas |~ρ2−~ρ1| is much larger than λd
2π , where λd is the wavelength

in the dielectric medium, the magnetic field can be computed using only the radiative components of the
Green’s function as shown:

~H1 =− j k

ζ

Ï
A1

(Ĩ − R̂R̂)
e− j kR

4πR
~M1(~r ′)dS′ (2.5)

where k is the wave number, ζ is the characteristic impedance of the homogeneous medium, Ĩ is the identity

matrix, R̂ = ~r−~r ′
|~r−~r ′| is the unit vector representing the direction from the source point (~r ′) to the observation

point (~r ); and A1 is the spatial domain of the transmitting test antenna. This magnetic field is calculated at
a surface S enclosing antenna ~M2 using a reference system centred at test antenna ~M1 and considering the
relative position of the two antennas as shown in Figure 2.2.

Figure 2.2: Relative position of the two test antennas

2.1.2. CST simulation setup and validation

A simulation model is set up in CST wherein an imported test antenna ~M1 is placed at the centre of a
semi-infinite dielectric slab with a ground plane as shown in Figure 2.3. The magnetic field radiated by the
antenna is calculated by the full wave simulator and exported at z ≈ 0 (signifying ground plane) to the MAT-
LAB environment.
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2.1. Mutual Coupling between two antennas in a homogeneous medium 2. Evaluation of Mutual Coupling

Figure 2.3: CST simulation setup

The induced open circuit voltage at antenna ~M2 is calculated as:

Voc I0 =
Ï

A2

~H1x (ρ02,φ02) · ~M2(ρ02)dρ02 dφ02 (2.6)

where ρ02 and φ02 indicate the radial and azimuth location of the receiving antenna with respect to a coordi-
nate system centred at the centre of the receiving antenna (see Figure 2.2). Here the magnetic field exported
from CST is evaluated at (ρ02,φ02) by performing a standard 2D interpolation in MATLAB.

In order to validate the analytical model, two circular waveguide (CWG) test antennas of diameter D f =
1.6λd are considered in a semi-infinite dielectric medium with relative permittivity of εr = 2.5 (plastic) op-
erating at a frequency of 300 GHz. The fundamental mode propagating in the considered CWG geometry is
T E11 with the expression of its field distribution given in [29] and shown in equation 2.7, where J1 is the first
order Bessel function. The magnetic equivalent current (~m) of the CWG is calculated using the expression
shown in equation 2.8, where ~E is the electric field distribution and n̂ is the unit normal vector. The equiv-
alent current and the normalized magnitude of the far-field radiated by this test antenna are as shown in
Figures 2.4 and 2.5, respectively.

Eρ = − jωµ

k2
cρ

(−B sinφ)J1(kcρ)e− jβz Eφ = jωµ

kc
B cosφJ

′
1(kcρ)e− jβz

Hρ = − jβ

kc
B cosφJ

′
1(kcρ)e− jβz Hφ = − jβ

k2
cρ

(−B sinφ)J1(kcρ)e− jβz

Hz = B cosφJ1(kcρ)e− jβz B =
√√√√ P04k4

c

(p ′2
11 −1)J1(kc a)πωµRe(β)

(2.7)

~m = n̂ ×~E (2.8)
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2.1. Mutual Coupling between two antennas in a homogeneous medium 2. Evaluation of Mutual Coupling

Figure 2.4: Equivalent magnetic currents at the opening of the considered circular waveguide for (a) co-(Mx ) and (b) cross-(My )
polarization

Figure 2.5: Far-field pattern of CWG in plastic (εr = 2.5)

The magnetic field radiated by the described test antenna is computed by and exported from CST at z ≈ 0
in both the main planes as shown in Figure 2.6. The figure also shows the magnetic field obtained using
analytical approach as discussed in section 2.1.1. As it can be observed, the magnitude of the magnetic field
evaluated using CST simulation and the one evaluated using the analytical approach are comparable in both
planes. It is also evident that the magnetic field has a higher amplitude value in the E-plane. This is due to the
fact that the far-field level of the antenna at 90° is more significant in the E-plane with respect to the H-plane
as shown in Figure 2.5. The oscillations in the magnetic field from CST in the H-plane is due to the small
reflections happening at the bounding box borders in CST MS simulation software.

Figure 2.6: Magnetic Field of the test antenna at Ground plane in both planes
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2.1. Mutual Coupling between two antennas in a homogeneous medium 2. Evaluation of Mutual Coupling

By using the magnetic field calculated at the receiving test antenna, the mutual coupling between the two
test antennas can be evaluated using Equation 2.3. The simulation setup and the results obtained for this
coupling are detailed in 2.1.3.

2.1.3. Calculating mutual coupling between two CWG antennas

To calculate the mutual coupling between the two test antennas as a function of their relative distance,
the transmitting test antenna ~M1 is placed at the centre of a reference system and the receiving test antenna
~M2 is displaced along the E- and H-planes. The mutual coupling between the two antennas is calculated as a

function of this displacement distance in both planes.

To validate the mutual coupling calculated analytically, three different CST simulations were set up and
compared with the analytical method.

1. Case 1 : Using a single CWG placed in a semi-infinite medium
In this case a y-polarized CWG is modeled in CST and placed at the centre of a semi-infinite medium
with εr = 2.5 as shown in Figure 2.7 (a). The magnetic field radiated by this antenna is simulated and
exported at the ground plane.

2. Case 2 : By importing the equivalent current of CWG to CST from MATLAB
In order to ensure that the CWG is operating at its fundamental mode (T E11) and no higher order modes
are considered, the magnetic currents are calculated analytically [29] and imported from MATLAB to
CST as depicted in Figure 2.7 (b). Similar to Case 1, the magnetic field is simulated and exported back
to MATLAB.

3. Case 3 : Using Two CWGs
Here, two CWGs are placed in a semi-infinite medium of εr = 2.5 as shown in Figure 2.7 (c). The trans-
mitting test antenna is placed at the centre of the setup. The receiving test CWG is displaced in the
E-plane and H-plane. The mutual coupling between the two sources is calculated using CST as the
S-parameter (S12).

Figure 2.7: (a) Case 1: Single CWG in a semi-infinite medium, (b) Case 2: Equivalent current of CWG imported to CST, (c) Case 3: Using
Two CWGs

Mutual coupling between the two antennas as a function of displacement in E- and H-planes is shown in
Figures 2.8 and 2.9, respectively.
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2.2. Effect of Lens surface on the Mutual coupling between two antennas 2. Evaluation of Mutual Coupling

Figure 2.8: Mutual Coupling between two circular waveguides in a semi-infinite medium of εr = 2.5 in E-Plane

Figure 2.9: Mutual Coupling between two circular waveguides in a semi-infinite medium of εr = 2.5 in H-Plane

It can be observed from the above graphs that the mutual coupling values obtained analytically for the
two test antennas placed in a semi-infinite medium is comparable to the ones obtained from all the three
CST simulation setups. The oscillations in the magnetic fields simulated in CST are due to the reflections at
the edges of the simulation box.

2.2. Effect of Lens surface on the Mutual coupling between two antennas

Figure 2.10: Two antennas placed under a Lens

When a truncated elliptical lens is placed over the semi-infinite dielectric slab as shown in Figure 3.3, the
mutual coupling between the two antenna elements is significantly altered [19]. In order to understand the

10



2.2. Effect of Lens surface on the Mutual coupling between two antennas 2. Evaluation of Mutual Coupling

impact of the lens surface, a plastic (εr = 2.5) lens of diameter Dlens = 6λ0 with a truncation angle of 30° is
placed over the semi-infinite medium and the mutual coupling in this new geometry is compared with the
one of the homogeneous medium. It is evident from Figure 2.11 that the presence of a lens surface increases
the overall mutual coupling level between the two CWG antennas.

Figure 2.11: Comparison of mutual coupling between two antennas under a lens to that in a semi-infinite medium (a) E-Plane (b)
H-Plane

The increase in the mutual coupling between the antennas below a lens surface can be attributed to the
EM wave refraction that occurs at the intersection between the homogeneous dielectric medium and the
second medium outside the lens (in this case the free space). Due to the change of material, a part of the
incident power propagates to the second medium while a part reflects to the first medium at the intersection
point. The reflected fields impinge on the ground plane thus increasing the mutual coupling levels [19].
Hence it is relevant to incorporate the effect of these secondary fields while calculating the mutual coupling
between two antennas placed under a lens surface. The modelling of these refractions at the lens surface are
discussed in detail in Chapter 3.
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3
Geometrical Optics - Physical Optics

(GO-PO) Model

This chapter delves into the modelling of the mutual coupling between two antenna elements when
placed under a lens. The impact of the lens surface on the mutual coupling between two antenna ele-
ments/feeds is modelled using ray-tracing and Geometrical Optics - Physical Optics (GO-PO) approach as
described in this chapter.

3.1. Forward Ray-Tracing in a dielectric Lens

Forward Ray tracing is a high frequency technique to analyze the EM fields transmitting through or re-
flecting from a generic and smooth (with respect to operation wavelength) surface. In this technique, EM
radiation from an antenna is represented by a set of rays. These rays propagate in a homogeneous environ-
ment surrounding the antenna in straight lines. When these incident rays intersects with another medium
(in this case a lens surface), they refract at the intersection points. Depending on the material of the second
medium, part of the rays propagate through and part reflect from the intersection point. The direction of
propagation of these secondary reflected or transmitted rays are approximated using Snell’s law in optics.
This approximation is reasonable when the surface of the secondary medium can be assumed locally flat, i.e.
the surface is large in terms of the wavelength.

