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1. Introduction

1.1 Introduction

Mobile communication systems have continued advancing since the early 1980s
to provide ubiquitous service, support more subscribers, and improve the quality
of service. A new generation of communication systems is launched almost every
decade to improve data throughput and avoid network congestion [1]. The new
generation of mobile communication systems, 5G, is currently in the deployment
phase. The 5G network is planned to substantially improve data throughput, de-
crease latency, and facilitate machine-to-machine (M2M) communication [2]–[4].
The utilization of millimeter-wave frequencies, extreme network densification,
massive MIMO, and cloud-based random-access technology are considered as
the key enabling technologies [5].

Millimeter-wave frequencies are important due to the availability of large
bandwidth for commercial applications [6]. The telecommunication standard
development organization 3rd Generation Partnership Project (3GPP) has al-
located K-band, 24.25-27.5 GHz, and V-band, 39.5-43.5 GHz, frequency ranges
for random access network of 5G [7]. Countries such as China and Korea plan
to utilize larger bands, that is 24.25-29.5 and 37-43.5 GHz. 5G also plans to
utilize 10 GHz bandwidth available at E-band, 71-76/81-86 GHz, frequency
range for wireless backhaul link to achieve thoughput comparable to an optical
fiber [8], [9]. Except for communication systems, millimeter wave technologies
have ever-expanding scope in the field of automotive radar (77 GHz), security
scanner, high definition video application (60 GHz) and many more [10], [11].

The atmospheric absorption and rain attenuation increase with the frequency
[12], [13]. Therefore, at millimeter-wave frequency band, the electrical size
of antennas should be larger to achieve high gain. The radiated beam of an
electrically large antenna is narrow; therefore, the antennas with beam steering
capability are preferred to cover a wide angular range. The phased antenna
array is regarded as an ideal solution for high-gain with dynamic beam steering
requirements [14]–[16]. However, with the higher gain requirement, the number
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of array element increases and, consequently, the feeding loss/complexity and
the number of active components (phase shifters, low noise amplifier, power
amplifier) increase [17]. The large number of active components placed at the
close interval causes significant heat dissipation per area, and the thermal
management becomes critical [18]. Moreover, the cost of the antenna increases.

The beam-switching topology is an alternative solution for high gain require-
ments as it minimizes the number of feed lines and the active components
required. The beam-switching architecture consists of a passive beamforming
network, such as dielectric lens, reflector, planar Rotman lens, Butler matrix,
etc., and radiating elements. The beam-switching topology generates a limited
number of predefined beams based on the feed positions or configurations. The
passive beam steering is less suitable for applications with changing environ-
ment, such as radio access link. In addition, RF switches used to enable the
beam-switching network suffer from high insertion loss, approx. 2-3 dB per
switch at mm-wave frequencies [19]. Furthermore, beamforming structures
such as dielectric lenses are bulky, which makes them less desirable for commer-
cial applications. This research work aims to improve the performance of the
beam-switching antennas and make them viable for commercial applications.

1.2 Objective and impact

The research focuses on developing antenna solutions that meet the high gain,
large beam-steering range, and wide bandwidth requirements of new-generation
communication systems. Previous research identified beam-switching architec-
ture as a potential solution. The work aims to:

• Design high-gain antennas at millimeter-wave frequency range with beam-
switching topology.

• Reduce the form factor of the dielectric lens.

• Enable wide beam-steering range with low scan loss.

• Minimize the insertion losses of the beam-switching network.

• Investigate the possibility of dynamic beam steering and beamforming
with the beam-switching antennas.

The research is done at the lower E-band frequency range, (i.e. 71-76 GHz),
which can be potentially used for the point-to-point backhaul radio link. The
wide beam-steering capability and beam-recofigurability could make the beam-
switching antennas suitable for the access links. The author believes that the
efficient antenna solutions with reduced number of active components will mini-
mize the cost and power consumption of the new generation of communication
systems.
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1.3 Scientific merits

The major scientific contributions of this dissertation are summarized as follows:

1. Design and characterization of high gain integrated lens antenna (ILA)
operating at 71-76 GHz [I].

2. Focal length or form-factor reduction of an ILA:

• Investigation of potential and challenges in using the high relative
permittivity materials to reduce the focal length of an ILA [II].

• Design, analysis and implementation of a low-profile integrated
metal-plate lens (IMLA) based on combination of a dielectric ILA
and metal-plate lens [IV][V].

3. Scan loss reduction of an ILA:

• Implementation and characterization of an ILA with feeds on the
spherical surface to minimize scan loss [III].

• Design and implementation of the scan loss reduction technique for
an ILA based on the radiation pattern tilting of the offset feeds along
the focal plane [V].

4. Numerical study the ILA radiating properties with respect to varying mu-
tual coupling and port impedance mismatch between the beam-switching
array elements [VI].

5. Implementation of a beam-switching network with a high-gain vector mod-
ulator integrated circuit [VII]. Demonstration of the beam-reconfigurability
of the beam-switching antenna.

6. Design and demonstration of the techniques to control the power coupled
to series array radiating elements fed with substrate integrated waveguide
[VIII].

1.4 Structure of dissertation

This thesis consists of an overview and eight publications. The overview section
is divided into six chapters and provides the relevant background knowledge to
the thesis, as well as, a brief summary and major outputs of the research work.

In Chapter 2, the essential antenna parameters are defined and the relevant
literatures are reviewed. Chapter 2 also establishes the motivation for objectives
set in this dissertation. Chapter 3 and 4 summarize the publications. Chapter
3 concentrates on the ILA and various methods implemented to decrease focal
length and scan loss [I], [II], [III], [IV], and [V]. Chapter 4 focuses on the feed
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network of the beam-switching antennas [VI], [VII], and [VIII]. Summaries of
the publications are included in Chapter 5. Chapter 6 presents some conclusions
based on the achieved results and discusses possible future work.
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This chapter discusses the basic antenna parameters that are most relevant to
this thesis. In addition, the literature review of the antennas with potential to
meet the requirements of 5G is presented and the recent developments in the
relevant field are discussed.

2.1 Antenna parameter

Antennas are a means of transmitting and receiving radio waves [20]. An
antenna transforms the alternating current in a transmission line into the
electromagnetic (EM) waves in the free space and vice versa. An antenna is a
typically passive and reciprocal device, in other words, the transmitting and
receiving characteristics of the antenna are the same. As a single antenna
cannot efficiently operate in the entire radio spectrum, an antenna is designed
to operate at a specific frequency or range of frequencies known as operation
bandwidth.

Based on the field distribution, the space around an antenna can be divided
into the reactive near-field region, the radiating near-field region, and the far-
field region. The region surrounding an antenna where the normalized radiation
pattern is independent of the distance from the antenna is known as the far-field
region. For an antenna with electrical size, Da, comparable or larger than the
wavelength, the far-field region is the space beyond the distance

rF = 2D2
a

λ
(2.1)

from the antenna, where λ is the wavelength in free space. Most of the antenna
radiation properties such as radiation pattern and directivity are measured
in the far-field region. The radiation pattern is a graphical representation of
the directional variation of the power radiated by an antenna. The normalized
radiation patterns of an isotropic radiator and the 5-element array with half-
wavelength separation are shown in Fig. 2.1 (a) and (b) with cartesian and polar
plot, respectively. The radiation pattern helps to visualize important antenna
parameters, such as the main lobe, half-power beam width (HPBW), side lobes,
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and nulls. The main lobe or main beam is the lobe in the radiation pattern
containing the highest power. The HPBW is the angular extent of the main lobe
in which the magnitude of the radiation pattern is larger than 50% (or -3dB) of
the peak power. Any lobe in a radiation pattern that is not the main lobe is a
side lobe, and the side lobe in the opposite direction from the main lobe is called
the back lobe. The radiation pattern also helps to visualize the directivity of an
antenna.
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Figure 2.1. Azimuth cut of the normalized radiation pattern of an isotropic radiator and 5×5
array with the element-separation distance of 0.5λ in (a) cartesian and (b) polar
coordinate system.

Directivity measures the ability of an antenna to focus the EM radiation toward
a specific direction. Directivity is defined as the ratio of radiation intensity in
any direction to average radiation intensity over all directions. The maximum
directivity of an antenna is expressed as

D = 4πUmax

Prad
(2.2)

where, Umax is maximum radiation intensity (W/unit solid angle) and Prad is
the power radiated by the antenna. In the case of an isotropic antenna, the
directivity is equal to 1 and higher directivity means the radiated power is
focused in a narrower angular range.

The ratio of the radiation intensity of an antenna in a given direction to the
radiation intensity of a isotropic antenna is known as the gain. The radiation
intensity of the isotropic radiator is equal to the power accepted divided by
4πr2 [20]. The maximum gain can be expressed as

G = 4πUmax

Pacc
= ηrD (2.3)

where ηr is the radiation efficiency of the antenna, which is defined as the ratio
of power radiated to power accepted, (i.e. ηr = Prad/Pacc). In an ideal case, for
a lossless antenna with ηr = 1, the directivity and gain are equal. However, in
practice, all the accepted power is not radiated, a fraction of power is dissipated,
and, therefore, 0< ηr < 1 and the gain is smaller than directivity.
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The realized gain differs from the gain as it also considers the matching
efficiency, ηm, in addition to the radiation efficiency ηr. The realized gain is
expressed as

Gr = ηrηmD. (2.4)

The matching efficiency is expressed as ηm = 1−|Γ|2, where |Γ| is the reflection
coefficient. The reflection coefficient is a parameter that describes the amount
of EM wave reflected due to impedance mismatch [21]. Mathematically, the
reflection coefficient, Γ, is expressed as

Γ= Za −Zs
Za +Zs

(2.5)

where Za and Zs impedance of the antenna and RF source, respectively.

2.2 High-gain and beam-steering antennas

The antenna gain can be related to its physical aperture, Ap, aperture efficiency,
ηap, and radiation efficiency, ηr, as [22]

G = 4π
Ap

λ2 ηapηr (2.6)

The aperture efficiency, ηap, is defined as the ratio of effective aperture to the
physical aperture of an antenna. The aperture efficiency is the ability of an
antenna aperture to convert available power into plane waves or vice versa.

The above equation states that the antenna gain can be improved by increasing
Ap, ηap, and ηr. As the efficiencies, both ηap and ηr, range between 0 and 1,
the improvement in gain due to the efficiencies is limited. Therefore, significant
gain improvement can only be achieved by increasing the physical aperture of
an antenna. With increasing gain, the beamwidth becomes narrower. Therefore,
beam-steering capability is favoured to achieve wide angular coverage.

A parabolic reflector antenna mounted on the gimbal or rotator has been
popularly used in radio astronomy, satellite communication, and point-to-point
radiolink applications to achieve high gain and beam steering [23], [24]. The
mechanical steering is slow and requires significant volume [23]. The availabil-
ity of phase shifters, power amplifiers, and RF switch MMICs has facilitated
the implementation of electronic beamsteering. The phased array antenna, inte-
grated lens antenna, reflectarray, transmitarray and leaky-wave antenna have
been popular choices for applications requiring high-gain and beam-steering
antennas [17], [25]–[28].

