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ABSTRACT OF THE DISSERTATION

3D-Printed Lenses, Flat-Layered Meta-Lenses, and Transmitarrays for Next-Generation

Spaceborne Applications and Orbital Angular Momentum Beams

by

Anastasios Papathanasopoulos

Doctor of Philosophy in Electrical and Computer Engineering

University of California, Los Angeles, 2022

Professor Yahya Rahmat-Samii, Chair

Real-life communications applications necessitate the development of antennas with different

patterns and radiation characteristics. Antennas that can produce the beam scanning in a

conical sweep can be advantageous for applications such as spaceborne wind scatterometers

weather radars. This work presents the synthesis, prototyping and measurements of three

antennas that can produce the conical beam scanning: The 3D-printed shaped and material-

optimized lenses, the flat-layered meta-lenses, and the transmitarray antennas. The synthesis

of the 3D-printed lens and meta-lens inhomogeneity requires the use of a software package

hybridizing the computational electromagnetics method of Geometrical optics (GO) with

the optimization strategy of Particle Swarm Optimization (PSO). Additionally, a new

synthesis algorithm is presented for the design of transmitarrays that can produce the conical

beam sweep based on the optimization of the feed location and a modified transmitarray

phase compensation. Novel implementation and fabrication methods based on additive

manufacturing and metamaterial structures are presented for the realization of the proposed

antennas. In the last part of this work, Orbital Angular Momentum (OAM) beams for

antenna applications are investigated. The theory and mathematical formulations of the

far-field properties of OAM beams using the antenna aperture field method are presented in

a systematic and comprehensive manner. Transmitarray antennas are proposed to generate

circularly-polarized (CP) OAM beams with cone-shaped radiation patterns. Antennas with

cone-shaped patterns can be advantageous for applications such as geosynchronous satellite-

ii



based navigation and guidance systems that serve moving vehicles and ceiling-mounted indoor

wireless systems. An ultra-thin “S-ring” transmitarray unit cell is introduced to support

CP that can provide arbitrary CP phase compensation by proper rotation of the elements.

The synthesis, prototyping and measurement validation of a proof-of-concept transmitarray

prototype are presented and demonstrate that the proposed transmitarray antenna can be a

unique apparatus that generates CP OAM cone-shaped patterns.
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CHAPTER 1

Introduction

1.1 Lens Antennas Evolution: From Homogeneous Dielectric Lenses

to Flat-Layered Meta-Lenses

Lens antennas have attracted significant interest in a variety of antenna systems in microwave

and millimeter wave frequencies [1]. The conventional approach to lens design has been

to shape the surfaces of dielectric materials in such a manner as to curve the paths that

rays follow as they transit through the lens interfaces. One major advantage of lenses over

reflectors is that the feed and its supporting structure are located behind the antenna and that

there is no central feed blockage for symmetric configurations that are typically advantageous

mechanically. This unique feature that eliminates blockage adverse effects was the key for

the development of homogeneous dielectric lenses for many applications in the microwave

and millimeter frequency regimes. Some representative homogeneous shaped dielectric lenses

are shown in Fig. 1.1. In previous work, shaped dielectric lenses were proposed as antenna

elements for mobile broadband communications systems at millimeter wavelengths [2]. A

solid dielectric ellipsoid PTFE lens-based antenna concept for high precision industrial Tank

Level Probing Radar measurements at 24GHz was introduced in [3]. In [4], the design of a

quartz extended hemispherical lens and experimental verification of electronically steerable

Integrated Lens Antennas (Fig. 1.1a) for WLAN/WPAN communication systems operating

in the 60-GHz frequency band were presented. Reference [5] demonstrated the potential

of Stereolithography-based horn-lens antennas (Fig. 1.1b) for Satellite Communications

(SatComs) in Ka-Band. A compact and low-cost horn-lens antenna solution (Fig. 1.1c) to

perform total mechanical beam steering in the 60-GHz Wireless High Definition (WirelessHD)
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(a) Integrated Lens Antennas for
WLAN WPAN Applications [4].

(b) Stereolithography-
Based Antennas for
Satellite Communications
in Ka-Band [5].

(c) Compact Beam-
Steerable Lens Antenna
for 60-GHz WirelessHD
Communications [6].