The key steps involved in the ray tracing technique include:

1. Determining the incident direction of propagation

2. Determining the intersection position of the incident rays with the elliptical lens surface

3. Determining the reflected and transmitted direction of propagation

3.1.1. Determining the incident direction of propagation

The energy of the EM fields propagates through an environment in the direction of its Poynting vector.
Hence it can be assumed that the direction of propagation of the incident rays is the same as the Poynting
vector.

~S = 1

2
~E × ~H∗ (3.1)

where ~S is the Poynting vector, ~E and ~H are the electric and magnetic far-fields. Therefore, the direction of
incident rays (ŝi ) coming from the antenna can be represented as shown:

ŝi =
~S

|~S| (3.2)
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Figure 3.1 depicts the EM far-fields as a set of rays propagating inside an elliptical lens whose direction
of propagation is determined by the Poynting vector. It can be observed from the figure that if these rays are
propagated farther they would intersect with the lens surface. Section 3.1.2 describes the approach used to
determine the points at which the rays would intersect with the lens surface.

Figure 3.1: Direction of propagation of the incident rays (in red) from a source placed (a) at the focus of the ellipse, (b) displaced to -2
beams from its focus. The dielectric lens is made of plastic with εr = 2.5 and diameter Dlens = 15λ0

3.1.2. Determining the intersection position of the incident rays with the elliptical lens
surface

The positions at which each incident ray will intersect with the lens surface can be derived by using the
below equation:

Q2
x =Q1

x +Ssi
x Q2

y =Q1
y +Ssi

y Q2
z =Q1

z +Ssi
z (3.3)

where si
x , si

y , si
z are the Cartesian components of the incident direction; Q1

x , Q1
y and Q1

z are the x,y and
z starting points of the incident rays, Q2

x , Q2
y and Q2

z are the x, y and z intersection position on the lens
surface and S is the propagation length of the incident rays which is unknown. The positions on the lens
surface are related by the equation of an ellipsoid as shown:

z2
2

a2 + y2
2

b2 + x2
2

b2 = 1 (3.4)

where a and b are the ellipsoid’s semi-major and semi-minor axis, respectively. By substituting x2, y2 and z2

as the positions Q2
x , Q2

y and Q2
z for the lens surface, Equation 3.3 becomes:

x2 =Q1
x +Ssi

x y2 =Q1
y +Ssi

y a

√
1− x2

2 + y2
2

b2 =Q1
z +Ssi

z (3.5)

Equation 3.5 can be solved further to form:

Q1
z +Ssi

z = a2 − a2

b2 [(Q1
x +Ssi

x )2 + (Q1
y +Ssi

y )2] (3.6)

S2[(si
z )2+ a2

b2 ((si
x )2+(si

y )2)]+S[2Q1
z si

z+2
a2

b2 (Q1
x si

x+Q1
y si

y )]+[(Q1
z )2−a2+ a2

b2 ((Q1
x )2+(Q1

y )2)] = 0 (3.7)

The propagation distance S for each incident ray can be calculated by solving Equation 3.7 which is of the
form of a second order equation AS2 +BS +C = 0, thus giving the intersection position for the incident rays
on the lens surface. Figure 3.2 shows the incident rays intersecting with the lens surface.
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Figure 3.2: Incident rays intersecting with the lens surface when the antenna is placed (a) at the focus of the ellipse, (b) displaced to -
2beams from its focus. The dielectric lens is the same as the one in Figure 3.1

3.1.3. Determining reflected and transmitted direction of propagation

The incident rays propagate with direction of ŝi through the lens medium until it intersects with the lens
surface as depicted in Figure 3.3. At the point of intersection the secondary transmitted and reflected direc-
tion of propagation can be approximated using the Snell’s law [30].

ŝr = ŝi −2(ŝi · n̂)n̂ (3.8)

ŝt = ni

nt ŝi + [
ni

nt cosθi −cosθt ]n̂ (3.9)

Figure 3.3: Direction of propagation of the incident, transmitted and reflected rays at an intersection point on the lens surface.

where θi , θr and θt represent the angle between the normal vector of the boundary surface, n̂, with the direc-

tion of the incident, reflected and transmitted rays, respectively. ni =
√
εr

i and nt =
√
εr

t are the refraction
indexes of the incident and transmission materials, respectively. The incident angle θi and transmitted angle
θt are calculated as a function of the refractive index and the direction of propagation. Figure 3.4 shows the
incident (red), reflected (blue) and transmitted (green) rays at the surface of an elliptical lens.
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Figure 3.4: Ray tracing for an antenna placed (a) at the focus (b) displaced to -2 beams from the focus of a lens with εr = 2.5 and
Dlens = 15λ0. The incident rays, reflected rays and the transmitted rays are depicted by red, blue and green coloured rays, respectively.

There are two main inferences that can be drawn from the above figure:

1. All the reflected rays (in blue) intersect with each other either at or around the second focus of the
elliptical lens (caustic point).

2. If the reflected rays are propagated further, a part of the reflected rays will hit the ground plane below
the lens, and a part will hit the lens surface again to form the secondary reflections.

The secondary reflections can be also modeled by the ray tracing analysis. Since the positions of the
reflected rays on the lens surface and their direction of propagation is known along with the lens equation,
the propagation distance of these reflected rays can be calculated by following all the above described steps.
Figure 3.5 shows the ray tracing model incorporated with the secondary reflections.

Figure 3.5: Ray tracing picture with first (solid lines) and second (dash-dotted lines) order rays, where the incident, reflected and
transmitted rays are indicated with red, blue, and green colours, respectively. Antenna placed (a) at the focus (b) displaced to -2 beams

from the focus of a lens with εr = 2.5 and Dl ens = 15λ0.

In the case where the antenna is placed at the lower focus of the elliptical lens, the secondary reflec-
tions converge at the same focus of the lens. When the antenna is displaced from the focus of the lens, the
secondary reflections converge at a mirror point with respect to the antenna position as depicted in Figure
3.5(b).

3.2. Geometrical Optics - Physical Optics Method

In this section the Geometrical Optics - Physical Optics (GO-PO) method is detailed, to model the im-
pact of high frequency EM field reflections from the lens surface on the mutual coupling [15]. The GO-PO
approach is employed to both the primary and secondary reflections from the lens surface.
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3.2.1. Adding GO field contribution to the Ray tracing analysis

Geometrical Optics (GO) is a high frequency technique that approximates the EM propagation by tubes
of rays with specific amplitude, phase and polarization characteristics [22], [17]. This technique assumes that
the amplitude of the EM fields spreads as it propagates along the ray path and its phase oscillates [22]. The
GO technique can be added to the ray-tracing method to represent both the amplitude and phase of the elec-
tric and magnetic fields on the lens surface.

In order to compute the GO contribution of the incident field on the lens surface, the steps below are
followed:

1. The antenna far-field is calculated in a semi-infinite medium (~Ei (QF F )). This far-field has a spherical
wavefront originating from the antenna location. Therefore, its principle radii of curvature are equal to
the radius of the far-field sphere, i.e, ρ1

i = ρ2
i = RF F as shown in Figure 3.6

2. The intersection points P1 from the antenna to the lens surface are found using the ray tracing method
as described in Section 3.1

3. The incident electric field (~Ei (P1)) radiated by the antenna at the position P1 for each ray is computed
as a function of the far-field of the antenna, the amplitude spreading factor and phase term given by
the equation:

~Ei (P1) ' ~Ei (QF F )Sspr ead (QF F )e− j ks (3.10)

where, k is the wavenumber, s is the distance between the lens surface and the far-field sphere of the
antenna (rl −RF F ) and Sspr ead (QF F ) is the amplitude spreading factor. The GO method approximates
the amplitude of the EM fields by spreading them along the propagation ray path. This amplitude
spread is calculated as [22]:

Sspr ead =
√

ρ1ρ2

(ρ1 + s)(ρ2 + s)
(3.11)

Sspr ead is a function of the principle radii of curvature, ρ1 and ρ2, of the EM rays and s is the ray path
length. The more complete expression of the spreading factor includes phase jumps where a ray crosses
one or both of its caustic points. Ray caustics occur whenever a family of rays merge or intersect at a sin-
gle point [22]. Specifically, a ray caustic occurs in a location ahead of the ray path if a radius of curvature
is negative (converging) or occurs behind the ray path if the radius of curvature is positive (correspond-
ing to a diverging behaviour). For example, consider the ray tracing case as shown in Figure 3.5 (a). The
incident rays hit the lens curvature and the reflected rays (solid blue lines) all pass through the same
point (upper focus of the ellipse) hence causing ray caustics in the forward path of the rays.

A caustic is crossed if ρ1,2 < 0 and s > −|ρ1| or s > −|ρ2|, which leads to a change of sign in the de-
nominators of Equation 3.11. Hence a phase jump of π

2 due to the caustic traversal is included to the
Spreading factor [22]:

√
ρi

(ρi + s)
=

∣∣∣∣∣
√

ρi

(ρi + s)

∣∣∣∣∣e jπ/2 (3.12)
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Figure 3.6: GO propagation scenario for incident rays in a homogeneous dielectric material

When the incident EM fields interact with a lens surface the following changes occur:

1. Change in the direction of propagation of the rays, leading to reflected and transmitted rays as observed
in the ray tracing. The reflected (k̂r ) and transmitted (k̂t ) propagation unit vectors are calculated using
Snell’s law as shown below:

k̂r = k̂i −2(k̂i · n̂)n̂ (3.13)

k̂t = k̂ip
εt

− 1p
εt

[
(k̂i · n̂)+

√
εt − [1− (k̂i · n̂)2]

]
n̂ (3.14)

where k̂i is the propagation constant of the incident ray and n̂ is the normal vector.

2. The incident radii of curvature of the rays are altered from ρ1
i and ρ2

i to ρ1
r /t and ρ2

r /t (reflection and
transmission radii of curvature). These new radii of curvatures are related to ρ1,2

i , and the geometry of
the discontinuity surface as described in [31].