2.2.1 Phased array antenna

An antenna array is a group of two or more simultaneously radiating elements ar-
ranged in a geometrical grid. An array can also be regarded as the discretization
of a large aperture into smaller radiating elements whose excitation amplitude
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and phase can be controlled. The radiation pattern of an array is calculated by
adding the radiation pattern of individual radiating elements [20]. The control
over the excitation amplitude and phase of the radiating elements enable con-
structive or destructive summation of the fields to the desired directions, and
beam steering is implemented. The directivity of an array is proportional to the
number of array elements, the distance between the array elements, and ele-
ment directivity. To avoid grating lobes in the radiation pattern, the separation
distance da between the array elements should be

da < λ

1+sin(θmax)
(2.7)

where, θmax is the maximum steering angle of the array [29]. Typically, the
array elements are separated by approx. λ/2 distance to achieve a wide steering
range without the grating lobe. The steering angle of an array is determined
by the phase difference between the array elements. Ideally, there is no limit to
the beam steering range of a phased array. However, in practice, the non-ideal
element pattern and mutual coupling between the array elements limit the
steering range.

Radiation pattern

Antennas

Amplifiers

Phase shifters

Power division network

φ φ φ φ φ φ φ φ φ φ

da

Figure 2.2. Schematic diagram and radiation patterns of a 10-element phased array with da =
λ/2 and cosine-type element pattern.

Generally, the phased antenna arrays are implemented on a printed circuit
boards (PCB) due to ease in the integration of the active components [14], [30],
[31]. A microstrip patch antenna is a popular choice as a radiating element for
PCB-based arrays. The multi-channel beamforming chips are used to control
the excitation of array elements [31]–[33]. The beamforming chips consist of
a phase shifter and variable gain amplifier in each channel. For example, the
beamformer chip in [30] can provide upto 25 dB of amplitude control and 360°
phase control with approx. 5.6° steps. The phase shifter resolution of 5° provides
the beam-steering resolution of 1.4° with the progressive phase shift across the
8×8 array [34]. The beam steering resolution can be further improved with
the non-uniform phase gradient across the radiating elements. In addition, the

22



High gain antennas

vector modulator MMICs are also used that give upto 30 dB amplitude and 360°
phase control [35].

In [36], an array of 1024 elements is designed to meet the requirements of Ku-
band satellite communication systems. A 16×16 array is designed by combining
4×4 phased array modules to achieve 28.8 dB directivity and a beam steering
range of ±70° in both azimuth and elevation planes. The PAA can also be used
to tailor the radiation pattern [14]. The 8×8 Vivaldi array demonstrates the
dual-polarized operation at the Ka-band and steers the main beam to ±60° with
a 3 dB scan loss [37].

As the number of array elements increases, the transmission line losses and
the number of active components, (i.e. phase shifters, low noise amplifiers [LNA],
and power amplifiers [PA]), also increase. The transmission line losses can be
minimized by using low loss transmission lines, such as waveguides or substrate
integrated waveguides (SIW) [38], [39]. Most of the power consumed by active
components is dissipated as heat, therefore, a cooling system is essential [18]. A
higher number of active components also lead to an increase in the cost.

2.2.2 Beam-switching antennas

A beam-switching antenna (BSA) is the combination of a passive beamforming
network (BFN) and radiating elements. A passive BFN is a multi-input and
multi-output network that generates unique amplitude and phase distribution
across its output ports for each input port. As the single input port of a BFN
can excite many radiating elements, a high gain can be achieved with lower
feed complexity. Typically, the input ports of BFN are designed or positioned to
steer the main beam in different directions to achieve beamsteering. Typically,
only one input port of the BFN is connected with the RF source at a time. The
input port selection of a BFN is done with a network of RF switches, known as
a beam-switching network (BSN). The BSAs are popular in applications that
require high gain and narrow beam steering ranges. In comparison to the PAA,
illustrated in Fig. 2.2, the BSA in Fig. 2.3 can achieve a similar gain with lower
feed lines and active components.

The number of input ports of a BFN equals the number of beams generated by
the BSA. The passive beam steering or generation of limited predefined beams
is considered as a major drawback of the BSA. Generation of the reconfigurable
beams with BSA has been demonstrated in [40], [41]. The BSA in both works is
based on the concept of simultaneous excitation of multiple input ports of the
passive BSN. The publication [VII] presents a solution to generate reconfigurable
beams with BSA.

An electronic BSN is implemented with the RF switches [42], [43] . In OFF
state, an RF switch provides better isolation than -25 dB [44]. The insertion loss
of a RF switch ranges between 2-3 dB at millimeter-wave (mm-wave) frequency
[19]. With an increasing number of feed lines, the RF-switches are arranged
in cascade connection and the total insertion loss is the sum of insertion loss
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Figure 2.3. Schematic layout and radiation patterns of a BSA consisting a passive BFN with
four input ports and 10 radiating elements.

at each stage. The BSN for an array of 64 antennas is implemented with four
layers of cascaded SP4T switches in [45]. The total insertion loss in the BSN is
approx 15 dB. In [46], the insertion loss of the BSN designed with two layers of
cascaded SP4T switches is 6.5 dB. In Publication [VII], the RF switch is replaced
with the high-gain vector modulator IC in the BSN to minimize the insertion
loss.

The Rotman lens, Butler matrix, Nolen matrix, and Blass matrix are commonly
used BFNs for applications requiring high-gain and beam-steering antennas
[47]–[50]. Generally, the output ports of the BFN are connected to an array of
radiating elements to generate a directive beam [43], [51]. The above-mentioned
BFNs are used to excite linear arrays. As a result, the beam is steered along one
dimension. 2D beamsteering has been implemented with planar BFN using the
frequency-steering series array [52]. The excitation phase of the series-array
elements changes with the frequency, thereby steering the beam along the axis
of series array. An axially symmetric 3D lens antenna that operates based on
the beam-switching topology enables the 2D beamsteering and attains high
gain [53], [54]. The dielectric lens antennas are discussed in the next section.

2.3 Integrated lens antenna

A lens is a transmissive, shaped dielectric structure that focuses or collimates
the spherical wavefront. The use of dielectric lenses to collimate the radiation at
microwave frequency can be dated back to the late 19th century [55], [56]. The
operation of a lens can be understood by the principle of refraction and reflections.
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Based on the positioning of the feed, a lens antenna can be categorized into an
off-body fed lens and integrated lens antenna (ILA) [57]. A lens with the feed
antennas in direct contact with the lens body is defined as an ILA. An ILA helps
to minimize the substrate modes of the planar feed antennas and increase the
directivity of the feeds [58]. A simplified 2D diagram of an ILA is presented in
Fig. 2.4. Based on the shape of the collimating surface, the ILA can be further
categorized as an elliptical or hemispherical ILA.

2.3.1 Design

The design and operation of elliptical and hemispherical ILAs are detailed in [53]
and [59], respectively. As shown in Fig. 2.4, the length of the extension section,
Lell , of an elliptical ILA is calculated as

Lell = e ·ae, where e = 1�
εr

=
√

1−
(

be

ae

)2
(2.8)

In the above equation, e is the eccentricity of the elliptical ILA, εr is the relative
permittivity, ae is the major axis and be is the minor axis of the ellipse. The
focal length of the elliptical ILA f = ae + Lell . The extension length of the
hemispherical ILA, Lhem, can be estimated with

Lhem = R
1�
2

εr

εr −1
(2.9)

where R is the lens radius of the ILA [59]. The focal length of the hemispherical
ILA f = R+Lhem. For the elliptical and hemispherical ILA, the shape and focal
length depend on the εr. The aperture efficiency of an optimized elliptical and
hemispherical ILA is greater than 90% and 80%, respectively [60]. To achieve
optimal directivity, the focal length criteria must be met, which makes an ILA
bulky. However, a shorter focal length would make an ILA aesthetically pleasing
for commercial applications.

Over the years, the ILA has been designed to improve the gain, steer the
main beam, and generate the tailored or multi-beam radiation patterns [45],
[61]–[63]. The computer numerical control milling machine (CNC) and injection
moulding are the most commonly used manufacturing processes of an ILA. A
CNC can achieve upto 50 μm accuracy [57]. The injection moulding method can
be specially effective to fabricate multi-material ILAs [64]. Recently, 3D-printing
technology has assisted in prototyping the ILA at mm-wave and sub-THz fre-
quencies [65], [66]. The geometric optics (GO) and physical optics (PO) methods
are widely used to simulate the ILA radiation pattern at high frequencies. The
GO/PO simulations provide good accuracy in a short time compared to the
full-wave simulation methods [67].

The losses in an ILA can be categorized into: spillover, reflection and dielectric
loss [68]. The field incident and exiting from the extension section of the ILA
is not collimated towards the desired direction, it distorts the ILA radiation
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Figure 2.4. Schematic diagram of an elliptical ILA with BSN illustrating beam steering.

pattern and decreases the directivity. In practice, the absorbers are placed
along the extension section to prevent RF power leaking from the extension
section. In ray-tracing simulations, the field incident on the extension section
is not considered during far-field calculation and it is regarded as the spillover
loss [69].

The impedance difference at the ILA and free space boundary lead to the
reflections. The reflected field eventually exits from the lens after multiple reflec-
tions, either through collimating surface towards undesired direction or from the
extension section into the absorber. In case of low permittivity materials, with
εr < 4, the reflected rays have minimal effect on the ILA radiation pattern [70].
In ray-tracing simulations, the reflected fields are not considered in far-field
calculation, but rather categorized as loss [67], [68]. The reflection loss of an ILA
depends on the shape of the collimating surface and the εr of the ILA [71]. The
The internal reflections in an ILA can be minimized using a quarter-wavelength
matching layer in the collimating surface [72], [73]. The reflection loss of an
elliptical ILA can be decreased by making the minor axis is larger than the ra-
dius [68]. However, the larger minor axis increase the extension length, thereby
increasing the spillover loss and reducing the gain. A fraction of EM energy
radiated by the feed is dissipated in the ILA. The dissipation loss is proportional
to the loss tangent, tanδ, and the volume of the ILA. An analysis of the losses
demonstrates that a shorter focal length will help to minimize the spillover loss
and dielectric loss, thereby making it possible to design efficient ILAs.

The design equations of an elliptical and hemispherical ILA show that the focal
length can be reduced by using materials with higher relative permittivity. The
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focal length to diameter ratio, f /d for a Teflon (εr = 2.1), quartz (εr = 3.7), and
silicon (εr = 11.7) material are 1.15, 0.87, and 0.68, respectively [67], [74], [75].
The high permittivity materials are usually lossy, rare, expensive, and difficult
to shape which makes them less suitable for mass manufacturing. Furthermore,
the high permittivity materials suffers from high internal reflections and the
matching layer is required. The gradient index lens (GRIN) and multi-material
lenses are also designed to reduce the focal length [76], [77]. The fabrication of
GRIN lenses with a periodic subwavelength structure is challenging at mm-wave
frequencies. Moreover, the efficiency of the GRIN is lower than the homogenous
ILA [78], [79]. A multi-material ILA is designed in [77] with the MACOR εr =
5.5, and acrylic, εr = 2.53, materials attains the f /d ratio of 0.78. The radiation
efficiency of the double-shell ILA is approx. −6.2 dB which is mostly due to
higher dielectric loss in the MACOR and acrylic.