Figure 1.1 Representative homogeneous shaped dielectric lens antennas.

entertaining network band was studied in [6]. In [7], integrated axial-symmetric double-shell

Macor/Plexiglass lens antenna solutions for future space remote sensing applications at the

500 GHz to 1500 GHz band were investigated. In [8], wide-scan spherical-lens antennas

were developed for automotive radars and were intended for automatic cruise control and/or

collision avoidance applications.

Notwithstanding their popularity, homogeneous shaped dielectric lenses are limited by

the wave aberrations that are inherent to the way in which electromagnetic waves refract at

the interface between two materials. As the wave refraction occurs only at the input and

output surfaces of a conventional lens, the trajectory of rays is only altered at the interfaces

and rays travel in straight lines within the volume of the lens. Alternatively, the refractive

index of the medium can be varied spatially throughout the body of the lens forming the

Gradient-Refractive-Index (GRIN) lenses that control the optical ray paths inside the lens

rather than relying only on refraction at the interface between two uniform materials. In

this manner, far greater control can be achieved over the ray trajectories since incoming

electromagnetic waves can travel in a curved path within the volume of the lens. A classical

GRIN lens antenna was proposed in 1949 by R.K. Luneburg [9]. This type of optical device

is a spherically symmetric lens where the refractive index varies as a function of the distance

from the center of the sphere, according to the equation n(r) = [2− (r/R)2]
1/2

, where r is

the distance at each point measured from the center of the lens and R is the radius of the
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(a) Half-spherical Luneburg
lens antenna based on the
drilled-hole approach on the
commercially available dielec-
tric boards [12].

(b) 3D-printed Eaton lens antenna fabri-
cated by polymer jetting rapid prototyp-
ing [19].

Figure 1.2 Representative spherically symmetric inhomogeneous lens antennas.

lens.

Since the conceptualization of the Luneburg lens, advancements in artificially engineered

materials and additive manufacturing [10] allowed for the construction of Luneburg lens

antenna prototypes. For example, [11] presents a 3D-printed Luneburg lens antenna fabricated

by polymer jetting rapid prototyping where the gradient-index is realized by controlling the

filling ratio of a polymer/air-based unit cell. In [12], a half-spherical Luneburg lens is designed

based on the perforated dielectric approach where the effective index is tuned by varying

the size of the drilled holes on the commercially available dielectric boards (see Fig. 1.2a).

Several design recipes for various spherically symmetric lenses have been discussed in the

literature [13–18], and proof of concept prototypes have been reported such as a 3D-printed

Eaton lens [19] (see Fig. 1.2b) and a half Maxwell fisheye lens based on the drilled-hole

approach on the commercial dielectric boards [12].

Although spherically symmetric lenses have significant advantages over conventional

homogeneous shaped dielectric lenses, they are far less prevalent in practical applications

because of their excessive weight. Due to spherical symmetry, the material that fills the volume

of the lens increases and the weight becomes impractical for applications that require highly

directive antennas. In order to overcome this disadvantage, antenna engineers have developed

ways to produce “slimmed” alternatives to the classical Luneburg lens. 3D-printed shaped
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Figure 1.3 Real-life applications require antennas with different patterns and radiation

characteristics.

and material-optimized lenses [20–23], flat-layered meta-lenses [24–26], and transmitarray

antennas based on phase shifting metasurfaces [27–29] have recently gained attention. These

antennas overcome the disadvantage of excessive bulk and weight of spherically symmetric

lenses while maintaining high performance. Additionally, advancements in 3D-printing and

lithography techniques allow the fabrication on demand and open the door for the realization

of these antennas.

1.2 Motivation: The Need for Antennas With Atypical Patterns

and Radiation Characteristics

Real-life applications require antennas with different patterns and radiation characteristics.