3. The TE and TM polarized portions of the field have different reflection and transmission coefficients at
the lens surface. The TE and TM polarization of the incident/reflected/transmitted fields are defined
based on the direction of propagation and the normal vector, as [30].

p̂T E
i /r /t =

k̂i /r /t × n̂

|k̂i /r /t × n̂| (3.15)

p̂T M
i /t = p̂T E

i /t × k̂i /t p̂T M
r = k̂r × p̂T E

r (3.16)

Figure 3.7: The polarization and direction of propagation of the reflected and transmitted GO fields.
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The scattered GO fields (reflected and transmitted) on the lens surface, ~Er /t (P1), are calculated as:

~Er (P1) = ~Ei (P1) · R̄(P1) (3.17)

~Et (P1) = ~Ei (P1) · T̄ (P1) (3.18)

where, R̄ = ΓT E p̂T E
i p̂T E

r +ΓT M p̂T M
i p̂T M

r and T̄ = τT E p̂T E
i p̂T E

r + τT M p̂T M
i p̂T M

r are the reflection and trans-

mission dyads, respectively. ΓT E/T M and τT E/T M are the Fresnel reflection and transmission coefficients,
respectively [30].

The incident, reflected and transmitted magnetic fields on the lens surface are approximated by assuming
a local plane wave relation between EM fields at each P1 position as shown below:

~Hi /r /t (P1) = 1

ζi /r /t
k̂i /r /t ×~Ei /r /t (P1) (3.19)

where, ζi /r /t are the characteristic impedance of the incident, reflected, and transmitted medium, respec-
tively; and k̂i /r /t are the unit propagation vectors of the incident/reflected/transmitted EM fields. Once the
electric and magnetic fields are calculated over the lens surface, a Physical Optics (PO) technique can be used
to calculate the EM fields inside the lens as described in Section 3.2.2.

3.2.2. Calculating the magnetic field inside the lens using PO method

In order to compute the mutual coupling between antennas below a lens, the magnetic field needs to be
evaluated on the ground plane inside the lens. This can be achieved by using a PO approach as described
below.

By using the incident and reflected fields calculated using the GO method, as described in Section 3.2.1,
a set of equivalent currents can be approximated assuming local flat surface as shown in Figure 3.8. These
equivalent currents are related to the GO fields as:

~Js ≈ n̂ × [~Hi + ~Hr ] ~ms ≈−n̂ × [~Ei +~Er ] (3.20)

where, ~Js and ~ms are the equivalent electric and magnetic currents, respectively; and n̂ is the normal vector
at each position on the lens surface.

Figure 3.8: Physical Optics (PO) approximation for the equivalent currents on a lens surface

Since the lens is placed over a ground plane, the effect of the ground plane on the EM fields should be
taken into account using the Image theorem with respect to z = 0 plane [28]. Figure 3.9 depicts the imaged
geometry that accounts for the presence of the ground plane. The total equivalent electric and magnetic
currents thus would be multiplied by a factor of two.
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Figure 3.9: Substituting the effect of the ground plane on EM fields using imaged currents.

The magnetic field, ~H(~r ), is calculated at the observation point (in this case, the ground plane) using the
radiative part of the Green’s functions, i.e,~∇'− j kk̂ [31] as shown below:

~H1(~r ) = − j ki

ζi

∫
s

[
~m(~r ′)−

(
k̂(~r ′) ·m̂(r̂ ′)

)
k̂(~r ′)

] e− j kd |~r−~r ′|

4π|~r −~r ′|
dS′ (3.21)

where, ki is the propagation constant of the incident medium, ζi is the characteristic impedance of the inci-
dent medium, ~ms is the equivalent magnetic current on the lens surface, ~r ′ is the equivalent source position
(in this case the lens surface) and~r is the observation point (in this case the ground plane).

Once the magnetic fields are evaluated at the ground plane for primary and secondary reflections, the
open circuit voltage for the receiving test source can be evaluated using the expression given in Equation 2.2,
and the mutual coupling between the two antennas can be calculated using Equation 2.3. Section 3.3 shows
the mutual coupling results obtained for two antennas placed under a lens by using the GO-PO model. These
results are compared and validated using CST MS fullwave simulation.

3.3. Results and Validation

The mutual coupling between two antennas placed under a single lens is calculated using the GO-PO
model and is validated against the results obtained from CST MS fullwave simulator. For this purpose, two
lens diameters are considered - Dlens = 6λ0 and Dl ens = 15λ0 with the same dielectric constant, εr = 2.5.
These two lens diameters are relevant for phased array and Fly’s eye applications.

3.3.1. Small plastic lens case: Dl ens = 6λ0

In order to validate the model for the smaller lens, a CWG source, defined in Section 2.1.2, is considered.
The GO-PO model for calculating the mutual coupling between two antennas placed under a lens is com-
pared with the mutual coupling values obtained by exporting the magnetic fields from a CST MS fullwave
simulation. The specifications of the antenna and lens are as described below:

• Source type = Circular waveguide (CWG)

• Waveguide opening diameter, D f = 1.6λd

• Lens diameter, Dlens = 6λ0

• Lens material, εr = 2.5, plastic

• Lens f-number, f# = 0.812 (θ0 = 38°)

The results obtained using the GO-PO model is compared with the ones of the CST simulation for two
scenarios:

• On-axis antenna: Test antenna ~M1 placed at focus of the lens
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• Off-axis antenna: Test antenna ~M1 is displaced to −1.5λd f# position from the focus of the lens which
corresponds to scanning 1.5 beams using the lens

3.3.1.1. On-axis transmitting test antenna

The equivalent currents of a single CWG antenna is imported to CST MS fullwave simulator from MATLAB.
The CWG antenna is placed at the focus of the truncated plastic lens as shown in Figure 3.10. The magnetic
fields calculated at the ground plane (z ≈ 0) of the lens using the CST MS is exported to MATLAB to calculate
the mutual coupling between two CWG antennas under a lens as a function of their relative distance. These
magnetic fields and mutual coupling values are compared with the ones obtained by using the GO-PO model.

Figure 3.10: Equivalent currents of a CWG imported to CST and placed at the focus of a lens with dielectric constant εr = 2.5 and lens
diameter Dl ens = 6λ0

Although multiple reflections occur when the EM rays hit the lens surface, in this model only the primary
(1st ) and secondary (2nd ) reflections are considered. This is due to the fact that when the EM fields interact
with the lens surface most of the power radiated by the antenna is transmitted out of the lens, hence the
power contained in the subsequent reflections becomes less significant and its effect on the mutual coupling
is neglected here. The ray tracing analysis for the lens of diameter Dlens = 6λ0 when an antenna is placed at
the focus of the lens is as depicted in Figure 3.11 across the H-plane.

Figure 3.11: Ray-tracing for an antenna placed at the focus of a lens with a dielectric constant of εr = 2.5 and lens diameter,Dlens = 6λ0

The 2D incident, reflected and transmitted GO fields for primary and secondary reflections on the lens
surface are shown in Figure 3.12 and Figure 3.13, respectively.
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Figure 3.12: (a) Incident, (b) reflected, and (c) transmitted GO fields on the lens surface from primary reflections when the antenna is
placed at the focus of the lens as shown in (d) ray-tracing picture.

Figure 3.13: (a) Incident, (b) reflected, and (c) transmitted GO fields on the lens surface from secondary reflections when the antenna is
at the focus of the lens as shown in d) ray-tracing picture.

The magnetic field obtained on the ground plane in the H- and E- plane using the PO approximation
is shown in Figure 3.14 (a) and (b), respectively, for both reflection scenarios. It is evident from the graphs
that the magnetic fields from first reflections (shown in red) are uniformly spread across the ground plane,
whereas the fields from second reflections (shown in yellow) have a higher value near the focus of the lens
and taper down farther away from the focus. This finding is in agreement with the ray-tracing picture shown
in Figure 3.11 and as discussed in [19]. The total magnetic field obtained on the ground plane under the lens
is calculated as a summation of the magnetic fields approximated from each contribution - homogeneous
medium (direct coupling) + 1st reflection + 2nd reflection.
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Figure 3.14: Magnetic fields from PO approximation at the ground plane in (a) H-plane and (b) E-plane

The total magnetic field from the GO-PO model is compared with the magnetic fields exported from CST
MS in the region of interest. Figure 3.15 (a) and (b) compares the total magnetic field exported from CST
MS simulation to that calculated using the GO-PO model in H- and E-plane, respectively. It can be observed
from the graphs below that the magnetic field values obtained from the GO-PO model are comparable to the
ones exported from CST MS simulation, especially in the region close to the focus of the lens. Along with the
primary and secondary reflections, as shown in the GO-PO model, the CST MS simulation also accounts for
additional reflections on the lens surface and diffraction effects at the lens edge. Thus resulting in differing
magnetic field values near the lens edge.
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Figure 3.15: Comparison of Magnetic Fields obtained at the Ground Plane from CST & GO-PO Method in (a) H-plane and (b) E-plane

The mutual coupling between the two antennas placed under a lens is calculated using the magnetic
fields obtained from the GO-PO model. This result is compared with the mutual coupling values calculated
from the magnetic fields exported from CST MS simulator. Figure 3.16 (a) and (b) compares the results of
the mutual coupling between two antennas under a lens, using the exported CST MS magnetic fields, as a
function of their relative distance in H- and E-plane, respectively, to that of the GO-PO model.
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Figure 3.16: Mutual Coupling between two CWGs under a lens in (a) H-plane and (b) E-plane

It is clear from the graphs above that the mutual coupling value is significant when the second test source
( ~M2) is close to the first test source ( ~M1). The mutual coupling results using the GO-PO model are significantly
better matched to the one from CST simulation results in the H-plane as compared to that in the E-plane. The
reason for this can be explained using the far-field pattern of the CWG as shown in Figure 2.5. Despite having
significantly low far-field value around 90° in the H-plane, the CWG field in the H-plane illuminates the lens
surface more prominently because of a broader radiation pattern, thus both the first and second reflections
become the major contributors to the mutual coupling. Whereas, in the E-plane due to a narrower radiation
pattern and presence of nulls, the lens surface isn’t as significantly illuminated and hence the second reflec-
tions have a lesser contribution to the mutual coupling. This is evident even from the magnetic field values on
the ground plane from the second reflections as shown in Figures 3.14 (a) and (b). Since CST MS simulations
account for additional reflections on the lens surface and edge diffraction effects [24], the mutual coupling
values don’t match exactly with the GO-PO model, especially in the E-plane. However, by using the proposed
methodology the impact of the two major reflection phenomena are sufficiently well modeled, while the CST
simulation proved to be much more time consuming, taking four hours for a complete simulation run, as
well as having instability issues for low mutual coupling levels. In-spite of the differences, the CST framework
poses to validate the impact of the two reflections from the GO-PO model.