In [80] and [81], the air cavity along the feeding plane reduced the focal length
of a hemispherical ILA to reduce the focal length and weight. An approximately
50% reduction in the height of the 120-mm elliptical ILA is achieved by using the
2×2 array of ILA with 60 mm diameter [82]. However, the complexity in the feed
network also increases as the number of feed element increase from one to four.
A compact lens based on the folded Fresnel zone plate is designed to operate at
V-band and achieved the f /d of 0.22 [83]. The radiation efficiency of the antenna
ranges between 34 and 53 %. While the above literature provides significant
improvement in the ILA f /d ratio [80]–[83], the beam steering properties of the
lenses are not discussed.

2.3.2 Scan loss

The main beam of an ILA can be steered by changing the position of the feed
antenna along the focal arch or focal plane as shown in Fig. 2.4. In practice, an
array of feed antennas is positioned along the focal plane of the ILA and a single
feed is excited by an electronic BSN [25], [45]. As the main beam is steered away
from the boresight or the feed is located away from the focal center, the gain of
an ILA decreases. The reduction in gain with respect to the steering angle is
termed scan loss. In the case of an ILA, the increase in scan loss is caused by
the following factors:

• Reduction in effective aperture with increasing steering angle.

• Decrease in radiating aperture due to increase in total reflections as the
feed antenna move away from the focal center.

• Increase in spillover loss at larger feed offset position.

• Non-uniform amplitude and phase distribution across the ILA aperture
when the feed is at larger offset position from the focal center. Typically,
the main beam of feed antenna is directed towards the edge of the ILA
radiating aperture. Illustrated by red curve in Fig. 2.5.
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• Aberration (i.e. the distortion of phase pattern at the ILA aperture) caused
by offset in feed position between the ideal focal arch and focal plane.
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Figure 2.5. Schematics diagram illustrating the scan loss sources of an extended hemispherical
ILA when the feeds are positioned along the focal plane and focal arc.

An ILA with a shaped collimating surface is designed to combat the decrease
in the effective radiating aperture with increasing steering angle [84]. The
simulation study in [60] shows that the elliptical ILA with collimating surface
eccentricity of 0.78/

�
εr gives optimal beam steering performance for a 25° steer-

ing angle in comparison to the eccentricity of 1/
�
εr. In [85], the extension length

of the extended hemispherical lens is reduced by 0.6λ0 at 28 GHz to limit the
scan loss below 1 dB at a 30° steering angle. In both the above-mentioned
works [60], [85], the boresight directivity is compromized to minimize the scan
loss.

The aberration of the hemispherical ILA is minimized by using the double
lens system with 1.05 f /d, which limits the scan loss below 1.2 dB for a 30°
steering angle [86]. Similarly, a dual-lens system with 2.24 f /d is designed to
minimize the scan loss below 2 dB upto a 50° steering angle at 500 GHz [87].
The aberration of the GRIN lens and the dielectric dome lens is minimized by
feeding the lenses with the phased array antenna, which extends the scanning
range of the lens to ±60° and ±70°, respectively [79], [88].

The aberration is also minimized by positioning the feed along the focal arch
rather than the focal plane [89]. The design of the homogenous dielectric lens
with negligible aberration by placing the feeds along the spherical surface is
presented in [59]. An extended hemispherical ILA is designed and manufactured
from Teflon to steer the main beam to ±30° [90]. The feed elements are positioned
along the spherical surface to limit scan loss below 1 dB. The positioning of the
feeds along the focal arch also helps to minimize the spillover loss and improve
the amplitude distribution in the ILA radiating aperture, as shown in Fig. 2.5.
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GRIN lenses, especially the Luneburg lens, are suitable for the wide beam
scanning application [91]. A flat Luneberg lens with ultrawide 1D-beamsteering
capability has been demonstrated with various materials and techniques [92]–
[95]. For both homogeneous and GRIN lenses with the spherical feed surface,
designing feeding system for 2D-beamsteering is a challenge.

The off-axis reception performance of the silicon-ILA, used in an imaging
application, is improved by tilting the radiation pattern of the double-slot feed
antenna at the offset position. The feed pattern tilting improved reception from
a 45° angle by more than 5 dB [96].

2.3.3 Area of focal plane array

The relation between f /d and the area of the focal plane array (FPA) of an
elliptical ILA is discussed in this section. The f /d of an elliptical ILA is a
function of relative permittivity, as explained in Section 2.3.1. Based on Snell’s
law, for a given steering angle, θs, the offset feed position and the area of FPA is
proportional to f /d.

Fig. 2.6 shows that the FPA area is significantly smaller than the radiating
aperture area when the maximum steering angle, θs is small. With increasing
f /d and θs, the FPA area increase. It is not practical to steer the main beam to
wider angles with an ILA of larger f /d. For example, when θs = 40°, using an
ILA with an f /d greater than 1.08 will result in an FPA area larger than the
actual radiating area, which is not efficient and practical. In practice, the FPA
area needs to be a fraction of the actual radiating area. In [97], the silicon-ILAs
with 0.63 f /d steered the main beam to ±60° with an FPA area equal to a
quarter of the radiating aperture area. The small FPA area could result in fewer
feed elements, fewer active components, and lower transmission line loss, and
vice versa. It should be noted that the lower f /d is not a sufficient condition to
achieve larger steering angle, the ILA off-axis properties are also significant.
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Figure 2.6. Ratio of the FPA area to radiating aperture area of an elliptical ILA w.r.t. f /d for
varying steering angles, θs when d = 16λ. The scan loss of the elliptical ILA is not
considered during the calculations.

The ILAs with low f /d have lower losses, enable wide beam steering with
fewer active components, and dimension and weight reduction make it more
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appealing for commercial applications. Therefore, the publications [II], [IV], and
[V] are aimed towards minimizing the f /d of an ILA.

The number of FPA elements is determined by the maximum beam-steering
angle, θs, beam cross-over criteria, f /d of the ILA, and the minimum dimension
of the single FPA radiating element. As mentioned in previous paragraph, the
maximum steering angle, θs, and f /d of the ILA determine the FPA area. The
density of the FPA radiating elements is determined by the beam cross-over
level criteria. Most beam-steering applications require high beam cross-over
level, typically −3 dB, to provide continuous coverage. Higher beam cross-
over criteria and smaller f /d of the ILA lead to smaller interval between the
FPA elements [68]. However, the minimum possible separation distance is
determined by the dimensions of the FPA radiating elements. When the FPA
elements are placed in close interval the coupling increases. The effect of closely
positioned FPA elements on the ILA performance is studied in [VI]. A potential
solution to improve the beam cross-over level of the beam-switching antenna
with sparsely positioned FPA elements is discussed in [VII].

2.4 Antenna design

In general, the antenna design process starts with an objective or objectives,
which is followed by the study of relevant theories and previous works. Based
on the studies, a suitable antenna solution is proposed. The proposed antenna is
simulated and tuned to meet the objectives. The fabrication method and its re-
quirements are considered during the design and simulation phase. Finally, the
antenna is fabricated and measured to verify the achievement of the objectives.

2.4.1 Design and simulation

The EM simulations ease and expedite the RF design process and also help to
achieve desired results with fewer prototypes. The EM simulators allow to test
the ideas, estimate the properties of antennas and tune antenna designs before
building the prototype.

The dielectric ILAs presented in [I], [II], and [VI] are simulated with the
in-house MATLAB-based ray-tracing software. The far-field radiation pattern of
the feed antenna, simulated with the full-wave simulator, is used as the source
in ray-tracing simulations. The ray optics based simulator offers good accuracy
for a short computation time.

The simulations of more complex structure such as [IV], [IV], [VII], and [VIII]
are done with the commercial full-wave simulator, CST Microwave Studio. The
Computer-aided design (CAD) feature together with the various EM solver, such
as the time domain and frequency domain solver, makes the simulator suitable
for analyzing the complex structures.
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2.4.2 Measurement

The measurements of an antenna ensure that the properties such as impedance,
bandwidth, radiation pattern, gain, and polarization behave as designed and
meet the specifications and regulations. The impedance and coupling properties
of an antenna are verified with the scattering (S-) parameter measurements. In
addition, the S-parameter measurement determines the impedance bandwidth
of the antenna. The S-parameters are measured using a vector network analyzer
(VNA) that operates at the suitable frequency range. The calibration of the VNA
before an S-parameter measurement is essential to achieve the correct results.

The thesis deals with the electrically-large high-gain antennas, therefore, the
properties such as radiation pattern, gain, and polarization are measured with
the planar near-field measurement technique. The planar near-field measure-
ment requires small space as compared to the far-field measurement. In a planar
near-field measurement, the radiated fields are measured in a rectangular grid
in the radiating near-field zone of the antenna under test (AUT). The far-field
is calculated by Fourier transformation of the measured near-field and apply-
ing the probe compensation. In the thesis, all the near-field measurements
and far-field calulations are done with NSI 200V 5×5 scanner and NSI-2000
software, available at Aalto University. The gain of an AUT is estimated with
the gain comparison method. A reference antenna of known gain and the AUT
are measured with the same setup and their peak amplitudes are compared to
estimate the AUT gain.

The measured near-field data can be numerically transformed into the radiat-
ing aperture fields or holograms. The radiating aperture fields are numerically
calculated with Fourier transformation-based back-propagation of the measured
near-field data [98]. The feature is frequently used to verify the AUT operation
and diagnose the potential faults [V], [VII], and [VIII].
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3. Low-profile and low scan loss
integrated lens antenna

3.1 Introduction

The new generation of communication system, 5G, is adopting the mm-wave
frequency for access links and for back-haul the E-band (i.e. 71-76/81-86 GHz)
is taken in to use to complement currently used e.g. the 32, 38, and 58-60
bands [99]. In the backhaul radio links, the transmitting and receiving antennas
are fixed, in line of sight (LOS), and the link distance is larger [8]. Therefore, the
antennas need to have high-gain and narrow beam steering range. The high gain
antennas increase the hop length and maximize the data throughput [100]. The
beam steering capability combats the accidental misalignment of the antennas.
As discussed in Section 2.2.2, the beam-switching antenna can provide high gain
with a limited number of feed lines. The ILA-based BSA has been implemented
for the point-to-point radio link [42], [45], [101].

The operation scenario is different in the radio access link. User equipment
functions at closer distances, constantly moving and the background is changing.
The access link antennas at the base stations need more than a 20 dBi gain
and awide beam steering range, approx. ±60°, especially along the azimuth
direction [15], [16]. Dynamic beamforming that gives control over the directivity,
beamwidth and main beam angle of the radiation pattern is important to operate
in an ever-changing environment [14]. The PAA has been widely adopted for
the 5G radio access link as it meets most requirements [14], [15], [30], [33]. In
general, in a 28-GHz 5G access network, the phased array antenna with 64
elements has been implemented to achieve directivity around 23.2 dB [34].