Antennas are typically synthesized to produce an aperture field with uniform phase to achieve

a directive antenna radiation pattern, as shown in Fig. 1.3. Conventional antenna systems

that convert the input wavefront into a planar wavefront to produce directive on-axis beams

were presented in previous work [30–32]. However, real-life applications necessitate significant

developments regarding the synthesis, optimization, and prototyping of antennas with atypical

radiation characteristics, as shown in Fig. 1.3. For example, some potential applications
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Figure 1.4 Organization of this Dissertation.

requiring conical beam scanning include spaceborne wind scatterometers that take multiple

(at least four) measurements along an azimuthal conical scan to retrieve the wind speed

and direction [21, 33–35]; spaceborne microwave radars [36–38] as well as millimeter wave

imaging systems [39–44]. Additionally, CP cone-shaped patterns can be advantageous for

applications that require cone-shaped patterns, such as in geosynchronous satellite-based

navigation and guidance systems that serve moving vehicles and ceiling-mounted indoor

wireless systems [45–48]. The goal of this dissertation is to identify real-life antenna problems

requiring atypical patterns and present the design of antennas that directly address the needs

of actual applications. In particular, the synthesis, prototyping and measurement results of

3D-printed shaped dielectric lenses, flat-layered meta-lenses, and transmitarray antennas are

presented.

1.3 Organization of this Dissertation

The organization of this dissertation is shown in Fig. 1.4.
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Chapter 2 presents a lightweight, 3D-printed, inhomogeneous lens antenna for spaceborne

wind scatterometer weather radars. The outline of Chapter 2 is illustrated in Fig. 1.5. The

operation of spaceborne wind scatterometers is revisited. To eliminate the risk of mechanical

rotation failure that occurred in previous scatterometer missions, an antenna design with

no moving parts that achieves the conical beam sweep is desirable. The 3D-printed lens is

proposed as an antenna alternative with no moving parts that achieves the conical beam

sweep. The lens is designed using curved-ray GO coupled to PSO to determine the optimum

lens surface shapes and material inhomogeneity while obtaining a design with minimum

volume and therefore mass [20]. An 18 cm lens is designed using this approach. Instructions

on how to 3D-print the inhomogeneous lens is given using a unit cell design which permits

additive manufacturing using Fused Deposition Modeling (FDM) techniques. The lens is

measured for far-field pattern performance at various locations along the ring-shaped focus

of the azimuthally symmetric lens. The measurements agree well with predictions obtained

by full-wave simulations. The novelty of this work compared to previous works lies in the

following: a) The most recent Ku-band scatterometer pencil-beam antenna topology employs

a parabolic dish that is conically-rotated to provide multiple azimuth measurements. The

proposed 3D-printed lens is presented as an alternative for the traditional mechanically

driven design that can prolong the lifetime of future spaceborne wind scatterometers. b)

The proposed 3D-printed lens is a more lightweight design than the spherical Luneburg lens

(the 3D-printed lens volume is less than 50% of the volume of the spherical lens with the

same diameter) that can produce the conical electronic scan. c) Only on-axis fed 3D-printed

shaped and material-optimized lenses have been presented in the literature so far. This work

addresses off-axis designs suitable for the real-life application requiring conical beam scanning.

d) A novel unit cell design is presented which permits additive manufacturing using FDM

techniques.

Chapter 3 presents the design, prototyping and measurement results of multi-layered flat

metamaterial lenses for both on-axis and off-axis fed meta-lenses. The outline of Chapter

3 is illustrated in Fig. 1.6. The numerical synthesis algorithm based on GO and PSO is

revisited and applied to synthesize both on-axis and off-axis fed meta-lenses. It is shown
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Figure 1.5 Outline of Chapter 2. 3D-Printed Shaped and Material-Optimized Lenses for

Next-Generation Spaceborne Wind Scatterometer Weather Radars.
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Figure 1.6 Outline of Chapter 3. Flat-Layered Meta-Lens Antennas: Synthesis, Prototyping

and Measurements.
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that the lens designs based on the numerical synthesis algorithm outperform the designs

that are produced using previous synthesis methods that are based on the straight path

approximation. The discretization methodology and prototyping of flat meta-lenses is also

discussed. Simulation and measured results of a proof-of-concept on-axis fed flat-layered

meta-lens prototype operating at 13.4 GHz are presented. The novelty of this work lies in the

following: a) Previous meta-lens synthesis methods, which are approximate and applicable

only for on-axis fed lenses, assume that the ray path is straight within the volume of the lens.