For the broadside scenario, it can be concluded that the mutual coupling between two test antennas is
significant when the second test antenna is located close to the first test antenna due to the impact of second
reflections that converge near the focus of the lens. The value of the mutual coupling reduces as the second
test antenna is placed farther away from the first test antenna, since the impact on the mutual coupling
between the two sources depends predominantly on the first reflections.
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3.3.1.2. Off-axis transmitting test antenna

Similar to the CST MS framework above, here the equivalent currents of the CWG are imported to CST
and are displaced to scan -1.5 beams (placed at −1.5λd f# distance from the lens focus) in the H-plane and
E-plane, as depicted in Figure 3.17 (a) and (b), respectively. The lens has a dielectric constant of εr = 2.5 and
Dlens = 6λ0. Two CST simulations were performed: one for the case when the test antenna is displaced to -1.5
beams in the H-plane and the second for the case when it is displaced in the E-plane. The magnetic fields at
the ground plane (z ≈ 0) exported from CST MS were compared with the GO-PO model.

Figure 3.17: Equivalent currents of CWG imported to CST and displaced to -1.5 beams in the (a) H-plane, and (b) E-plane from the focus
of a lens with dielectric constant εr = 2.5 and lens diameter Dlens = 6λ0

The ray-tracing picture for the relevant cases are as shown in Figure 3.18. For the case when the test CWG
antenna is displaced to -1.5 beams in the H-plane, the GO fields on the lens surface for primary and secondary
reflections are as shown in Figure 3.19 and Figure 3.20, respectively.

Figure 3.18: Ray-tracing for an antenna displaced to -1.5 beams from the focus of a lens with a dielectric constant of εr = 2.5 and lens
diameter Dl ens = 6λ0.
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Figure 3.19: (a) Incident, (b) reflected, and (c) transmitted GO fields on the lens surface from first reflections when the CWG antenna is
displaced to -1.5 beams in the H-plane as shown in the (d) ray-tracing picture.

Figure 3.20: (a) Incident, (b) reflected, and (c) transmitted GO fields on the lens surface from second reflections when the CWG
antenna is displaced to -1.5 beams in the H-plane as shown in the (d) ray-tracing picture.

If the rays hit the lens surface at a critical angle with the normal to the lens surface, total internal reflection
occurs causing the EM fields hitting this region of the lens surface to completely reflect to the ground plane.
This effect can be seen in Figure 3.19 (c) where only a section of the lens surface is transmitting the EM fields.

The mutual coupling between the two antennas in H-plane is calculated as a function of their relative
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distance. In this case the first test feed ( ~M1) is placed at -1.5 beams from the focus of the lens in the H-plane
and the second test feed ( ~M2) is displaced along this H-plane as depicted in Figure 3.21.

Figure 3.21: Location of the test feeds in the mutual coupling calculation for the displaced source in H-plane.

Using the GO fields, the magnetic fields are calculated on the ground plane under the lens using PO ap-
proximation. The magnetic field across the ground plane of the lens when the CWG antenna is displaced to
−1.5λd f# positions from the focus of the lens in the H-Plane is shown in Figure 3.22.

Figure 3.22: Magnetic fields from PO approximation at the ground plane in the H-plane when CWG is displaced to -1.5 beams in the
H-plane.

From the above graph one can observe that the magnetic fields from the first reflection are spread across
the ground plane under the lens (shown in red). On the other hand, the magnetic fields from the second
reflections (shown in yellow) are significantly higher near the region that mirrors the source position (at
1.5λd f# = 0.77λ0). The total magnetic field at the ground plane from the GO-PO model (shown in blue dashed
line) is compared with the magnetic fields exported from the CST at the region of interest in the H-plane.
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Figure 3.23: Comparison of magnetic fields obtained at the ground plane from CST & GO-PO method when the CWG is displaced to -1.5
beams in the H-plane.

From the graph above, it can be observed that the total magnetic field values from the GO-PO model, in
the region of interest, are well matched with the magnetic fields exported from CST. The mutual coupling
result is as shown in Figure 3.24.

Figure 3.24: Mutual Coupling between two CWGs under a lens in H-Plane when the first test feed is displaced to -1.5 beams in the
H-plane from the focus of the lens.

The mutual coupling between the two feeds shows a significant rise around the mirror region of the an-
tenna (near 1.5 beams = 0.77λ0). This is predominantly due to the second reflections that impinge on this
area as shown in the ray-tracing picture in Figure 3.18 by the blue dashed-dotted lines. The results from the
GO-PO method are well matched with the CST MS fullwave simulation results.

Similarly, for the case when the first test feed is displaced to -1.5 beams in the E-plane, the magnetic
fields from the GO-PO model is as shown in Figure 3.25. The magnetic field pattern from the first reflections
(shown in red) in the E-plane is the same as the one in the case of the H-plane displacements as shown in
Figure 3.22. However, the magnetic fields from the second reflections are not as dominating as the one in the
case of displacement in the H-plane. This is due to the fact that the far-field radiation pattern of the CWG
in the E-plane is more directive in comparison to the one in the H-plane. This basically translates to the fact
that the plane in which the direct coupling is weak, the mutual coupling is dominated by the lens reflections
[19]. The total magnetic field from the model is compared with the magnetic fields exported from CST MS
fullwave simulator as shown in Figure 3.26.
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Figure 3.25: Magnetic fields from the PO approximation at the ground plane in the E-plane when the CWG is displaced to -1.5 beams in
the E-plane.

Figure 3.26: Comparison of the magnetic fields obtained at the ground plane from CST & GO-PO method when the CWG is displaced to
-1.5 beams in the E-plane.

The mutual coupling between the two feeds under the lens, as a function of their relative distances is
shown in Figure 3.27 for when the first test feed is displaced to -1.5 beams in the E-plane. The results are
well matched until a distance of 1λ0. The subsequent disagreement between the results arises due to the
total reflection regions and the edge diffraction that is accounted for in the CST MS simulation and not in the
GO-PO model.
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Figure 3.27: Mutual Coupling between two CWGs under a lens in the E-Plane when the first test feed is displaced to -1.5 beams from the
focus of the lens in E-plane.

3.3.2. Large plastic lens case: Dlens = 15λ0

To validate the model for a large plastic lens and other types of antenna elements, a Gaussian feed with
an edge taper of −14dB at 38° is considered, whose current distribution is calculated using equation 3.22. The
current distribution and far-field radiation pattern of the feed is shown in Figure Figure 3.28 (a) and (b).

F (u, v) = e

[
−
( u

u0

2)
−
( v

v0

)2]
(3.22)

Figure 3.28: (a) A Gaussian feed current distribution and (b) its far-field radiation pattern in plastic (εr = 2.5) homogeneous medium.
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The GO-PO model for calculating the mutual coupling between two antennas placed under this lens is
compared with the mutual coupling values obtained from the magnetic fields exported from a CST MS full-
wave simulation. The specifications of the feed and lens are as described below:

• Source type = Gaussian feed

• Source diameter, D f = 2.15λd

• Lens diameter, Dlens = 15λ0

• Lens material, εr = 2.5, plastic

• Lens f-number, f# = 0.812 (θ0 = 38°)

The model is validated using the CST framework for two scenarios:

• On-axis antenna: Test feed ~M1 placed at focus of the lens

• Off-axis antenna: Test feed ~M1 is displaced to −2λd f# position from the focus of the lens which corre-
sponds to scanning 2 beams using the lens

3.3.2.1. On-axis transmitting test antenna

The equivalent currents of the Gaussian antenna are imported to CST MS fullwave simulator from MAT-
LAB. The antenna is placed at the focus of the truncated plastic lens. The magnetic fields obtained at the
ground plane (z ≈ 0) of the lens from the CST MS simulation is exported to MATLAB for calculating the mu-
tual coupling between the two Gaussian antennas under a lens as a function of their relative distance. These
magnetic fields and mutual coupling values are compared with the GO-PO model.

The ray tracing for the lens of diameter, Dlens = 15λ0 when the Gaussian antenna is placed at the focus of
the lens is as depicted in Figure 3.29 across the H-plane.

Figure 3.29: Ray-tracing for an antenna placed at the focus of a lens with a dielectric constant of εr = 2.5 and lens diameter,
Dlens = 15λ0.

The far-field of the Gaussian antenna is calculated and is imported to the GO-PO model to compute the
scattered GO fields on the lens surface. Using the incident and reflected GO fields, the magnetic fields are
calculated at the ground plane under the lens surface using the PO approximation for the primary and the
secondary reflections, as shown in Figure 3.30 (a) and (b) for H- and E- Plane, respectively. The magnetic
fields from primary (1st ) reflections are uniformly spread across the ground plane, whereas the magnetic
fields from secondary (2nd ) reflections have a higher value near the focus of the lens and taper down as it
progresses away from the focus.
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Figure 3.30: Magnetic fields from the PO approximation at the ground plane in the (a) H-plane and (b) E-plane.