The mm-wave massive MIMO is regarded as an enabling technology for 5G
[102], [103]. Accordingly, the access link antennas need to support mm-wave
massive MIMO. Implementation of mm-wave massive MIMO with PAA requires
exceptionally high transceiver complexity. Recent studies showed that the
implementation of mm-wave massive MIMO with dielectric lens improves the
performance and reduces the transceiver complexity and cost [104], [105]. The
dielectric lenses for massive MIMO operations are expected to achieve wide
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angular coverage.
The possibility to achieve high gain with a reduced number of feed lines is a

major advantage of an ILA. However, the ILA beamsteering range is inherently
narrow and scan loss is high which makes it less suitable for the radio access
link. Various ILA solutions are presented in [II], [III], and [V] to enable a
wide steering range with minimum scan loss. As discussed in Section 2.3.3,
an ILA with smaller a f /d enables wide beam steering with less feed lines.
Furthermore, the ILAs with shorter f /d also save volume and are aesthetically
pleasing. Therefore, ILA designs to achieve high gain, minimize f /d ratio,
and improve efficiency are presented in [I], [II], [IV], and [V]. All the ILA
prototypes are designed to operate at the lower E-band, 71-76 GHz, dedicated to
communications. However, many developed solutions can be adapted for lower
frequency bands.

3.2 Integrated lens antenna for backhaul application

An integrated lens antenna (ILA) is designed, fabricated and characterized to
meet the European Telecommunications Standards Institute (ETSI) regulations
for the point-to-point antenna for fixed radio systems operating at the frequency
range of 66 - 86 GHz [I]. The regulation stipulates that the minimum nominal
antenna gain greater than 38 dBi and the beam steering range of ±5° [106].
An in-house MATLAB-based ray-tracing software is used to simulate the ILA
performance.

The simulation study suggested that materials with the relative permittivity,
εr, between 4 and 5 are suitable for the optimum gain performance of the ILA
(see Fig. 3.1). However, it is difficult to find materials with a low loss tangent,
tanδ, at the above-mentioned εr range that are suitable for mass manufacturing.
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Figure 3.1. (a) Gain variation of the 120-mm elliptical ILA with varying permittivity, εr , when
fed by the WR-10 OEWG with 8.27-dB directivity and (b) directivity and gain of
the HDPE-based elliptical ILA as a function of the feed directivity at 73.5 GHz.
Reprinted from [I].
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(a) (b)

Figure 3.2. (a) 2D shape and (b) fabricated 160-mm ILA with the supporting PVC structure.
Reprinted from [I].

The High-Density Polyethylene (HDPE), εr = 2.31, tanδ = 0.0002, material
is chosen for ILA design, primarily due to its low tanδ [107]. In addition, the
density of the HDPE, which is 0.97 g/cm3, is lowest among the dielectric material
used for an ILA design which helps to minimize the weight.

The efficiency of the ILA can be improved by optimizing the feed directivity.
The simulation study of the elliptical ILA of Polyethyelene material illustrates
that the feed directivity of 13-14 dB provides the maximum ILA boresight gain
(see Fig. 3.1 [b]). The directive feed significantly decreases the spillover loss
and the reflection loss decreases marginally. The radiation pattern of a WR-10
open-ended waveguide (OEWG) with 8.27 dB directivity is used as the source in
the ray-tracing simulations.

The ILA diameter of 160 mm is selected to achieve a minimum 38-dBi gain
towards the boresight. The length of the extension and collimating section are
66.2 mm and 110.2 mm, respectively. The total height of the lens is 176.4 mm
and the focal length to diameter ratio, f /d, is 1.1, as shown in Fig. 3.2 (a). Fig.
3.2 (b) shows the fabricated ILA with PVC support structure.

The simulated directivity of the ILA is 41.8 dB and the total loss is 3.55 dB. The
spillover, reflection, and dielectric losses are 1.8, 1.3, and 0.45 dB, respectively.
The simulated and measured gain of the ILA fed with the WR-10 waveguide are
38.23 dBi and 38.85 dBi, respectively, as shown in Fig. 3.3. The measured HPBW
and SLL of the ILA are 1.4° and -17.77 dB, respectively. Both, the simulation
and measured radiation patterns comply with the radiation pattern envelope
(RPE) regulation of the ETSI. At θ > 60°, the SLL is higher than the RPE. The
reflections from the outer edge of the collimating surface might be a potential
source of higher SLL. The main beam is steered to 5° by displacing the feed to a
9.2 mm offset position from the focal center. The simulated and measured scan
loss are 1.52 dB and 2.3 dB, respectively.
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Figure 3.3. Comparison between the measured (—) and simulated (- -) radiation patterns of the
160-mm lens at (a) boresight and (b) few beamsteering angles. Black curve in (a) is
radiation pattern envelope (RPE) by ETSI for antennas used for point-to-point radio

link at 71-86 GHz. Reprinted from [I].

Based on the simulation results presented in Fig. 3.1, the WR-10 OEWG
directivity of 8.3 dB is not optimal of the ILA gain. Fig. 3.4 (a) demonstrates
a stacked aperture coupled microstrip patch antenna (ACMPA) feed with 11.1
dB directivity is designed to improve the gain performance of the ILA. The
simulation study shows that the boresight gain improves by approx. 2 dB
compared to WR-10 OEWG feed (see Fig. 3.4 [b]). The scan loss at 5° steering
angle improves by 0.7 dB with the stacked ACMPA feed. When the stacked
ACMPA is surrounded of identical elements, the feed directivity is 9.6 dB and
the ILA gain improves by 1.3 dB compared to WR-10 OEWG feed.
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Figure 3.4. (a) Side view of an isolated stacked ACMPA feed antenna and (b) radiation pattern
comparison of the ILA with waveguide (· · ·), stacked ACMPA with surrounding

identical elements (- -) and isolated stacked ACMPA (—) feeds. Reprinted from [I].

This work demonstrates that the traditional dielectric ILA can achieve high-
gain and a narrow beam-steering range with fewer radiating elements compared
to a PAA. Furthermore, it highlights that the ILA is bulky, f /d = 1.1, losses are
substantial, 3.55 dB, and the scan loss is significant, 2.3 dB at a 5° steering
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angle. The remainder of the chapter focuses on various techniques to improve
the traditional ILA.

3.3 Effect of material properties

In [II], we aim to understand the benefits and disadvantages of using a high
εr material for ILA design. Two ILAs are designed with Rexolite (εr = 2.53,
tanδ = 0.0013) and PREPERM L450 (εr = 5.01, tanδ = 0.0046) materials. The
dimensions and far-field properties of the ILAs are compared to demonstrate the
effect of material properties.

The ILAs with higher εr reduces the height or focal length of an ILA (see Fig.
3.5 [a]). With increasing εr and fixed tanδ = 0.0006, the length of the extension
section and the spillover loss decrease. However, the higher εr material usually
have higher tanδ or are rare, difficult and expensive for mass production. Since,
the dielectric loss of an ILA is proportional to tanδ and volume of the ILA, the
lossy dielectric material is not an ideal choice for the high gain or large ILA
design. A representative example is shown in Fig. 3.5 (b), where elliptical ILAs
with the L450 material are simulated with diameters ranging from 100 to 300
mm. The directivity of the L450-ILA is proportional to its diameter, however,
the gain decreases after the diameter exceeds 200 mm which is due to excessive
dissipation loss.
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Figure 3.5. (a) The losses and height variation of the 120-mm ILA w.r.t. εr , for constant tanδ =
0.0006, and (b) simulated gain and directivity variation of the L450-ILA (εr = 5.01,

tanδ = 0.0046) w.r.t. diameter. Reprinted from [II].

The 2D cross-section of the designed ILAs and fabricated ILAs are shown in Fig.
3.6 (a) and (b), respectively. Both designed ILAs have a radius R of 32 mm. The
f /d of the Rexolite and L450 ILAs are 1.13 and 0.88, respectively. The collimating
surface of both ILAs is designed with a minor axis of the ellipse, be = 1.1×R to
minimize the internal reflections and scan loss [68]. The radius smaller than the
minor axis minimizes the reflection at the edges of the collimating surface, which
helps to avoid high SLL at larger angles, as shown in measurement results of
[I]. Furthermore, the larger minor axis of collimating surface also minimizes the
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reflections when the feeds are at offset positions, which leads to improved beam
steering performance. The ILAs are studied with ray-tracing simulations and
the radiation pattern of the WR-10 waveguide is used as the feed.
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Figure 3.6. 2D-cut view of the designed ILAs, and (b) fabricated ILAs with L450 (right) and
Rexolite (left) materials. Reprinted from [II].

The simulation and measurement results presented in Fig. 3.7 highlights that
the boresight gain of the ILAs are comparable. At 73 GHz, the measured bore-
sight gain of the Rexolite and L450 ILAs are 28.7 dBi and 29.4 dBi, respectively.
While, the total loss between the two ILAs are equivalent, the major source of
loss is different. In the case of the Rexolite ILA, the spillover loss, 2.74 dB, is
maximum whereas, in the case of the L450 ILA, the dielectric loss of 3.7 dB is
the most significant.
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Figure 3.7. Measured (a) peak realized gain and (b) gain radiation pattern comparison of the
Preperm-ILA (- -) and Rexolite-ILA (—) at 73 GHz. Reprinted from [II].

The WR-10 OEWG feed is translated away from the focal center to steer the
beams. The feed is moved at the step of 3.1 and 1.65 mm for the Rexolite
and L450 ILAs repectively, to achieve −3dB beam-overlapping. To achieve the
steering angle of 24°, the WR-10 feed is moved to an 18.6 and 9.9 mm offset
position for Rexolite and L450 ILA, respectively. The smaller feed offset position
for the L450-ILA is due to the smaller focal distance compared to the Rexolite-
ILA. At a 24° steering angle, the scan loss of the Rexolite- and L450-ILAs are
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4.9 dB and 4.3 dB, respectively. The lower scan loss of the L450 ILA is mainly
due to the smaller feed offset position and the directive radiation pattern of the
WR-10 OEWG due to the high εr of L450 material.

The work demonstrates that the focal length and feed area of an ILA can be
decreased by using high εr material. The tanδ of the high εr material might be
the limiting factor when designing high gain ILA. Compared to a traditional ILA,
the scan loss can be minimized by shaping the collimating surface. However,
the scan loss of 4.5 dB and steering range of 24° must be improved to make it
commercially viable.

3.4 Dual-spherical integrated lens antenna

The extension of the beamsteering range and reduction of the scan loss by placing
the feeds along the focal arc is demonstrated in [III]. An extended hemispherical
lens antenna is designed with the Teflon (εr = 2.1 and tanδ = 0.001) material
and its f /d is 1.22. The diameter and focal length of the Teflon lens are 52 mm
and 63.5 mm, respectively (see Fig. 3.8). Sixteen Vivaldi feeding antennas are
positioned on the spherical surface of radius 37.5 mm to steer the main beam
to ±40°. The 1 × 16 beam-switching network is implemented with an SP4T RF
switches. The lens and beam-switching feed array are designed to operate at the
lower E-band, that is, 71-76 GHz.

Figure 3.8. Extended hemipherical ILA with a Vivaldi feed on the spherical surface. Reprinted
from [III].