In this work, the GO-PSO algorithm is proposed to synthesize flat-layered inhomogeneous

lenses. b) The proposed synthesis technique is applicable for on- and off-axis fed meta-lenses

with circular symmetry thus providing conically scanned beams for the off-axis designs.

An example of an optimized on-axis fed meta-lens is presented along with a flat meta-lens

that is synthesized based on the straight ray path approximation to highlight the superior

performance of the optimized lens. A second example of an optimized off-axis fed lens

is synthesized to demonstrate the effectiveness of the proposed algorithm for the off-axis

designs. c) Novel implementation techniques for the fabrication of flat-layered meta-lenses

are presented. The concept of collapsible flat-layered lens based on gradient-refractive-index

metamaterials is introduced. A novel metamaterial unit cell is presented where adjacent

lens layers are separated by an air gap, which allows the lens to collapse and be stored in a

stacked configuration. The attractiveness of the meta-lens design is its low packaging height,

low profile and weight.

Chapter 4 proposes transmitarrays as an antenna solution that can achieve the conical

beam sweep. The outline of Chapter 4 is illustrated in Fig. 1.7. Compared to the previously

reported transmitarrays, the development of an off-axis fed transmitarray for conical beam

scanning requires significant advancements regarding the synthesis and optimization of the

off-axis fed transmitarray. Therefore, a novel synthesis algorithm is presented based on the

optimization of the feed location and a modified transmitarray phase compensation. To

validate the approach, an 18 cm transmitarray with a thickness of 0.8 cm operating at 13.4

GHz is designed, simulated, prototyped and measured. Predictions obtained by full-wave

simulations agree well with the measured results. The conical beam scanning capability of

9



Figure 1.7 Outline of Chapter 4. Low-Profile Transmitarray Antenna for Conical Beam

Scanning: Concept, Optimization, and Measurements.
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the transmitarray is demonstrated through measurements taken with the feed placed at five

locations within the ring focus. The novelty of this work over previous works is the following:

(a) This is the first time that transmitarrays are proposed as an antenna alternative that

can achieve the conical beam sweep. (b) Unlike conventional transmitarrays, the synthesis

of transmitarrays for conical beam scanning is a challenging problem. A novel synthesis

algorithm is proposed based on the particle swarm optimization of the feed location and

a modified transmitarray phase compensation. (c) The thickness and therefore the weight

of the previously reported lenses proposed for conical beam scanning scales with the lens

diameter, whereas the proposed transmitarray is low-profile with reduced thickness that does

not scale with the transmitarray diameter.

Chapter 5 focuses on OAM beams and addresses two main challenges: The lack of a

comprehensive and systematic characterization of the far field properties of OAM beams that

would potentially facilitate the design of OAM antennas and the development of low-profile

antennas that can generate CP OAM beams. To address these challenges, insight into the

far field properties of OAM beams is provided using the antenna aperture field method.

Analytical and semi-analytical formulas for the far field of circularly-symmetric OAM aperture

fields are derived and validated through full-wave simulations. The derived formulas can

potentially guide the design of OAM communication systems. Second, transmitarray antennas

are proposed for the generation of CP OAM beams. A novel “S-ring” transmitarray element

is designed to sustain CP operation with only three metal patterned layers. The synthesis,

prototyping and measurement validation of a proof-of-concept prototype with a thickness of

3 mm operating at 19 GHz are presented. The measurements agree well with predictions

obtained by full-wave simulations and demonstrate that the proposed transmitarray antenna

can be a unique apparatus that generates OAM CP cone-shaped patterns. The outline of

Chapter 5 is illustrated in Fig. 1.8. The novelty of this work lies in the following: a) To the

author’s best knowledge, there has not been a comprehensive and systematic characterization

of the far-field properties of OAM beams (some aspects have been discussed in [49,50] but not

thoroughly investigated). Understanding the far-field properties of OAM beams is important

because: (i) In many application scenarios, an OAM-carrying radiation is characterized in
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Figure 1.8 Outline of Chapter 5. Orbital Angular Momentum Beams: Novel Mathematical

Insights, Transmitarray Generation and Measurement Validation.
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the far-field. Therefore, the understanding of OAM’s far-field pattern, polarization, phase,

etc. can be crucial to establishing effective OAM communications links and understanding

inherent limitations; (ii) Analytical or semi-analytical expressions for the OAM far-fields

can provide proper guidelines to the design of OAM antennas (an example can be found

in the domain of conventional reflector antennas where the analytical formulas of the Airy

disk, i.e. the uniform amplitude and phase aperture field distribution, facilitate the antenna

design [30,51]). b) Transmitarrays are proposed as a low-profile antenna that can generate

OAM CP patterns using a novel ultra-thin “S-ring” element that supports CP. The resulting

transmitarray based on the “S-ring” element is an ultra-thin design that consists of only

three metal patterned layers separated by two dielectric substrates.