The total magnetic field obtained at the ground plane from the GO-PO method is used to compute the
mutual coupling. The mutual coupling between two Gaussian antennas under a lens as a function of their
relative distance is shown in Figure 3.31 and Figure 3.32 in the H- and the E-plane, respectively. The mutual
coupling results obtained from the GO-PO model is comparable to the CST MS simulation results.

Figure 3.31: Mutual Coupling between the two Gaussian antennas under a lens in the H-plane.
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Figure 3.32: Mutual Coupling between the two Gaussian antennas under a lens in the E-plane.

3.3.2.2. Off-axis transmitting test antenna

In this case, the first test Gaussian antenna is displaced to -2 beams (−2λd f #). The ray tracing analysis
for this case is shown in Figure 3.33. It can be seen that the first reflections curve around the second focus of
the elliptical lens and the second reflections (shown in dashed dotted lines) intersect the ground plane near
a mirror region to the antenna location.

Figure 3.33: Ray-tracing picture for an antenna displaced to -2 beams from the focus of a lens with a dielectric constant of εr = 2.5 and
lens diameter, Dlens = 15λ0.

The total magnetic field on the ground plane under the lens for when the test antenna is displaced to -2
beams in the H- and the E-plane is shown in Figure 3.34 and Figure 3.35, respectively. The total magnetic
fields calculated using the GO-PO method is comparable to the exported CST MS simulation magnetic fields
in both planes.
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Figure 3.34: Comparison of Magnetic Fields obtained at the Ground Plane in H-plane from CST & GO-PO Method when the test
antenna is displaced to -2 beams in H-plane.

Figure 3.35: Comparison of magnetic fields obtained at the ground plane in E-plane from CST & GO-PO method when the test antenna
is displaced to -2 beams in the E-plane.

The mutual coupling between the two Gaussian antennas as a function of their relative distance is calcu-
lated for both cases and compared with the results obtained from the CST MS framework as shown in Figure
3.36 and Figure 3.37. The mutual coupling between the two antennas is highest when the second antenna is
placed at the mirror region (2λd f# = 1.027λ0) with respect to the first test antenna due to the impact of the
secondary reflections. This is especially evident in the H-plane displacement case.

34



3.4. Bi-Directional Ray-Tracing via Reciprocity 3. Geometrical Optics - Physical Optics (GO-PO) Model

Figure 3.36: Mutual Coupling between two Gaussian antennas under a lens in the H-Plane when the first test antenna is displaced to -2
beams from the focus of the lens in H-plane.

Figure 3.37: Mutual Coupling between two Gaussian antennas under a lens in E-Plane when the first test antenna is displaced to -2
beams from the focus of the lens in E-plane.

In conclusion, the GO-PO model for calculating the mutual coupling between two antennas placed under
a lens is validated using the CST MS fullwave simulator, where the results obtained from the model is com-
parable to that obtained from CST simulations.

Since the magnitude of the magnetic field values exported at the ground plane of the lens surface from
CST MS simulations are low, the CST simulations required a significantly fine mesh for both lenses (Dlens =
6λ0 and Dlens = 15λ0). Thus each CST simulation performed in this section were numerically cumbersome
and time consuming. Whereas the GO-PO approximation model takes a quarter of the duration to run, while
giving comparable mutual coupling results. To reduce the elapsed time further for developing a rapid design
tool, reciprocity is employed in the GO-PO model. This method is explained in Section 3.4.

3.4. Bi-Directional Ray-Tracing via Reciprocity

In order to calculate the mutual coupling between the two feeds, the open circuit voltage (Voc I0) is calcu-
lated, as in Equation 2.2 where the magnetic field ~H1 from the lens surface is calculated at the ground plane
using Equation 3.21. Due to the presence of two integration calculations, one for the Green’s function integral
to calculate the magnetic field at the ground plane and the second for the calculation of open circuit voltage,
the code becomes computationally intensive, thus increasing the code run duration. In order to have a single
integration and reduce the run-time of the code, the Green’s function integral is replaced with the concept
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from Reciprocity theorem to calculate the open circuit voltage using the fields on the lens surface, similar to
[18].

The Reciprocity theorem states that the response of a system to a source is unchanged when the source
and the observer are interchanged [32]. Here reciprocity is employed to equate the following two open circuit
voltages:

Voc I0 =
∫
~H1 · ~M2dS ≡Voc I0,lens =

∫
(~Js~E2 − ~Ms ~H2) (3.23)

where, ~H1 is the magnetic field radiated by the equivalent currents on the lens surface, ~Js and ~Ms , and eval-
uated on the ground plane; ~E2 and ~H2 are the EM fields radiated by the currents of the second test antenna,
~M2, and evaluated on the lens surface.

Figure 3.38: Reciprocity method for calculating the mutual coupling between the antennas ~M1 and ~M2.

The electric (~E2) and magnetic ( ~H2) fields from the second test antenna ( ~M2) can be evaluated on the lens
surface using the GO approximation method for the incident fields as described in Section 3.2. Hence in this
case, the Green’s function integral for calculating the magnetic fields at the ground plane is replaced by one
time integral calculation of the electric and magnetic field radiated by the second test antenna. The total
open circuit voltage will be a summation of the lens and the homogeneous medium contributions as before.
The results obtained for the mutual coupling between two antennas placed under a lens using the reciprocity
theorem is compared with the previous method in Section 3.4.1.

3.4.1. Results and Validation

In order to validate the reciprocity method, a Gaussian feed as defined in Section 3.3, is placed at the focus
of a truncated elliptical lens with a dielectric constant of εr = 2.5 and lens diameter of Dlens = 15λ0. The mu-
tual coupling between the two antennas is shown in Figure 3.39 (a) and (b) for H- and E-plane, respectively.
Similarly, the mutual coupling between the two antennas is calculated for the case when the Gaussian feed
is shifted to -2 beams in the H-plane, as shown in Figure 3.40. It can be observed that the mutual coupling
results obtained using the reciprocity method are the same as the ones obtained is Section 3.3, while the for-
mer is four times faster in generating these results.
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Figure 3.39: Mutual Coupling between two Gaussian antennas under a lens in the (a) H-Plane and (b) E-Plane, when the first test
antenna is at the focus of the lens.

Figure 3.40: Mutual Coupling between two Gaussian antennas under a lens in the H-Plane when the first test antenna is displaced to -2
beams from the focus of the lens.

In conclusion, the GO-PO model for evaluating the mutual coupling between two feeds placed under a
single lens is in fair agreement with the CST MS simulation framework up to the second reflection contribu-
tions. This model thus can form the basis to study different lens antenna scenarios in terms of the mutual
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coupling. Chapter 4 and 5 delves into studying the impact of lens diameter, feed location and lens edge illu-
mination on the mutual coupling results for plastic and silicon lens, respectively.
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4
Case Study: Plastic Lens

In this chapter, plastic lenses with a dielectric constant of εr = 2.5 are studied to understand their impact
on the mutual coupling between two antennas. For this study, two different lens diameters are considered -
Dlens = 6λ0 and Dlens = 15λ0. In addition, three different types of antennas are placed under the lenses of
different f# to understand the impact of lens edge illumination on the mutual coupling.

4.1. Geometry of the considered plastic lenses

For elliptical lenses, the eccentricity (e = 1p
εr

) of the ellipse controls the curvature of the lens which is

dependant on the lens material. In the case of plastic lenses (εr = 2.5), the eccentricity value is close to 1
thus making the truncated lenses extremely curved. As explained in section 3.1 and shown in the ray tracing
picture in Figure 4.1, part of the incident rays originating from a feed placed at the lower focus ( f1), illuminates
the lens surface, reflects and crosses the upper ( f2) focus of the ellipse. Some of these reflected rays intersect
with the lens surface again to create secondary reflected rays that trace a path back to f1 [19]. The portion
of incident rays that are launched within the solid angle, Ω (highlighted in orange), do not contribute to this
secondary reflections. These rays experience secondary reflections at the ground plane and contribute to the
mutual coupling caused by the first reflections. It is the reflected rays that originate from the edges of the
lens, outside the solid angle, that cause the secondary reflections. For the case of plastic lenses (εr = 2.5), due
to the lens eccentricity, this solid angle is narrow which causes the secondary reflections on the lens surface
to dominate the mutual coupling behaviour.

Figure 4.1: Ray tracing picture of a feed placed at the focus of an elliptical lens with εr = 2.5 and Dlens = 15λ0. The solid angle,Ω, is
highlighted in orange. The incident, reflected and transmitted rays are indicated with red, blue, and green colours, respectively.

In order to understand the impact of lens material on the solid angle region, Figure 4.2 shows a plot of
θΩ with respect to the lens dielectric for un-truncated lenses when the feed is placed at the focus of the lens.
Here, θΩ depicts the solid angle cut in the φ = 0 direction as highlighted in Figure 4.1. As the permittivity
of the lens material is increased, the region where only first reflections occur increases. Thus the impact on
the mutual coupling levels from the secondary reflections will decrease. This can be observed evidently even
with the ray-tracing pictures shown in the inset for plastic (εr = 2.5) and silicon (εr = 11.9) lens cases.
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Figure 4.2: Impact of lens permittivity (εr ) on the solid angle where only primary (1st ) reflections occur on the un-truncated lens
surface when the feed is placed at the focus of the lens. Shown in this Figure is θΩ that depicts the solid angle cut in the φ= 0 direction.