The comparison between the simulated and measured peak realized gain is
shown in Fig. 3.9 (a). The measured realized gain of all the beams peak at
the designed frequency range. The peak measured realized gain of 19.6 dBi
with the beam-switching network is attained by beam 7 at 71 GHz. Within the
frequency range of interest, the difference between the simulated and measured
gain of beam 7 varies between 0.8 to 3.4 dB. The radiation leakage from the
end-launch connector could be the source of additional loss. The normalized
radiation pattern comparison betweeen the measurement and simulation is
shown in Fig. 3.9 (b). For the ±40° steering angle, the simulated directivity
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Figure 3.9. Comparison between simulated (- -) and measured ( ) (a) peak realized gain, and
(b) normalized radiation pattern at 71 GHz of the dual-spherical ILA. Reprinted from
[III].

scan loss of the dual-spherical ILA is 0 dB or negligible. With the realistic
beam-switching feed network, the simulated gain scan loss of beam 1 is 1.5 dB
compared to beam 8. The scan loss is caused by the longer transmission line
length of the feed elements at larger offset positions. The measured scan loss of
the dual-spherical ILA with the feeding network is 2.8 dB with respect to beam
8. The measured scan loss of the dual-spherical ILA for ±40° steering angle
excluding the beam-switching network loss with the feed 1 and 16 are are 1.2
and 1.3 dB, respectively. The higher measured scan loss is potentially due to the
radiation blockage and reflections from the metallic support structure that is
used during measuring.

The dual-spherical ILA in [III], constant-εr spherical lens in [108] and Luneb-
urg lens in [92] have feed antennas on a curved surface. The ILA design in
[III] steers the main beam to ±40° whereas, both the constant-εr spherical [108]
and Luneburg lens in [92], managed to achieve the ultra-wide scanning range
of ±90°. The operation of dual-spherical ILA [III] is like constant-εr spherical
lens [108], therefore, the scanning range of the ILA can be improved with careful
choice of feed location and material permittivity. The f /d ratio of the lenses in
[III], [108], and [92] are 1.2, 1.4, and 1, respectively. In case of the constant-εr

spherical lens, the feeds are not in direct contact with the lens which leads
to higher f /d as compared to the traditional hemispherical ILA in [III]. The
f /d ratio of the Luneburg lens is equal to 1, however the manufacturing of the
Luneburg lens is challenging, especially a 3D Luneburg lens. The simulated
efficiency of the dual-spherical lens presented in [III] is approx. 50% which is
comparable to the constant-εr spherical lens, whereas the efficiency of the flat
Luneburg lens is 66%. All the lens antennas, [III], [108], and [92], steers the
main beam along one plane and positioning of the feeds to steer the main beam
in both planes is challenging with the curved feeding surface.
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3.5 Integrated metal-plate lens

The operation of a lens antenna can be explained based on the electrical path
length equality of the rays propagating through various segment of collimating
surface. Compared to the free space, the length of the electrical path is shorter
when the wave is passing through a medium that has εr < 1 and longer when εr

> 1. The electrical path length of a traditional ILA can be shortened by replacing
the freespace, with material that has εr < 1. Materials with εr < 1 does not exist
in nature. However, an effective εr between 0 and 1 can be realized when the
wave is propagating through parallel plates. An off-body metal-lens antenna
based on the parallel plates along the E-plane was proposed in [109] and later
applied in various applications [110]–[112]. In [IV], an integrated metal-plate
lens (IMLA) is designed by combining the traditional dielectric lens and the
metal-plate lens to shorten the focal length as shown in Fig. 3.10.

Based on the ray path equality principle, the interface between the dielectric
lens and the metal plate lens can be calculated as:

(εr −εrm)y2 +2
�
εr f (

�
εr −�

εrm)y+εr z2 = 0 (3.1)

where εrm = 1−(
λ0
2a

)2
is the effective relative permittivity of the metal-plate

lens and a is the parallel plates separation distance. Since the effective relative
permittivity εrm is dependent on frequency, the operating bandwidth of the
IMLA is limited.

(a) (b)

Figure 3.10. (a) Side view and (b) top view of the integrated metal-lens antenna (IMLA).
Reprinted from [IV].

3.5.1 Volumetric analysis

In [IV], the variation in the focal length, f , of an IMLA with varying εr of
the dielectric lens and εrm of the metal-plate lens is studied with full-wave
simulations. The effective relative permittivity of the metal-plate lens can be
varied by changing the separation distance, a, between the plates. Fig. 3.11
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(a) shows that the εrm between 0 to 0.95 can be achieved by varying a between
(0.5-2)λ0.
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Figure 3.11. Relation between the parallel plates separation a and effective permittivity εrm
and refractive index ηm of the medium. Total height and f /d ratio comparison
between the elliptical ILA and the IMLA for varying material permittivity. Radius
is 4λ0 and a = 0.6λ0.

As a traditional ILA, the focal length or height of the IMLA decreases with
increasing εr. Fig. 3.11 (b) shows that the f /d ratio of an IMLA is shorter than
that of the traditional ILA with the dielectric material of same εr. The reduction
of the f of an IMLA is more effective with low εr materials, for example, with
a = 0.6λ0, for low εr material such as Teflon, the f decreases by approx. 36%,
whereas for materials with εr = 10, the f decreases by 14% .
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Figure 3.12. Collimating surface profile of the dielectric lens and the height comparison between
elliptical ILA and the I-MLA with varying plate separation. Radius of the lens is
4λ0 at 73.5 GHz. Metal-lens is not shown. Reprinted from [IV].

The change in the IMLA height and the shape of the dielectric-metal interface
with respect to plate separation distance, a, is shown in Fig. 3.12. The f of an
IMLA can be decreased with a smaller a. The eccentricity of the dielectric-metal
interface also decreases with reduced a. When a = ∞, i.e. no metal-plate lens,
the eccentricity and shape of the lens same as the elliptical ILA, i.e. e = 1/

�
εr,

and when a =0.5 λ0, the shape of the dielectric-metal boundary is hemispherical,
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i.e. e = 0.
Peak directivity comparison of the 4-λ0 IMLA designed with Teflon dielectric

material illustrates that with the decreasing εrm the directivity and directivity
bandwidth of the IMLA decreases (see Fig. 3.13 [a]) . The dielectric gradient
at the dielectric-metal interface increases with decreasing a. The increasing
impedance mismatch creates higher reflection towards the back direction as
shown in Fig. 3.13 (b). Therefore, the matching layer between the dielectric and
metal-plate lens is essential for the optimal performance of the IMLA.
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Figure 3.13. (a) Peak boresight directivity and (b) directivity radiation pattern w.r.t. vary-
ing plate separation a of 4λ0 IMLAs with Teflon material. In (a), the black line
represents the directivity of uniformly illuminated aperture of same dimensions.
Reprinted from [IV].

In [IV], an IMLA is designed and simulated with Teflon material and metal-
plate lens with a = 0.575λ0 to operate at 73.5 GHz, as shown in Fig. 3.14.
The design shows that the height of the IMLA is 35% smaller than the tradi-
tional elliptical ILA designed with Teflon material. The simulation results also
demonstrate that the gain and efficiency of the IMLA are comparable with the
traditional elliptical ILA at the designed frequency. The simulated 3-dB gain
bandwidth of the IMLA is 9% between 71 and 78 GHz (see Fig. 3.15 [a]). Fig.
3.15 (b) shows that the simulated scan loss of the IMLA, 7.4 dB for a 30° steering
angle, is comparable to a traditional ILA.

The feasibility of combining the metal-plate lens and dielectric lens to shorten
the focal length of a tradiational ILA is studied. The volumetric analysis of the
IMLA with the simulations show that the IMLA provides a significant reduction
in the focal length while maintaining efficiency. However, the reduction in
bandwidth, substantial scan loss, and fabrication complexity are the primary
drawbacks. It is important to note that a small f /d can be achieved with an
IMLA without using lossy or rare high εr materials as discussed in [II]. The f /d
of the IMLA designed in [IV] is comparable to that of an elliptical ILA designed
with silicon, εr = 11.7.

43



Low-profile and low scan loss integrated lens antenna

Figure 3.14. Cut view of the designed 8λ0 I-MLA structure with matching layer.
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Figure 3.15. Maximum gain (- -) and directivity (—) comparison of elliptical ILA and IMLA with
matching layer and without matching layer w.r.t. frequency. Lens radius is 8λ0 at
73.5 GHz. Gain radiation pattern comparison between I-MLA (—) with matching
layer and elliptical ILA (:) w.r.t. various beam steering angles. Lens radius is 8λ0
at 73.5 GHz. Reprinted from [IV].

3.5.2 Fabrication

The practical implementation and performance improvement of the IMLA are
further studied in [V]. An IMLA of 16λ0 diameter is designed to operate at the
center frequency of 73.5 GHz. The dielectric lens is constructed by machining the
HDPE material. The simulation model of the designed IMLA with the matching
layers and square-waveguide feed is shown in Fig. 3.16.

The metal-plate lens is manufactured by assembling 58 laser-cut stainless
steel plates, that means, 29 plates in each orthogonal directions. The separation
between the plates is 0.56λ0. The intersecting slots are made in the plates
to interleave the plates in orthogonal directions (see Fig. 3.17). Initially, the
thickness of the plates and intersecting slot width was equal to 50 μm. The focal
length of the IMLA is 11.1 λ0 and the f /d is equal to 0.69. The square waveguide
with a 3.09 mm radiating aperture width is used as a feed antenna. The impact
of the feed directivity on the IMLA performance is similar to the traditional
ILAs. Since, the f /d and extension length of the IMLA are smaller than the
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Figure 3.16. Orthographic view with the E-plane cut of the IMLA showing the dielectric-metal
(blue dashed line) and waveguide-air (red dashed line) matching layers. The inset
shows the yz cross-section view of the square waveguide (light grey), waveguide-
lens dielectric pin (blue), the transition plates (dark grey), and WR-12 waveguide
(yellow). Dimensions are in mm. Taken from [V].

traditional ILA, the optimum feed directivity is lower. The optimum gain of the
16-λ0 IMLA and traditional ILA with HDPE material is achieved with 12-dB
and 14-dB feed directivity, respectively.

Two matching layers are implemented at the dielectric-metal interface and
the metal-air interface to minimize the reflections as shown in Fig. 3.16. The
matching layer at the dielectric-metal interface is designed by corrugating
the right trapezoidal dielectric pins on the surface of the dielectric lens. The
matching layer between the metal-plate lens and the free space is implemented
by cutting the trapezoidal slots in the metal plates, as shown in Fig. 3.17. Both
matching layers are designed to minimize the reflections upto 30° steering angle
of the IMLA. The matching layers improve the simulated gain of the IMLA by
1.4 dB. With both the matching layers, the f /d increases to 0.74.

The full-wave simulation of the IMLA shows that the IMLA operates at the
designed frequency. At 74 GHz, the simulated peak directivity and gain are 32.5
dB and 31.8 dBi, respectively. The aperture and radiation efficiencies are greater
than 50% and 83 % between 71-76 GHz. The simulated peak total efficiency is
64%.
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Figure 3.17. 2D CAD drawing of the center plates placed along the orthogonal direction/planes
of the metal-plate lens. Dimensions are in mm. Taken from [V].