Finally, chapter 6 concludes this dissertation and discusses future research directions.
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CHAPTER 2

3D-Printed Shaped and Material-Optimized Lenses for

Next-Generation Spaceborne Wind Scatterometer

Weather Radars

2.1 Spaceborne Scatterometers

Hurricanes are among the most powerful natural hazards known to humankind. Wind and

water are the twin perils associated with hurricanes and both can be tremendously destructive

and deadly. They can wreck homes and buildings, flood cities and damage residential,

commercial and public property. Weather radar systems are urgently important to promptly

predict the occurrence of these extreme phenomena and give citizens ample warning to

securely evacuate the threatened territories. In particular, an article published by Popular

Science was entitled “Today’s hurricanes kill way fewer Americans, and NOAA’s satellites

are the reason why” [52]. Wind scatterometer weather radar satellites are instruments

capable of measuring the near-surface wind velocity vectors over the earth’s oceans and thus

predict hurricanes [34, 54]. Fig. 2.1 shows the surface winds generated by hurricane Katrina

as observed by the QuickSCAT scatterometer [53]. The arrows indicate the direction of the

surface wind while the colors show the speed. One could even say that scatterometers have

revolutionized the oceanic wind and short-term warning process as they can be an excellent

tool for predicting near real-time winds on the surface of the ocean. This data feeds numerical

weather prediction models able to accurately forecast natural hazards, such as hurricanes

and cyclones. Fast assessment of hurricanes allows ample warning of mariners near the area

at risk [55,56].

14



Figure 2.1 Hurricane Katrina. (a) Generated surface winds observed by the QuickSCAT

scatterometer. The arrows indicate the direction of the surface wind while the colors show the

speed. Courtesy: W. Timothy Liu and Xiaosu Xie, NASA/JPL. [53] (b) Hurricane Katrina

at peak intensity in the Gulf of Mexico on August 28, 2005.

The significance of scatterometers extends beyond the prediction of extreme weather

phenomena. Scatterometer weather radars produce data of immense scientific value for

ocean winds measurements and related applications including weather forecast, ocean usable

wind power assessment [34,57–62], and various additional applications including vegetation

phenology monitoring, soil moisture estimation, sea-ice mass freeze and thaw detection in

polar regions, amongst others [63–67]. Scatterometer data have been shown to significantly

improve the weather forecast accuracy of computer models used by meteorologists and

improved methods of assimilating wind data into numerical weather and wave prediction

models have been developed [54,68,69]. Wind data are combined with measurements from

various scientific disciplines to understand processes of global climatic change and weather

patterns [70, 71]. This data is vital to scientists in order to improve the ability to fully

understand air-sea interaction and ocean circulation, and their effects on weather patterns

and global climate [66]. Scatterometer data is also useful in the study of the long-term

effects of deforestation on our rain forests, annual and semi-annual rain forest vegetation

variations [72], and changes in the sea-ice masses around the polar regions [73–75].
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2.2 Principles of Operation

Scatterometer satellites carry high gain antennas which transmit a pulse of microwave energy

toward the ocean surface and measure the backscattered power. The backscattered power is

used to calculate the radar cross section (RCS) σ0 of the ocean surface, with rough surfaces

producing stronger signals than smooth surfaces, as shown in Fig. 2.2(a). A sketch of the

scattering geometry is illustrated in Fig. 2.2(b). Incidence angle θ is measured in the plane

normal to the mean ocean surface. The angle χ is the azimuth angle between the wind vector

and the incident electromagnetic wave. The radar cross section σ0 is calculated using the

basic radar equation [34]:

σ0 =
(4π)3R4LPs

PtG2λ2A
(2.1)

where R is the slant range to the surface, Pt is the transmitted power, Ps is the received

backscattered power, L represents known system losses, G is antenna gain, A is the ef-

fective illuminated area, and λ is the wavelength of the transmitted radiation. The noise

contribution Pn resulting from the instrument noise and the natural emissivity from the

earth-atmosphere system must be subtracted from the total received power to determine the

received backscattered power Ps.