To explore the directivity effect of a lens surface on its secondary reflections, here the mutual coupling
between two feeds when placed under a smaller plastic lens (Dl ens = 6λ0) is compared to the case of a larger
lens (Dlens = 15λ0). Since the second reflections occur close to the lens edges the type of feed placed under
these lenses and the corresponding lens edge illumination are also considered as variables in this study. These
feeds are described in Section 4.2.

4.2. Considered plastic lens antenna feeds

The impact of lens illumination on the mutual coupling results is studied here for different antenna feeds
having varying radiation patterns. The following three types of feeds were considered for the study:

• Source 1: A Gaussian feed with an edge taper of -14 dB at 38° as defined in Section 3.3.2, whose far-field
radiation pattern is shown in Figure 3.28 (b)

• Source 2: A CWG feed with an edge taper of -9 dB in the H-plane and -14 dB in the E-plane at 38°, as
defined in Section 2.1.2, whose far-field radiation pattern is shown in Figure 2.5

• Source 3: A Gaussian feed with an edge taper of -13 dB at 30° whose far-field radiation pattern is shown
in Figure 4.3

Figure 4.3: Far-field radiation pattern of a Gaussian feed with an edge taper of -13dB at 30° in plastic (εr = 2.5) homogeneous medium.

The far-field radiation patterns of these fields are calculated inside a homogeneous medium of plastic
with a dielectric constant of εr = 2.5. The edge taper of the far-field radiation pattern of the feeds governs
how effectively the surface area of the lens will be illuminated by the EM fields.
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The mutual coupling between two feeds under a plastic lens was studied using the test cases tabulated
below. The f # and Feed type used determines the lens edge illumination. The inferences have been docu-
mented in Section 4.3

Lens
Diameter

f#
Feed
Type

Edge Taper
(E/H Plane)

Feed
Location

Broadside
Directivity

Broadside
Radiation
Efficiency

Case 1 15λ0 0.812
Source 1:
Gaussian

Feed
-14 dB

On-axis
Off-axis: -2 Beams,

-4 Beams
33.11 dB 0.906

Case 2 6λ0 0.812
Source 1:

Gaussian Feed
-14 dB

On-axis
Off-axis: -1.5 Beams

25.23 dB 0.906

Case 3 15λ0 0.812
Source 2:

CWG
-9 dB /-14 dB

On-axis
Off-axis: -2 Beams,

-4 Beams
33.28 dB 0.80

Case 4 15λ0 1
Source 3:
Gaussian

Feed
-13 dB

On-axis
Off-axis: -2 Beams,

-4 Beams
33.15 dB 0.89

Table 4.1: Plastic Lens Case Study

4.3. Results and Inferences

4.3.1. Impact of lens diameter

Consider the case where Source 1 is placed at the focus of the plastic lens of Dlens = 15λ0 having an
f# = 0.812 (truncation angle = 38°). The broadside far-field radiation pattern of this lens antenna is shown in
Figure 4.4. This pattern is symmetric in both planes with side lobe levels of about -20dB. The lens antenna

has a radiation efficiency of ηr = P lens
r ad

P
f eed
r ad

= 0.906, where P l ens
r ad is the power radiated to air from the lens surface

and P f eed
r ad is the power radiated by the feed antenna into the homogeneous medium of lens.

When the Gaussian feed is placed off-axis, the radiation pattern and efficiency of the lens antenna changes.
Figure 4.5 shows the far-field radiation patterns of the lens antenna for the Gaussian feed displaced to -2
beams (−2λd f#) in the H- and E-plane. The radiation efficiency of this lens antenna is ηr = 0.86. Similarly,
the radiation efficiency of the lens antenna when the Gaussian feed is displaced to -4 beams (−4λd f#) in the
H- and E-plane is ηr = 0.73 and Figure 4.6 depicts its far-field pattern.

Figure 4.4: Far-field radiation pattern of the lens antenna when the Gaussian feed (Source 1) is placed at the focus of a plastic lens of
Dlens = 15λ0.
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Figure 4.5: Far-field radiation pattern of the lens antenna when the Gaussian feed (Source 1) is displaced to -2 beams from the focus in
(a) H-plane and (b) E-plane of a plastic lens of Dlens = 15λ0.

Figure 4.6: Far-field radiation pattern of the lens antenna when the Gaussian feed (Source 1) is displaced to -4 beams from the focus in
(a) H-plane and (b) E-plane of a plastic lens of Dlens = 15λ0.

Figure 4.7 compares the ray-tracing pictures for the on- and off-axis feed cases whose far-field shown
above. Considering the case where Source 1 is placed at the focus of the lens and then displaced to -2 beams
and -4 beams (−4λd f#) in the H- and the E-plane, the mutual coupling results obtained are as shown in
Figure 4.8. From Figure 4.8 (a) it can be observed more distinctly in the H-plane results that the mutual
coupling value becomes significantly higher when the source is displaced. This is due to the fact that the
second reflections get re-focused to the mirror position of the source location as shown in the ray-tracing
pictures in Figure 4.7 (b) and (c) for -2 beams and -4 beams displacement scenarios, respectively. For the
case of broadside, the mutual coupling pattern is more uniformly spread across the area of interest since
the impact of the secondary reflections are concentrated at the focus (where the feed is present). Therefore,
for a transmitting antenna at focus, the primary (first) reflections from the lens surface are the contributors
towards the mutual coupling between two feeds.

Figure 4.7: Ray tracing picture of a feed (a) placed at focus, (b) displaced to -2 beams, and (c) displaced to -4 beams from the focus of a
plastic lens with Dlens = 15λ0. The incident, reflected and transmitted rays are indicated with red, blue, and green colours, respectively.
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Figure 4.8: Mutual coupling between two Gaussian feeds when placed under a plastic lens of Dlens = 15λ0 in (a) H-plane and (b)
E-plane.

In order to visualise how the lens reflections affect the mutual coupling all over the ground plane, a 2-D
mutual coupling graph is calculated for an off-axis scenario . Figure 4.9 shows the 2-D mutual coupling graph
between the first test feed (Source 1) which is placed off-axis at -4 beams in the H-plane and the second
test feed that is displaced in two directions across the ground plane under the lens. The surge in the mutual
coupling value around the mirror region becomes particularly clear from this graph. In addition, the regions
on the ground plane under the lens (marked by the dashed black circle) indicates where the mutual coupling
is prominent.
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Figure 4.9: 2-D graph of mutual coupling distribution between two Gaussian feeds placed under a plastic lens of Dl ens = 15λ0. The
transmission feed location is marked by the red dotted circle. The location of the receiving feed is displaced by dx and dy values over the

lens focal plane.

Similarly, the mutual coupling between two feeds is calculated for the case when Source 1 (Gaussian feed)
is placed under the smaller plastic lens of diameter, Dl ens = 6λ0. The far-field radiation pattern of the smaller
lens antenna where Source 1 is placed at the focus of the lens is as shown in Figure 4.10. Similar to the previous
case, the lens antenna radiation efficiency is ηr = 0.906. Figure 4.11 shows the far-field radiation pattern of
the lens antenna when the Gaussian feed is displaced to -1.5 beams in both planes. The lens antenna in this
case has a radiation efficiency of ηr = 0.75.

Figure 4.10: Far-field radiation pattern of the lens antenna when the Gaussian feed (Source 1) is placed under a plastic lens of
Dlens = 6λ0.
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Figure 4.11: Far-field radiation pattern of the lens antenna when the Gaussian feed (Source 1) is displaced to -1.5 beams from the focus
in (a) H-plane and (b) E-plane of a plastic lens of Dl ens = 6λ0.

Figure 4.12: Ray tracing picture of a feed (a) placed at focus, and (b) displaced to -1.5 beams from the focus of a plastic lens with
Dl ens = 6λ0. The incident, reflected and transmitted rays are indicated with red, blue, and green colours, respectively.

Figure 4.12 shows the ray-tracing pictures of the case when the first test feed is placed at the focus of the
lens and when it is displaced to -1.5 beams from the focus of the lens. The mutual coupling results obtained
when Source 1 is displaced to -1.5 beams is compared to the results obtained when the feed is placed at the
focus of the lens in Figure 4.13. It can be observed in the smaller lens case that the the mutual coupling
results obtained for the off-axis feed scenario does not peak at the mirror position, rather the results remain
consistently significant until 2λ, particularly in the H-plane. This is due to the fact that the second reflections
in the small lens do not converge precisely at the mirror position but are spread all around the mirror area, as
seen in the ray tracing image shown in Figure 4.12 (b). In other words, the second reflection phenomenon in
smaller lens exhibits less directive behaviour with respect to the one of the larger lens. It is also noteworthy
to mention that the mutual coupling value obtained between two feeds under a lens for an off-axis scenario
is higher for the smaller lens as opposed to the bigger lens.
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Figure 4.13: Mutual coupling between two Gaussian feeds when placed under a plastic lens of Dl ens = 6λ0 in (a) H-plane and (b)
E-plane.

4.3.2. Effect of feed pattern on mutual coupling

In order to understand the impact of lens truncation angle and the feed type on the mutual coupling be-
tween feeds, the results obtained for mutual coupling using Source 1 is compared with the results calculated
using sources 2 and 3. Source 2 is placed under a plastic lens with the same specifications as the one used
for Source 1, whereas Source 3 is placed under a plastic lens with an f# = 1 thus resulting in a lens truncation
angle of 30°. The solid angle where only first reflections occur when the feed is placed at the focus of this lens
is θΩ = 22° in comparison to the case of the previous lens of f# = 0.812 where the solid angle was θΩ = 16°. The
region of the lens surface that contribute to second reflections forms an angular region of 8° on either side of
the solid angle for the plastic lens of f# = 1. On the other hand, the angular region for the second reflections is
16° on either side of the solid angle for the plastic lens of f# = 0.812. The on- and off-axis ray tracing pictures
for a plastic lens of Dl ens = 15λ0 having an f# = 1 are shown as examples in Figure 4.14.
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Figure 4.14: Ray tracing picture of a feed (a) placed at focus, (b) displaced to -2 beams, and (c) displaced to -4 beams from the focus of a
plastic lens with Dl ens = 15λ0 having an f# = 1. The incident, reflected and transmitted rays are indicated with red, blue, and green

colours, respectively.