To ease the fabrication, the thickness of the stainless steel plates and the
intersecting slot widths are revised to 80 μm and 105 μm, respectively. The
changes in dimension of the metal-plate lens shift the IMLA operation towards
a higher frequency. The fabricated dielectric lens, metal-plate lens and the
assembled IMLA are shown in Fig. 3.18 (a), (b) , and (c), respectively.

(a) (b) (c)

Figure 3.18. (a) The dielectric lens, (b) the metal-plate lens, and (c) the combination of the
metal-plate lens (top) and dielectric lens (bottom) to form the IMLA. Taken from
[V].

The back-propagated amplitude and phase distribution at the radiating aper-
ture illustrate that the IMLA operates as designed (see Fig. 3.19). When the
square waveguide feed is at the focal center, the phase distribution is mostly flat
across the radiating aperture. At 76 GHz, the simulated and measured peak
realized gain towards the boresight direction is 31.2 dBi and 31 dBi, respectively.

Good agreement between the simulation and measurement results confirms
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Figure 3.19. Electric-field (a) amplitude and (b) and phase (right) pattern at the aperture of the
IMLA while radiating towards boresight. Taken from [V].
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Figure 3.20. Comparison between the simulated (—) and measured (- -) radiation pattern of
IMLA with beam-tilt: right and without beam-tilt: left, along the (a) H-plane and
(b) E-plane at 76 GHz. Taken from [V].

the possibility of IMLA fabrication. In future designs, the clearance and toler-
ance required to assemble the metal-plate lens should be considered during the
design phase to achieve a better match between the simulation and fabrication
model. In comparison to f /d 1.1 of a traditional ILA presented in [I], the IMLA
limits the f /d to 0.69 or 0.74 with matching layers. The total efficiency of the
IMLA, 64%, is superior to the traditional ILA, 45% [I].

3.5.3 Scan-loss reduction

The IMLA presented in [V] is designed to steer the main beam to ±10°, ±20°,
and ±30°. The main beam is steered by placing the square waveguide feed to ±5
mm, ±10 mm, and ±15 mm from the focal center. The work in [V] also aims to
minimize the scan loss at higher steering angles.

The enhancement of scanning properties is realized by tilting the radiation
pattern of the focal plane feeds at the offset positions. The radiation pattern
tilting is achieved by introducing an asymmetric dielectric pin at the radiating
aperture of the square waveguide, as shown in Fig. 3.21. The asymmetric
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and symmetric dielectric pins are machined in the IMLA focal plane as shown
in Fig. 3.18. The beam-tilting direction is determined by the amount of the
refracted and refracted-and-reflected fields on the waveguide radiating aperture
as shown in Fig. 3.21. Due to the difference in amplitude distribution along
the E- and H-plane of the TE10 mode propagating in the square waveguide, the
beam-tilting direction is different between them.

lm lm

wm wm

E-planeH-plane

(a) (b) (c) (d)
Figure 3.21. Simplified ray illustration (green) of the beam tilting and radiation patterns (yellow)

at 73.5 GHz. (a) and (b) shows the operation along the H-plane for the pins designed
to tilt the beam 12° and 15° in H- and E-planes, respectively. (c) and (d) shows
the operation along the E-plane for the same pins, respectively. Note, that the
waveguide radiates to the same dielectric material as the pin is made of. Taken
from [V].

The beam-tilting angle of the square waveguide is controlled by changing the
shape of the dielectric pin, that is, by varying the length lm and bottom width
wm of the dielectric pin. The radiation pattern of the square waveguide feed
with varying lm and wm for E- and H-planes are shown in Fig. 3.22 and 3.23,
respectively. The maximum main lobe inclination of 12° and 15° is achieved
along the H- and E-plane, respectively.
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Figure 3.22. Beam tilting of the square waveguide along (a) H-plane when wm = 0.5 mm and (b)
E-plane when wm = 2 mm w.r.t. length lm of the asymmetric dielectric pin at 73.5
GHz. Taken from [V].

The asymmetric dielectric pins are positioned along the positive X- and Y-
axis at the offset position of 5 mm, 10 mm and 15 mm along both E- and
H-plane (see Fig. 3.24). The symmetric dielectric pins are positioned at the
same offset distance along the negative X- and Y-axis. The symmetric dielectric
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Figure 3.23. Beam tilting of the square waveguide along (a) H-plane and (b) E-plane w.r.t. bottom
width wm when lm = 2.5 mm of the asymmetric dielectric pin at 73.5 GHz. Taken
from [V].

pins are designed to minimize the feed reflection coefficient without affecting
the radiation pattern.
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Figure 3.24. Symmetric pins: reference feeds along positive X and Y-axis, and asymmetric pins:
beam-tilting feeds along negative X- and Y-axis, arrangement along the focal plane
of the IMLA for the (a) H-plane and (b) E-plane beam steering. Taken from [V].
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Figure 3.25. Electric-field amplitude at the aperture of the IMLA when beam is steered to (a)
−30° (without beam-tilt) and (b) 30° (with beam-tilt) along the H-plane. Figure (b)
is rotated 180° to ease comparison with (a). Taken from [V].

The IMLA aperture amplitude distribution improves due to the feed inclination
as shown in Fig. 3.25. The asymmetric dielectric pin boosts the IMLA gain in
both the simulation model and fabricated prototype, as shown in Fig. 3.26 and
3.20, respectively. The results show that the gain improvement is higher for
larger steering angles. For a 30° steering angle along the H-plane, the measured
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scan loss is 3.8 and 5.8 dB with and without the feed beam-tilting at 76 GHz.
The measurement results show, at 30° along the H-plane, that the improvement
in the IMLA gain is more than 1 dB for the frequency range between 73 and 78
GHz. The radiation pattern comparison shows that the tilting of the feed beam
improves the first SLL.
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Figure 3.26. Comparison of the simulated peak gain of the IMLA with (—) and without (- -)
feed-beam tilting in the H-plane. Taken from [V].

It is important to note that, the scan loss of an IMLA is minimized without
compromizing the boresight gain as in many other techniques [60], [75], [85].
In addition, the feed antennas are positioned along the focal plane rather than
the focal arch, which makes the design of the feed array for 2D beamsteering
considerably easier.
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4. Beam-switching network

4.1 Introduction

A beam-switching antenna has an array of input ports or radiating elements,
and the excitation of each port generates the main beam in different directions.
Generally, one input port is excited at a given time. The selection of the desired
input port from an array of ports is done by the network of RF-switches, in other
words, a beam-switching network.

During the simulation studies or prototyping and characterizing an ILA, a
single feed element is used and the same feed is moved across the focal plane or
arc to steer the beam. However, in practice, an array of elements are present
at a close proximity, and these array elements interact and affect each others’
performance. In other words, there is mutual coupling between the closely placed
array elements. As discussed in section 2.3.3, the beam cross-over criteria, the
smaller f /d of the ILA, and dimensions of the radiating element lead to smaller
separation between the beam-switching array elements. In general, the smaller
separation between the array elements result in higher coupling. The mutual
coupling with inactive/switched-OFF elements might change the radiating and
impedance properties of the active/switched-ON feed element, thereby affecting
the performance of the ILA. In [VI], the effects on the ILA performance due to
mutual coupling and impedance mismatch between the feed array elements are
studied.

High insertion loss and passive beam steering drawbacks of the BSA with the
RF-switch-based BSN are discussed in Section 2.2.2. The RF-switch provides a
high ON-OFF ratio, approx. 25 dB, which ensures the leakage from unwanted
ports has a minimal effect on the radiation pattern. Similarly, the ON-OFF
ratio or isolation between the active and inactive ports of BSA can be achieved
with the beamforming chips used in PAA. The literature study shows that the
beamforming chips can provide upto 30 dB amplitude and 360° phase control [30],
[35]. A high ON-OFF ratio can be achieved with beamforming chip by assigning
maximum gain to the desired input port and a minimum gain to OFF ports.
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The feasibility, challenges and advantages of implementing the BSN with a
beam-former chips are studied in [VII].

4.2 Effect of feed mutual coupling on ILA

(a)

(b)

(c)

(d)

Figure 4.1. Orthographic and yz-plane cross section views at x = -1.15 mm for the embedded
ACMPA (EA) (a) and (b), and embedded stacked ACMPA (ESA) (c) and (d), respec-
tively. Reprinted [VI].
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In this work, the effects of the mutual coupling between the feed array el-
ements on the ILA performance are studied. The far-field properties of the
elliptical ILA of 160-mm diameter, presented in [I], are investigated with the
following two types of feed antennas: 1) aperture coupled microstrip patch
antenna (ACMPA) and 2) stacked ACMPA. Both feed antennas are embedded
with the identical radiating elements around them, as shown in Fig. 4.1. The
far-field radiation patterns of center element, denoted by 1 in Fig. 4.1, of both the
feed array antenna are simulated with CST Microwave studio. The simulated
far-field radiation patterns are used as the source in the ray-tracing simulations
of 160-mm ILA. Then, the ILA directivity, radiation pattern, and beamsteering
properties are studied with ray-tracing simulations.
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Figure 4.2. Maximum mutual coupling, |S j1|, levels of the EA and ESA feeds with the varying
d and h. Reprinted [VI].

The separation between the array elements, d, and the distance of the parasitic
patch, h, of the embedded ACMPA (EA) and embedded stacked ACMPA (ESA)
feeds are varied to change the mutual coupling between the center and the
surrounding radiating elements. The coupling between the array elements is
evaluated based on the transmission coefficient, |S j1|, where j = 2 - 9, between
the feed ports of the array elements. Fig. 4.2 shows that, when the d is varied
between 1.5 and 2.3 mm for EA feed and h is varied between 2 mm to 0.85 mm,
the change in maximum |S j1|, is similar, that is, between -16 dB to -25 dB.

The radiation patterns of the EA and ESA feeds respond differently to the
change in d and h, though the couplings, |S j1|, are at a similar level as shown
in Fig. 4.3 (a) and (b). In the case of the EA feed, a null appears in the radiation
pattern towards the boresight direction when d < 1.6 mm. The distortion in the
ESA radiation pattern is lower compared to EA feed. The radiating aperture
amplitude and phase pattern of the 160-mm ILA, shown in Fig. 4.3 (c) and (d),
corresponds well with their feed radiation patterns. The aperture amplitude
and phase pattern of the 160-mm ILA with EA feed show greater distortion as
compared to the ESA feed. The peak far-field directivity of the 160-mm ILA fed
with the EA decreases by approx. 5 dB when the |S j1| between the feeds changes
from -25 dB to -16 dB. For similar variation in the coupling levels, |S j1|, of the
ESA feed, the change in the peak directivity of the 160-mm ILA is below 0.5 dB.
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Figure 4.3. Directivity radiation pattern of the (a) EA and (b) ESA feed, amplitude and phase
distribution at the aperture surface of the ILA with (c) EA and (d) ESA array feed,
and ILA directivity pattern with the (e) EA and (f) ESA feed in the φ = 0° (H-plane)
cut with varying mutual coupling level i.e. with varying element separation d and

parasitic patch distance h, respectively. Reprinted [VI].