The RCS is a function of the surface roughness of the ocean, which in turn is a function

of the near-surface winds. Stress to the surface of the ocean caused by the near surface winds

cause surface waves to develop and the surface to roughen. In principle, there should be a

clear relationship between RCS and wind velocity. However, a theoretical mathematical model

describing such a relationship would require an in-depth understanding of the electromagnetic

energy-sea surface and wind-wave interactions. The lack of rigorous theoretically based

expressions to relate the ocean radar cross section and the near-surface wind necessitates an

empirical geophysical model function, which in the most general form can be written as:

σ0 = fun (|U |, χ, ..., θ, f, pol) (2.2)

where |U | is wind speed, χ is the azimuth angle between the incident radiation and the wind
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Figure 2.2 Scatterometers principle of operation. (a) Scatterometers transmit a pulse of

microwave energy toward the ocean surface and measure the backscattered power. (b)

Scattering geometry. The angle χ is the azimuth angle between the wind vector and the

incident electromagnetic wave. θ is the incidence angle. (c) Dependence of the normalized

cross section and wind speed as a function of the incident angle θ [34]. For 20° < θ < 65°, σ
is sensitive to wind speed which allows inversion of geophysical model and determination of

wind vector.

vector (see Fig. 2.2(b)), ... represents the (small) effects of non-wind variables such as long

waves, stratification, temperature, etc., θ is the incidence angle measured in the plane normal

to the mean ocean surface, and f and pol are the frequency and polarization, respectively, of

the incident radiation.

The relationship between the ocean’s normalized radar cross section at Ku-Band and

the surface wind vector was derived using the 3 months of Seasat microwave scatterometer

(SASS) measurements [76–78]. The dependence of the normalized cross section and wind

speed as a function of incident angle θ for v-pol radiation and a given azimuth angle χ is

shown in Fig. 2.2(c). According to the empirical model function based on the Seasat data,

also referred to as SASS-2, σ0 is weakly sensitive to wind speed for θ < 20° which makes it

extremely difficult to retrieve the wind speed from RCS measurements. On the other hand,
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if the incident angle θ is between 20 and 65 degrees, σ0 is sensitive to wind speed (see Fig.

2.2(c)). Further, empirical studies have also demonstrated that at these angles σ0 is also

a sensitive function of wind direction as measured relative to the radar azimuth angle χ.

Therefore, for angles of incidence 20° < θ < 65° the inversion of model (2.2) allows estimation

of wind speed and direction.

In order to derive the wind vector from RCS measurements unambiguously, the scatterom-

eter must take multiple measurements along an azimuthal conical scan [33]. Typically, only

4 or more measurements are needed at different antenna azimuth angles to unambiguously

invert the geophysical model function and obtain the wind vector [34]. For a single σ0

measurement (or less than 4 measurements) no unique solution exists for the inversion of eq.

(2.2), and the geophysical model function is insufficient to determine both wind speed and

direction. Therefore, scatterometer radars should have the capability to obtain data from

more than three azimuth angles in a conical scan.

2.3 Scatterometer History

Up to date, scatterometers have provided useful wind observations and many missions have had

a successful period of service internationally [54], with NASA’s missions being prevalent [79].

Table 2.1 shows a chronicle of NASA’s past wind scatterometer missions. NSCAT was

launched in 1996 and carried six dual-polarized, 3-meter long, stick-like antennas [34]. Each

side of the sub-satellite track contains six wide swath fan beam antennas oriented at different

azimuth angles. As the satellite moves over a point on the ocean surface, each one of the

six antennas passes over the same spot and takes a measurement at its azimuth angle,

as illustrated in Fig. 2.3. Antennas at two azimuth angles take a measurement for both

horizontal and vertical polarization resulting in a total of 8 measurements which is enough to

unambiguously derive wind vectors from RCS measurements, as explained in section 2.2.