The mutual coupling between two feeds in H- and E-plane when the first test feed is placed at the focus
of the lens with Dlens = 15λ0 is shown in Figure 4.15 (a) and (b), respectively, for all the three different feeds.
It can be observed from the results that the mutual coupling values for all the three feeds are comparable for
the on-axis case, especially in the H-plane. This is due to the fact that the impact on the mutual coupling is
predominantly affected by the first reflections that are uniformly spread across the ground plane, as can be
seen from the solid blues lines shown in the ray tracing pictures in Figure 4.7 (a) and Figure 4.14 (a). It can
be seen from the graph that the mutual coupling pattern for Source 2 in the E-plane has severe oscillations.
These are associated to the interference between the side lobe of the feed far-field of the feed and the reflected
fields from the lens surface.

Figure 4.15: Mutual coupling between two feeds in (a) H-plane, and (b) E-plane when placed at the focus of a plastic lens with
Dlens = 15λ0.
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In off-axis cases, where the feed is displaced to -2 beams and -4 beams in the H-plane, the mutual cou-
pling results obtained are as shown in Figure 4.16 (a) and (b), respectively. Although the mutual coupling
values obtained for Source 3 are comparable to the ones obtained using Sources 1 and 2, its pattern is slightly
different. This can be attributed to the fact that the lens truncation angle is smaller for Source 3, thus the
angular region where the second reflections occur is smaller, especially for displaced source case, as seen in
the ray-tracing picture in Figure 4.14 (b) and (c).

Figure 4.16: Mutual coupling between two feeds in H-plane when the first test feed is displaced to (a) -2 beams, and (b) -4 beams from
the focus of a plastic lens with Dlens = 15λ0.

Hence, from the above results it can be concluded for the considered cases that the lens truncation angle
and the feed type does influence the mutual coupling between two feeds under a lens. The effect is more
prominent for the off-axis cases, i.e, the case when the first test feed is displaced from the focus of the ellip-
tical lens. Therefore, as part of the design procedure for a lens antenna with multiple feeds, it is insightful
to evaluate the mutual coupling level for each specific lens antenna geometry. In order to understand how
varying the lens material would impact the mutual coupling between two feeds, silicon lens case study is also
performed. The results and inferences obtained from this study is elucidated in Chapter 5.
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5
Case Study: Silicon Lens

In this chapter, the effect on mutual coupling between two antenna feeds under a lens is studied for the
case when the lens material is changed to silicon (εr = 11.9). Similar to the case of plastic lens, two different
lens diameters are considered for the silicon lens: Dlens = 6λ0 and Dlens = 15λ0.

5.1. Geometry of the considered silicon lenses

For the case of silicon lenses (εr = 11.9), the eccentricity (e) is equal to 0.28 thus making the shape of the
silicon lenses close to a circle. The impact of the silicon material on the lens curvature can be clearly observed
from the ray tracing picture in Figure 5.1, for a lens of Dlens = 15λ0 and f# = 0.55, i.e. a truncation angle of
65°. One can see that the solid angle, Ω (highlighted in orange), where secondary reflections from the lens
surface do not occur, is much wider than the case of the plastic lens. From the Figure 5.1, it can be seen that
for an on-axis scenario, the secondary reflections occur only at the extreme edge of the lens. Consequently,
the mutual coupling between two feeds under a silicon lens is impacted by the secondary reflections only
when the lens truncation angle is significantly large.

Figure 5.1: Ray tracing picture of a feed placed at the focus of an elliptical lens with εr = 11.9, Dlens = 15λ0 and f# = 0.55. The solid
angle,Ω, is highlighted in orange. The incident, reflected and transmitted rays are indicated with red, blue, and green colours,

respectively.

In order to compare the silicon lens surface to the plastic case, a ray tracing analysis is performed using
silicon material for the same lens diameter and f# as the plastic lens described in Section 4.3.1. Figure 5.2
shows the ray tracing pictures for on- and off-axis cases when a feed is placed under a silicon lens of f# = 1,
i.e. a truncation angle of 30°. Unlike the plastic lens, where a truncation angle of 30° resulted in a curved
lens surface, in the case of silicon material the lens surface is seemingly flat. The ray-tracing pictures for both
on-axis and off-axis case clearly shows that only primary (first) reflections (shown in solid blue lines) occur
on the lens surface. Therefore, unlike the case for the plastic lenses, there will be no secondary reflections
contributing to the mutual coupling calculation in the GO-PO model.
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Figure 5.2: Ray tracing picture of a feed (a) placed at the focus, and (b) displaced to -4 beams in the H-plane from the focus of an
elliptical lens with εr = 11.9 and Dlens = 15λ0. The incident, reflected and transmitted rays are indicated with red, blue, and green

colours, respectively.

Similar to the case study performed for plastic lenses, different types of sources are placed under large
(Dlens = 15λ0) and small (Dl ens = 6λ0) silicon lens to see their corresponding impacts on the mutual coupling.
The considered feeds and their far-field radiation pattern are described in Section 5.2.

5.2. Considered silicon lens antenna feeds

The impact of lens illumination is studied here for feeds with different radiation patterns, varying from
broad beams to more directive feeds. Here, the following two types of feeds are considered:

• Source 1: A Double slot with -10 dB edge taper at 50°. The geometry of the double slot and its far-field
radiation pattern is as shown in Figure 5.3 (a)

• Source 2: A Gaussian feed with an edge taper of -13 dB at 30°, whose far-field radiation pattern is shown
in Figure 5.3 (b)

Figure 5.3: Far-field radiation pattern of (a) Source 1: Double slot with -10dB edge taper at 50° and (b) Source 2: Gaussian feed with an
edge taper of -13dB in silicon (εr = 11.9) homogeneous medium.

The far-field radiation pattern of these feeds are calculated in a homogeneous medium with a relative
permittivity of of εr = 11.9. The cases considered for silicon lens study using different lens geometries and
feed types are documented below.
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Lens
Diameter

f#
Feed
Type

Edge
Taper

Feed
Location

Broadside
Directivity

Broadside
Radiation
Efficiency

Case 1 15λ0 0.65
Source 1:

Double Slot
-10 dB

On-axis
Off-axis: -2 Beams,
-4 Beams, -6 Beams

33.31 dB 0.84

Case 2 6λ0 0.65
Source 1:

Double Slot
-10 dB

On-axis
Off-axis: -1.5 Beams

25.36 dB 0.84

Case 3 15λ0 1
Source 2:
Gaussian

-13 dB
On-axis

Off-axis: -2 Beams
32.97 dB 0.94

Table 5.1: Silicon Lens Case Study

5.3. Results and Inferences

The mutual coupling analysis for lens antennas in silicon material were generated using the GO-PO
model for different lens diameters, lens truncation angle and for the different feed types as described in Sec-
tion 5.2.

5.3.1. Impact of the lens diameter

Consider the case where the double slot (Source 1) is placed at the focus of a silicon lens with Dlens = 15λ0

having an f# = 0.65 (truncation angle = 50°). The far-field radiation pattern of this lens antenna, when the feed
is at the lower focus of the lens (broadside) is shown in Figure 5.5. The silicon lens is covered with a standard
quarter wavelength matching layer with a relative permittivity of εr m = 3.44. This lens antenna has a radiation

efficiency of ηr = P l ens
r ad

P
f eed
r ad

= 0.8442.

Figure 5.4: Far-field radiation pattern of the lens antenna (with matching layer) when the Double slot source (Source 1) is placed under
a silicon lens of Dl ens = 15λ0.

Figure 5.5 shows the examples of lens antenna radiation pattern when the Double slot source is displaced
to -2 beams and -4 beams in the H-plane. The radiation efficiency of the lens antenna changes to ηr = 0.83
when the Double slot feed is displaced to -2 beams, and to ηr = 0.78 when the feed is displaced to -4 beams.
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Figure 5.5: Far-field radiation pattern of the lens antenna (with matching layer) when the Double slot source (Source 1) is displaced to
(a) -2 beams and (b) -4 beams in the H-plane from the focus of the silicon lens of Dlens = 15λ0.

The ray-tracing picture for a feed placed at the focus of this elliptical lens is shown in Figure 5.6 (a). The
feed is displaced to -2 beams, -4 beams and -6 beams to see the impact of off-axis scenarios on the ray tracing
analysis. Figure 5.6 (b), (c) and (d) depicts the the ray tracing picture for these off-axis cases.

Figure 5.6: Ray tracing picture of a feed (a) placed at the focus, (b) displaced to -2 beams, (c) displaced to -4 beams, and (d) displaced to
-6 beams in the H-plane from the focus of a silicon lens with Dlens = 15λ0 and f# = 0.65. The incident, reflected and transmitted rays

are indicated with red, blue, and green colours, respectively.

The mutual coupling results generated for the case when the double slot feed is placed on-axis and off-
axis under a silicon lens without a matching layer is shown in Figure 5.7. The values obtained for mutual
coupling between the two double slot feeds in both on- and off-axis scenarios are comparable since there
are no secondary reflections from the lens surface to create a focusing pattern over the ground plane. The
mutual coupling pattern is more smooth in the H-plane as opposed to the E-plane one since the far-field of
the double slot, as shown in Figure 5.3 (a), has a broader pattern in the H-plane compared to the E-plane thus
illuminating the the silicon lens surface more uniformly.
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Figure 5.7: Mutual coupling between two Double slot feeds when placed under a silicon lens of Dl ens = 15λ0 and f# = 0.65 in (a)
H-plane and (b) E-plane.