The study of the 160-mm ILA far-field properties with the EA and ESA feeds,
which have similar mutual coupling, |S j1|, levels but different active element
radiation patterns, helped to conclude that the |S j1|, alone is not a reliable
metric to estimate the effects on ILA. However, the possible distortion of the
embedded feed radiation pattern has significant effects on the ILA radiation
pattern. From the feed antenna design perspective, to precisely estimate the
ILA performance, evaluation of the embedded feed’s radiation pattern is more
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essential than the |S j1|.
The impedance of the active or switch-ON port of the RF switch might be close

to the characteristics impedance. However, the impedance of the surrounding
inactive or switch-OFF ports can be arbitrary. The effects of the impedance
mismatch between the active and the surrounding inactive elements are studied
with simulations. As the EA radiation pattern shows minimal variation with
respect to change in the inactive port impedances, the study is conducted with
only the ESA feed. The center element is considered as the active element whose
impedance is assigned to be 50Ω. The port impedance of the remaining ports
varies from 1 to 2500 Ω. The impedance of the surrounding inactive ports was
assigned in three different ways: 1) equal and real, 2) equal and complex, and 3)
unequal and real.
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Figure 4.4. Radiation pattern variation of the ILA w.r.t. (a) equal and real, (b) equal and
complex and (c) unequal and real port impedances variation of the surrounding

switched-OFF elements. Reprinted [VI].

The simulation study shows that the change in port impedance of the sur-
rounding inactive elements has negligible effect on the reflection coefficient
|S11| of the active port, whereas the coupling between the active and inactive
ports, |S j1|, decreases. The effect on the ILA performance is proportional to the
changes/distortion in the feed radiation pattern. When the surrounding inactive
port impedances are equal and varied from 1 to 2500Ω, the 160-mm ILA peak
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directivity and SLL change by 1 dB and 5 dB, respectively, as shown in Fig. 4.4
(a) and (b). Fig. 4.4 (c) illustrates that the systematic assignment of unequal
port impedance to the surrounding inactive feed can change the beam steering
direction of the ILA.

4.3 Beam-reconfigurable antenna with Rotman lens
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Figure 4.5. (a) Bottom view and (b) cross-section of the Rotman lens-based beam-switching array
on LTCC detailing the location of VM, Rotman lens, vertical transition, SIW and
microstrip patch array. Dimensions are in mm. Reprinted from [VII].
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The BSA with the Rotman lens and the substrate-integrated waveguide (SIW)
fed microstrip patch antenna array is presented in [VII]. The antenna is designed
on the 6-tape-layer Low Temperature Co-fired Ceramics (LTCC) substrate with
εr = 5.7 and tanδ = 0.002. The thick-film gold material of 5-μm thickness and
σ= 7×106 S/m conductivity is used as the conductor.

The Rotman lens has four beam ports, (1-4), that is positioned to steer the
main beam to −30°, −10°, 10° and 30°, as shown in Fig. 4.5 (a). The Rotman lens
has six array ports, (5-10), which are connected to six 1×4 SIW-fed series arrays
via the vertical transition as shown in Fig. 4.5 (b). The separation between the
array ports is 2 mm along the y-axis. The Rotman lens has two dummy ports
(11-12).

4.3.1 SIW-fed 1×4 series array

The SIW-fed microstrip patch antenna arrays are used as radiating elements
in [VII]. Four radiating microstrip patch antennas are placed along the broad
wall of SIW. The RF power is coupled to the antenna though the transverse slots
in the ground plane. The excitation amplitude and phase of the series array
elements need to be equal. The excitation amplitude of the patch antenna is
dependent on the width of the coupling slot, the position of the slot and the
current density of the SIW [113].

Vertical Transition

Series Array

End-launch
connector

SIW

23mm

 

(a)

Vertical Transition

Series Array

End-launch
connector

SIW

 

23 mm

(b)

Figure 4.6. Schematics of (a) the stepped-SIW fed and (b) the uniform-SIW fed 1×4 array with
the end-launch connector. Reprinted from [VIII].

In [VIII], two SIW-fed 1×4 microstrip antenna arrays are designed based on
different admittance control mechanisms. The excitation amplitude of the array
elements is controlled in the following ways: 1) varying the height of the SIW
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used in a stepped-SIW fed array, and 2) varying the coupling slot width used in a
uniform-SIW fed array. The schematic diagrams of the series arrays are shown
in Fig. 4.6 and the dimensions are detailed in [VIII]. For both series arrays, the
separation between the array elements is 1.9 mm, (0.47λ0) and the dimensions
of the radiating patch are the same (0.7×1.05 mm2).

Figure 4.7. Top and bottom view of the stepped-SIW and uniform-SIW fed 1×4 series arrays on
LTCC substrate. Reprinted from [VIII].

The fabricated prototypes are shown in Fig. 4.7. The far-field radiation pattern
and gain are measured with the planar near-field measurement. The simulated
peak directivity of both series arrays is greater than 10 dB between 71-76 GHz.
The measured peak gain of both series array is approx. 8 dBi. The main lobe
of both the series arrays are towards the boresight direction and the radiation
pattern is symmetrical about the axis, thereby illustrating that equal power
is coupled to each microstrip patch antenna (see Fig. 4.8 [a]). Similarly, the
numerically back-propagated aperture field illustrates that the series array
elements are radiating with almost equal power and phase as shown in Fig. 4.8
(b).
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Figure 4.8. (a) The measured E-plane (–) and H-plane (- -) realized gain radiation pattern, and
(b) the aperture amplitude and phase along array axis of the end-launch connector
fed arrays at 75 GHz. Reprinted from [VIII].

While, the performances of both series arrays are similar, based on ease
in manufacturing, the stepped-SIW fed array can be a better choice as the
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stepped-SIW fed array does not have stringent tolerance on the width of the
slots. Since, the design of the Rotman lens-based BSA was finalized before the
study of admittance control techniques, the uniform-SIW fed 1×4 microstrip
patch antenna arrays are used as the radiating element in [VII].

4.3.2 Vertical transition

To make the BSA compact, the radiating elements, that is, six 1×4 series arrays,
and the microstrip Rotman lens are positioned on top of each other on different
LTCC layers. The RF signal from the microstrip line (MSL) of the Rotman
lens array ports is coupled to the SIW by the vertical transitions. The vertical
transition is implemented with the 0.4 × 1.8 mm2 coupling slot on the common
ground plane between the MSL and the SIW. The vertical transition is designed
to operate at 71-76 GHz.

Fig. 4.9 (a) presents bottom view of the fabricated and measured back-to-back
vertical transition. The simulated and measured S-parameter results show that
the vertical transition operates over a wide frequency band 70-80 GHz (see
Fig. 4.9[b]). The measured insertion loss of a single transition is 1.2 dB. The
transmission line losses and the radiation from the microstrip stub are major
sources of the insertion loss.
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Figure 4.9. (a) Bottom view, and (b) the simulated (- -) and measured (–) S-parameter i.e. |S11|
(–) and |S12| (-o-), comparison of the back-to-back vertical transition structures with
different lengths, ls. Reprinted from [VIII].

4.3.3 Vector modulator IC as RF switch

In this work, the BSN is implemented using a 4-channel vector modulator (VM)
instead of the traditional RF switches. The VM allows to independently control
the excitation amplitude and phase of each beam port of the Rotman lens. A
single channel of the vector modulator provides the maximum gain of 24 dB,
|S21|, at 75 GHz. The vector modulator provides 360° phase control upto 17 dB
gain.
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The top and bottom views of the fabricated Rotman lens-based beam-recon-
figurable antenna are shown in Fig. 4.10. The VM is attached to the LTCC
module using the flip-chip connection. The LTCC module is fed with the 1-mm
end-launch connector. The length of the grounded coplanar waveguide (GCPW)
and stripline transmission lines from the end-launch connector to the input
of the vector modulator are 10 mm and 4.1 mm, respectively. The simulated
transmission line loss between the end-launch connector feed and VM ranges
between 8-11 dB between 71-76 GHz frequency range. At 75 GHz, the simulated
total efficiency of beam port 1 and 2 from the output of VM are 6.4 dB and 5.8
dB, respectively. The losses of the beam port 1 is slightly higher due to longer
transmission line length and increase in the spillover loss coupling into the
dummy ports.

(a) (b)

Figure 4.10. (a) Bottom view and (b) top view of the fabricated prototype of the Rotman lens-
based beam-switching array on LTCC assembled with the end-launch connector.
Reprinted from [VII].

In contrast to an RF switch, all the output ports of the specific VM are in switch-
ON mode. A single channel of a VM can independently provide numerous states
of amplitude control by increasing the gain. The VM is used as the switching
element by increasing the gain of the desired channel while maintaining the
remaining ports at minimum gain states.

Fig. 4.11 (a) illustrates the situation when all beam ports are excited with
equal amplitude the radiation pattern is wide. With the increasing gain of
the single input port, the radiation pattern becomes directive and steers the
main beam towards the intended direction of the excited beam port. The sim-
ulation studies show that the approx. 21 dB higher excitation amplitude of
the switch-ON port with respect to OFF port result in the peak directivity
and SLL difference below 0.1 dB and 1 dB, respectively, compared to the ideal
beam-switching scenario. The measured radiation pattern of beam port 2 with a
maximum VM gain of 24 dB also shows good agreement with the ideal beam-
switching scenario. The good agreement between the simulated and measured
normalized radiation pattern of all four beam ports demonstrates that a VM can
be used for beam-switching element (see Fig. 4.11 (b).)

The simulated beam port 2 directivity and realized gain of the BSA without
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Figure 4.11. Simulated (- -) and measured (—) normalized radiation pattern comparison (a) of
beam port 2, where the simulation excitation amplitude is increased from 0-27 dB,
(b) four beam ports. Reprinted from [VII].

the VM are 17.5 dB and 11.5 dBi, respectively. The measured gain of the LTCC
module, with maximum VM gain, is 20 dBi. The measured gain of the LTCC
module is approx. 14 - 15 dB lower than the expected, 35 dBi. The RF leakage
and impedance mismatch at the flip-chip connection are potential sources of
losses. It is important to note that, the measured gain with the BSN is greater
than the simulated realized gain without the BSN (see Fig. 4.12). In contrast,
to traditional BSN, the VM-based BSN provides gain, instead of insertion loss,
which increases the radiated power.
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Figure 4.12. (a) Simulated directivity (—) , gain (- -), and realized gain (-�-) comparison and (b)
simulated (-�-) and measured (—) realized gain comparison of the Rotman lens-
based beam-switching array on LTCC. Simulated results do not include VM gain.
Reprinted from [VII].

4.3.4 Beam-reconfigurability

The VM also allows simultaneous excitation of multiple beam ports with desired
amplitude and phase. The simultaneous excitation of the multiple beam port
facilitates beam reconfigurability. When multiple beam ports are simultane-
ously excited, the resulting radiation pattern is the vector sum of the combined
beam-port radiation patterns. The simultaneously excited beam ports and
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their excitation amplitudes and phases are determined by the desired radiation
pattern.