The most recent type of wind scatterometer antenna topology is the spinning spot beam

antenna as shown in Fig. 2.4(a), which has been proved to be superior to the fan beam

designs [71]. Fig. 2.4(b) shows the QuikSCAT carrying the SeaWinds scatterometer [80, 81],
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Table 2.1: NASA past wind scatterometry missions. The QuikSCAT employed a rotating
reflector antenna that is revolved about a fixed axis by a mechanical motor. The required
moving parts were the single point of failure for the satellite system.

Mission Period of Service Frequency Antenna End status

NSCAT 1996 - 1997 13.995 GHz
Six dual-polarized,

3-meter long,
stick-like antennas

Solar panel failure

QuikSCAT 1999 - 2009 13.4 GHz Rotating reflector Mechanical failure

ADEOS II 2002 - 2003 13.4 GHz Rotating reflector Solar panel failure

RapidScat 2014 - 2016 13.4 GHz Rotating reflector
Space station
Power failure

Figure 2.3 NSCAT viewing geometry. The scatterometer carries six dual-polarized, stick-like,

fan beam antennas and takes measurements at six different azimuth angles to unambiguously

derive wind vector from RCS measurements.

which was launched on June 20th, 1999, to replace its unexpectedly failed predecessor, the

NSCAT. To achieve the conical scan, a parabolic reflector antenna is revolved about a fixed

axis by a mechanical motor. On November 23rd, 2009, bearing seizure in the rotating

mechanism used to scan the antenna caused the satellite to be decommissioned by NASA [82].

The RapidSCAT (Fig. 2.4(c)) was launched on September 21st, 2014 to quickly replace

the QuickSCAT and also contained a rotating parabolic reflector antenna [83–85]. This

satellite was also decommissioned on November 18th, 2016 due to a power failure on the

International Space Station. Weather radar instruments have shown chronic failure due to

moving mechanical parts wearing over time. Needless to say, new designs should avoid moving

parts and transition to a fully electronic version while maintaining similar performance.
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(a) (b) (c)

Figure 2.4 Wind scatterometer spinning spot beam antenna topology [86]. (a) A parabolic

reflector antenna is revolved about a fixed axis by a mechanical motor to take multiple

measurements along an azimuth conical scan. (b) QuickSCAT [80] and (c) RapidSCAT [85].

2.4 Scatterometer Antenna Considerations

Currently, no future NASA scatterometer mission has been planned and, clearly, this is a

good time for the development of emerging technologies for next-generation spaceborne wind

scatterometers. Bearing the considerations of sections 2.2 and 2.3 in mind, the new antenna

design must meet a set of specific requirements:

• Frequency of operation: The wind scatterometer should be designed in Ku-Band.

All previous NASA missions incorporated radars operating at 13.4 GHz, as shown in

table 2.1. The reasons behind this choice are mainly two. First, the backscattered

returns in Ku-band are high because they are mostly due to resonant Bragg scattering

with wave separation on the order of the radar wavelength. Second, the geophysical

model function of equation (2.2), namely the SASS-2, was developed from empirical

observations based on the Seasat data in Ku-band [77,78]. Therefore, the retrieval of

the wind velocity from RCS measurements using the empirical model is effective at this

frequency range.

• Scanning capabilities: Typically, the antenna must take multiple (4 or more) RCS

measurements along an azimuth conical scan to unambiguously derive the wind velocity

vector. The angle of incidence should be in the range 20° < θ < 65°, because RCS is

sensitive to wind speed for these angles which allows inversion of geophysical model
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and determination of wind vector, as explained in section 2.2.

• Gain and aperture size: A high gain antenna with large effective aperture is desired,

while at the same time the stowage space and weight at the spacecraft should be

minimum. In particular, the scatterometer system requires high received backscattered

power to increase the signal to noise ration at the receiver endpoint. For a specific

orbital attitude and scan angle θ, antenna gain and effective illuminated aperture should

increase in order to offset the decrease the received power Ps, since the other quantities

in radar equation (2.1) are constant. As an example, the most recent NASA RapiSCAT

employed a 0.75 m rotating reflector with 36, 37 dBi gain, 28.3%, 35.6% total efficiency,

at 49°, 55.5° incidence angle, respectively.