Likewise, the mutual coupling between two double slot feeds is calculated when the feeds are placed
under a smaller silicon lens of Dl ens = 6λ0. The far-field radiation pattern for this lens case is shown in Figure
5.8 for on- and off-axis feed cases. The radiation efficiency of the lens antenna for the on-axis case is ηr = 0.84
and for the case when the feed is displaced to -1.5 beams in the H-plane is ηr = 0.78. The ray tracing picture
for the smaller lens case is shown in Figure 5.9 for on- and off-axis case and the mutual coupling results
obtained in both the main planes are shown in Figure 5.10.

Figure 5.8: Far-field radiation pattern of the lens antenna (with matching layer) when the Double slot source (Source 1) is (a) at focus
and (b) displaced to -1.5 beams in the H-plane from the focus of the silicon lens of Dlens = 15λ0.
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Figure 5.9: Ray tracing picture of a feed (a) placed at the focus, and (b) displaced to -1.5 beams in the H-plane from the focus of a silicon
lens with Dl ens = 6λ0 and f# = 0.65. The incident, reflected and transmitted rays are indicated with red, blue, and green colours,

respectively.

Figure 5.10: Mutual coupling between two Double slot feeds when placed under a silicon lens of Dlens = 6λ0 and f# = 0.65 in (a)
H-plane and (b) E-plane.

It is clear from the above graph that the pattern of the mutual coupling under the smaller lens follows
that of the bigger lens, since there are no secondary reflections in the smaller lens as well. However, the field
radiated from the lens surface by the first reflection is spread over a smaller region which leads to significantly
higher mutual coupling levels (~10dB) for the smaller lens.
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5.3.1.1. Effect of matching layer on the mutual coupling

Typically, in a silicon lens a matching layer is coated over the lens surface in order to improve the re-
flection efficiency. The matching layer acts as a quarter wavelength impedance transformer that ensures that
most of the power from the antenna feed is transmitted outside the lens. The ideal matching layer considered
here has a thickness of λ0

4
p
εr m

and a dielectric constant of εr m = p
εr where εr = 11.9 for silicon. Figure 5.11

depicts the mutual coupling results obtained when a matching layer is added to the silicon lens surface in
comparison to the results obtained without a matching layer. This comparison is performed for both on-axis
and off-axis case for a silicon lens of Dlens = 15λ0. The impact of the matching layer on the mutual coupling
results is evident from the graph. Since most of the power is transmitted out of the lens, the EM fields that
reflect back from the lens surface carry much lesser power thus reducing the mutual coupling. In the E-plane
the impact of matching layer is less visible since the mutual coupling between the two sources in this plane
is strongly affected by the null present in the far-field of the double slot. The far-field pattern of the Double
slot is shown in Figure 5.3 (a).

Figure 5.11: Mutual coupling between two Double slot feeds when placed under a silicon lens of Dlens = 15λ0 and f# = 0.6527 in (a)
H-plane and (b) E-plane.

5.3.2. Effect of the feed pattern on the mutual coupling

In this section, the mutual coupling results obtained using the double slot feed placed under the silicon
lens of f# = 0.65 is compared with the results obtained for the case when a Gaussian feed is placed under the
silicon lens of f# = 1 (truncation angle = 30°). The far-field radiation pattern of the silicon lens antenna with
the Gaussian feed placed at the focus of the ellipse is shown in Figure 5.12. The radiation efficiency of this
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lens antenna is ηr = 0.94. The ray tracing picture for this lens is depicted in Figure 5.2(a).

Figure 5.12: Far-field radiation pattern of the lens antenna (with matching layer) when the Gaussian source (Source 2) placed at the
focus of the silicon lens of Dl ens = 15λ0.

Figure 5.13 compares the mutual coupling between the two feeds when the transmitting feed is placed
at the focus of the silicon lens of Dlens = 15λ0 in both H- and E-plane. The figure also compares the mutual
coupling results achieved with and without the presence of a matching layer. Figure 5.14 shows a similar
example with both the feeds displaced to -2 beams in the H-plane.

Figure 5.13: Mutual coupling between two feeds in (a) H-plane and (b) E-plane when the first feed is placed at the focus of a silicon lens
of Dl ens = 15λ0.
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Figure 5.14: Mutual coupling between two feeds in H-plane when the first feed is displaced to -2 beams in the H-plane from the focus of
of a silicon lens of Dlens = 15λ0.

From Figure 5.13, it can be observed that the mutual coupling value drops faster for the Gaussian feed
(Source 2) placed under the silicon lens of f# = 1 as compared to the case of the double slot feed placed under
the silicon lens of f# = 0.65. This can be accredited to the smaller truncation angle, resulting in a smaller sur-
face area of the lens and thus a lower impact of first reflections especially at the locations near the lens edge.
The addition of the matching layer over both lens cases results in a significant drop in the mutual coupling.
Thus making the matching layer a necessary addition over the silicon lenses for mutual coupling reduction,
despite the manufacturing complexity.

A 2-D mutual coupling pattern is generated for the silicon lens case, where the Gaussian feed is displaced
to -4 beams from the focus of the lens, in the H-plane. Figure 5.15 shows this 2-D mutual coupling result
obtained. Comparing this 2-D result with the one calculated for the plastic lens as shown in Figure 4.9, it can
be observed that the silicon lens is clearly impacted by only the primary reflections and the mutual coupling
level does not show significant increment in any particular region like in the case of plastic lens.

Figure 5.15: 2-D graph of mutual coupling distribution between two Gaussian feeds placed under a silicon lens of Dlens = 15λ0. The
transmission feed location is marked by the red dotted circle. The location of the receiving feed is displaced by dx and dy values over the

lens focal plane.

Thus, based on the above results and the ones obtained in Chapter 4, it can be concluded that depending
on the lens material the main contributing phenomenon to the mutual coupling between feeds placed under
the lens changes and requires specific attention based on the geometry under consideration.
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6
Conclusion

6.1. Summary and Conclusion

Lens antennas have been gaining traction for high frequency applications such as communication sys-
tems, phased arrays, MIMO RADAR systems in order to radiate the EM fields efficiently. Despite having sig-
nificantly high radiation efficiency, lens antennas suffer from mutual coupling due to multiple internal reflec-
tions at the lens interface that leads to degradation of the system performance. There is not enough literature
available to study the impact of mutual coupling under a lens antenna system. Hence, the aim of this thesis
was to study the impact of mutual coupling in such systems and propose a model to evaluate this coupling
using high frequency EM analysis techniques.

The model described in this thesis incorporates a simple analytical forward ray tracing approach to ob-
tain the path of the reflected EM rays from the lens surface. A Geometrical Optics - Physical Optics (GO-PO)
approximation method is added to the ray tracing to calculate the amplitude and phase of the reflected rays
that would impinge on the antenna elements. The model accounts for ray caustics, thus making the GO-
PO model well suited for the EM field approximations. In order to make the code computationally efficient,
the antenna in reception formulism is used to estimate the mutual coupling between elements under a lens.
This model provides the flexibility to analyse the effect of mutual coupling under various scenarios such as
different feed types, lens material, lens geometries, and feed locations. Although the method described here
accounts for reflections inside the lens until the second order reflections, it does not take into account the
diffraction that occurs at the lens edge.

While the mutual coupling between elements under a lens can be evaluated using a full-wave simulation
tool, the method is computationally intensive. In order to study the impact of mutual coupling between feeds
based on their relative distance, several simulations need to be performed thus making the process extremely
time consuming. The GO-PO model on the other hand can calculate the mutual coupling between two feeds
as a function of their relative distance in one calculation cycle.

Several lens antenna scenarios were studied using the GO-PO model in order to understand the param-
eters most affecting the mutual coupling. Two comprehensive cases studies were performed and the infer-
ences have been documented in this thesis. The lens material was found to impact the mutual coupling levels
as it influences the lens curvature, the solid angle and hence the area on the lens surface where primary (1st )
and secondary (2nd ) reflections occur. For example, for the same truncation angle and lens diameter, the
mutual coupling in plastic lens antennas were affected by both 1st and 2nd reflections, whereas there were
no secondary reflections in the silicon lens antenna case. It was also observed in the case of plastic lenses
that changing the lens diameter changed the directivity of the secondary reflections for the off-axis antenna
element cases. The second reflection phenomenon in smaller lens case exhibited less directive behaviour
with respect to the one of the larger lens case.

The lens edge illumination was also found to be an important parameter that affected the mutual coupling
levels. It was observed in the case of plastic lenses that when more power from the feed illuminated the lens
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edge, the second reflections contributions to the mutual coupling were more significant. When a feed with a
more directive pattern was used, the mutual coupling pattern was observed to be impacted by only the first
reflections. A study was also performed using silicon lenses to understand the impact of matching layer on
the mutual coupling levels. It was found that the mutual coupling showed significant drop (~20dB) in value
over the entire lens focal plane.

In conclusion, the study lead to the understanding that when different feed types and/or lens specifica-
tions are employed, the mutual coupling patterns change considerably. Therefore, it is necessary to analyse
each unique design individually in terms of its mutual coupling performance.

6.2. Future Outlook

The model presented in this thesis to evaluate the mutual coupling between feeds under a single lens
performs within the expected validity margin of the assumed approximations. This model can be expanded
to multiple lens element arrays since the high frequency EM analysis tools such as ray tracing and GO-PO
methods are not limited by the geometry of a single lens surface.

At present the model is coded in MATLAB. Subsequently, it can be made into a user interface tool for
estimating mutual coupling levels for future lens antenna designs within the Terahertz Sensing group.
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