Fig. 4.13 (a) illustrates that two beam ports can be simultaneously excited
to generate various types of radiation pattern: a multi-beam, a flat-top, or
a directive beams. The simultaneous excitation of the adjacent beam ports
is particularly interesting as it helps to improve the cross-over levels of the
combining beams. The cross-over level of the beam ports 1&2, 2&3, and 3&4 are
−3 dB, −5.4 dB and −3.7 dB, respectively. The main lobe of the simultaneously
excited beam ports 1&2, 2&3, and 3&4 are directed towards −19°, 0° and 19°,
respectively, and the peak gains are approx. 6 dB higher than the beam cross-
over level.
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Figure 4.13. Simulated (- -) and measured (—) normalized radiation pattern comparison when
two beam ports are simultaneously excited to demonstrate (a) various two-port
combinations and (b) improved beam cross-over level with the adjacent two beam
ports excitation. The measured pattern (· · ·) of combining beam port 1, 2, 3, and 4
are also plotted for reference. Reprinted from [VII].

The wider radiation pattern can be achieved by increasing the number of
simultaneously excited beam ports. In Fig. 4.14 (a) and (b), three and four
adjacent beam ports are excited with equal amplitude and the phases are
optimized to generate wide beams. The simulated HPBW of the resulting far-
field radiation pattern with simultaneous three and four beam port excitation
are 51° and 75°, respectively. The directivity decreases and the HPBW increases
with the increasing number of simultaneously excited beam ports. However,
with the simultaneous excitation of 2, 3, and 4 ports the RF power increases by
3 dB, 4.77 dB, and 6 dB, respectively. Therefore, the EIRP of the directive beam
and the simultaneously excited wider beams are similar.

The work demonstrates that the VM-based BSN can generate both directive
and wide beams, and improve the beam cross-over level. In this work, the
HPBW ranges from 18° to 75°. However, the possible reconfiguration depends
on the original design of passive BFN. There are two potential drawbacks of
the VM based beam-switching network. First, the VMs cannot operate with
full potential in the beam-switching network since all the VM channels are not
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Figure 4.14. Comparison between the simulated (- -) and measured (—) normalized radiation
patterns, when (a) three, and (b) four adjacent beam ports are simultaneously
excited with the appropriate phase. The individually measured beams (· · ·) are
plotted for reference. Reprinted from [VII].

excited to maximum gain. Second, the RF leakage from the undesired ports
reduce the ON-OFF ratio and consequently distort the radiation pattern.

The VM based beam-switching feed network can be used to feed an ILA which
helps to achieve the beam-reconfigurability and improve the beam cross-over
level.
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5. Summary of publications

Publication I: Lens Antenna Design for E-band Point-to-point Radio
Links

This work presents the simulation and measurement results of the 160-mm
elliptical integrated lens antenna. The ILA is designed to operate at E-band (i.e.
71–76/81–86 GHz) and complies with the ETSI regulations for point-to-point link
antennas. The paper also discusses the optimum relative permittivity and feed
directivity to maximize the ILA gain. An aperture coupled stacked microstrip
patch antenna was studied with simulations to improve the boresight gain and
scan loss of the ILA.

Publication II: Integrated Lens Antennas for E-Band

In this work, the effect of the dielectric properties, relative permittivity, and
loss tangent on the ILA performance is studied. Two ILAs are designed using
Rexolite (εr = 2.53 and tanδ = 0.0013) and PREPERM L450® (εr = 5.01 and
tanδ= 0.0046) materials. The efficiency, boresight gain, and scan loss up to 24°
steering angles of the two elliptical ILAs are compared with simulations and
measurements. The work also presents the results of the free space relative per-
mittivity characterization of the L450 material at millimeter-wave frequencies.

Publication III: Beam-Switching Dual-Spherical Lens Antenna with Low
Scan Loss at 71–76 GHz

An extended hemispherical ILA with feeds on the spherical surface is designed
and characterized to minimize the scan loss upto ±40° steering angle. The dual-
spherical ILA is fabricated of Teflon (εr = 2.1 and tanδ= 0.001) and the radius of
the radiating aperture is 26 mm. A conformal 1 × 16 linear beam-switching feed
array based on SP4T switches and Vivaldi antennas is designed to feed the ILA.
The Vivaldi feed elements are positioned along the spherical surface of radius
37.5 mm. The dual-spherical lens and the feed array are designed to operate at
the lower E-band (71–76 GHz). The maximum simulated and measured realized
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gain including the switch network losses are 21.8 and 19.6 dBi, respectively. The
measured gain scan loss of the ILA excluding the switch network loss is less
than 1.3 dB in the lower E-band for beams within ±40°.

Publication IV: Integrated Metal-lens Antennas with Reduced Height
at 71–76 GHz

A low-profile lens based on the combination of metal-plate lens and dielectric
lens, namely integrated metal-plate lens (IMLA), is introduced. The volumetric
analysis of the IMLA based on the relative permittivity and parallel plate sepa-
ration distance is studied. The paper also presents full-wave simulation results
of an IMLA of 16-λ0 diameter designed with Teflon (εr= 2.1 and tanδ = 0.0002)
and parallel plate at the separation distance of 0.575λ0 to operate at 73.5 GHz.

Publication V: Low-profile Scanloss-Reduced Integrated Metal-Lens An-
tenna

An IMLA of 16-λ0 diameter is designed, fabricated, and characterized in this
work. The IMLA is designed with the HDPE (εr= 2.31, tanδ = 0.0002) and
laser-cut parallel plates with the separation of 0.56λ0 to operate at 73.5 GHz.
The feed beam-tilting of the square waveguide feed is implemented to minimize
the scan loss. The IMLA design can achieve a low profile (0.69 f /d) and high
radiation efficiency (92%) . The gain bandwidth of the IMLA is 9.9 %. Moreover,
the simulated and measured scan loss was reduced to 4.1 dB and 3.8 dB for a
30° steering angle with feeds on the focal plane.

Publication VI: Effect of mutual coupling between feed elements on in-
tegrated lens antenna performance

The effects of mutual coupling between the beam-switching array antennas
on the ILA performance are studied in this work. The aperture coupled mi-
crostrip patch antenna (ACMPA) and stacked ACMPA feeds embedded in an
array are used as feed. The radiation pattern of the EA and ESA feeds with
varying mutual coupling, |S j1|, are used to study the radiation characteristics
of the ILA. It is found that the mutual coupling, |S j1|, level alone does not
predict the changes in the ILA radiation well. Results show that changes in the
embedded radiation pattern of the feed have a significant impact on the ILA
characteristics. Furthermore, the impact of the port impedance mismatch of
the adjacent inactive antennas on the active element radiation pattern and its
corresponding impact on the ILA are investigated.

Publication VII: Beam-Reconfigurable Antenna Based on Vector Mod-
ulator and Rotman Lens on LTCC
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In this work, a 4×6 Rotman lens is integrated with six 1×4 series arrays
on the LTCC substrate. The beam-switching antenna is designed to steer the
main beam to ±10°, and ±30° at lower E-band. The beam-switching network
is implemented with the 4-channel vector modulator integrated circuit. The
measured peak gain with the VM is 20 dBi and the scan loss is less than 1 dB.
The beam reconfigurability is demonstrated with the simultaneous excitation of
the beam ports with optimum phase using the VM. The HPBW is varied from
18° to 75°.

Publication VIII: Millimeter-Wave Stepped Series Array with LTCC

In this work, two 1×4 substrate integrated waveguide (SIW) coupled microstrip
patch arrays are designed on the LTCC substrate. The admittance to the series
array elements is controlled using the varying SIW height and varying coupling
slot width. Both series arrays produce a symmetric radiation pattern towards
the boresight direction and achieve the directivity greater than 10 dB between
71-76 GHz. Additionally, a MSL-SIW vertical transition structure is designed to
facilitate the multi-layered RF structure in LTCC.
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6. Conclusions

The research presented in this thesis focuses on the development and improve-
ment of beam-switching antennas to meet the high-gain and beam-steering
requirements of the new generation communication systems. The work can be
divided into two aspects with regard to the beam-switching antennas: passive
beamforming network, i.e. integrated lens antenna, and beam-switching net-
works. The research is mostly conducted at the lower E-band, i.e. 71-76 GHz.
However, the results should be equally valid for other frequencies.

The research begins with the design and fabrication of the ILA with a 160-
mm diameter, which meets the requirements for point-to-point radio link [I].
The 160-mm ILA also demonstrates that ILAs are bulky, have high loss, and
significant scan loss. The research work in [II], [III], [IV], and [V] aims to make
an ILA low-profile, efficient, and to minimize the scan loss.

The possibility and challenges of designing a low-profile ILA with high per-
mittivity materials are studied in [II]. While, the high permittivity materials
can reduce the ILA focal length, the high loss of high permittivity material
could degrade or limit the achievable gain. The integrated metal-lens antenna
(IMLA) enables the design low-profile lens from commonly available, low rel-
ative permittivity and low-loss materials. The concept, parametric study, and
drawbacks of the IMLA are discussed in [IV]. In [V], the IMLA is fabricated with
two matching layers at the dielectric-metal and metal-air interfaces to minimize
the reflections. The simulation and measurement results confirm that the IMLA
achieves high radiation efficiency and small form-factor. Ideally, the designed
IMLA should support the dual-polarized operation, but the metal-plate lens
assembly adds asymmetry and may have effect on the polarization performance,
thus investigation with more simulations and measurements are needed in
future.

The second aspect of the ILA that the research investigates in detail is the
scan loss. In [II], the scan loss of the Rexolite-ILA and L450-ILA are minimized
by designing elliptical collimating surfaces with the minor axis greater than
radius. However, the improvement in the scan loss is limited in [II]. The po-
sitioning of the feed antennas along the spherical surface minimizes the scan
loss of the extended hemispherical ILA to negligible, as demonstrated in [III].
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Implementation of 2D beamsteering with the feeds on the curved surface is
challenging. The scan loss reduction technique for the feeds positioned along the
focal plane is demonstrated in [V]. The radiation pattern tilting of the feeds at
the offset positions along the focal plane decreases the scan loss of the IMLA. The
proposed solution does not require compromizing the boresight performance to
achieve low scan loss. The beam-tilting mechanism implemented in [V], operates
differently for each polarization. The beam-tilting mechanism that supports
the dual-polarized operation and other antenna types, such as microstrip patch
antenna, should be developed.

The second part of the thesis studies the beam-switching network that feeds
a BSA. The effects of mutual coupling and impedance mismatch between the
closely placed beam-switching array elements on the ILA properties are studied
in [VI]. The numerical study suggests that the radiation pattern of the beam-
switching feed is essential in determining the ILA radiation characteristics.
Furthermore, the distortion of feed radiation pattern affects the ILA radiation
pattern the most. The BSN for the Rotman lens-based BSA is implemented
with the vector modulator as the switching element. The BSN based on the
VM as switching element minimizes the insertion loss, facilitates the beam-
reconfigurability, and improves the beam-crossover level. In the future, the
VM-based BSN could also be implemented for the ILA feed.

The deployment of high-gain antennas is going to increase significantly in
the near future. The broader objectives are to design low-cost and low power
consuming antenna solutions that meet the high-gain and wide-beam-steering
requirements. The beam-switching antennas have the potential to meet the
requirements. The author believes that the knowledge developed during this
research will help improve the performance of beam-switching antennas to meet
the objectives.
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Errata

Publication IV

The x-axis label of Figure 8 should be "Frequency (GHz)" instead of θ°.
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