• Electronic versus mechanical scan: The single point of failure for QuickSCAT

scatterometer is the moving part of the rotating parabolic reflector. Weather radar

instruments have shown failure due to moving mechanical parts wearing over time.

Antennas that provide electronic beam scanning with no moving parts would potentially

result in designs with higher reliability and longer lifespan compared to conventional

rotating reflectors.

2.5 Proposed Solution

The lack of planned NASA scatterometer missions in the near future and the urge for high-

performance antennas that meet all the requirements of section 2.4 motivate the objective

of this research: The development of novel antennas for next-generation spaceborne wind

scatterometer weather radar satellites. Of the few design choices available in the literature, the

Luneburg lens can produce the electronic scan in a conical sweep through successive excitation

of feeds placed along the body of revolution ring focus, as shown in Fig. 2.5(b) [9,11,18,87–91].

A more lightweight design than the spherical Luneburg Lens that can produce the conical

scan is desirable, as shown in Fig. 2.5(c).

Our approach to achieving such a design is a numerical synthesis algorithm hybridizing
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Figure 2.5 Conical electronic scanning lens development: 3D-printed shaped and material-

optimized slimmed lens produces the conical scan without moving parts.

the curved-ray GO [92], a numerical method for wave propagation in inhomogeneous media,

and PSO [93], a global stochastic nature-inspired optimization technique. The algorithm

allows the synthesis of the optimal shape and material of the lens, which is then manufactured

using 3D-printing technology. The algorithm and its mathematical formulations, the obtained

on-axis fed designs and prototypes, and the measurements validating the codes were presented

in a series of recent papers [20,23,94–96]. This chapter focuses on the design, implementation,

3D-printing fabrication, and measurement verification for the off-axis fed conically-scanned

beam version suitable for future wind scatterometers. The novelty of this work lies in

the following: a) the application of the conical beam scanning using 3D-printed shaped

and material-optimized lenses, b) the customization of the GO-PSO synthesis algorithm,

which was previously applied for the design of on-axis fed lenses, for the specific conical
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Figure 2.6 High-level flowchart of the synthesis algorithm. GO (GO) is linked with PSO to

obtain the lens design with optimized shape and material.

scanning application, and c) the FDM 3D-printing realization, the process used for low-loss

space-qualified lens materials such as Ultem [23].

2.6 Lens Synthesis Algorithm Overview

The geometry of the synthesis problem under consideration is shown in Fig. 2.6. A lens is

illuminated by a feed that is located at (−xf , 0, 0) and tilted at an angle θf with respect to z

axis. The feed is assumed to radiate a spherical phase front. It is x̂-polarized and carries a

cosq(θ) amplitude pattern. Here, we choose q = 4.45, which results in approximately −10 dB

and −7.5 dB edge taper for the on axis design and off axis designs, respectively, that are

presented in section 2.7. The lens diameter is D and the vertical distance of the feed from

the lens center is F . A body-of-revolution symmetry of the lens surface and permittivity

parametrization is enforced in order to take advantage of the azimuthal symmetry of the feeds

placed along the ring focus that will ultimately produce the electronic conical scan, as shown

in Fig. 2.5(c). The same parametrizations are used as in [20], with four parameters for each

of the upper and lower lens surfaces and ten samples of the permittivity at ten points in the
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Figure 2.7 Depiction of the terms in the fitness function definition (2.3).

lens cross section, 18 parameters in total. The aperture side and feed side lens shape curves

are described by fourth-order polynomials and the relative electric permittivity is described

by a third-order polynomial surface (for more details, see [20]). The problem is to determine

the shape of the bounding surface and permittivity of the medium filling the inhomogeneous

lens to obtain a desired aperture field in the exit aperture plane and hence radiation pattern.

A high-level flowchart of the lens synthesis algorithm is shown in Fig. 2.6. GO [92]

is linked with PSO [93] to obtain the lens design with optimized shape and material. A

thorough description of the algorithm and the details of its analytical formulations can be

found in [20]. For our designs, we choose the fitness function:

(2.3)fitness = 2× σphase + 7.5× (1− RayRatio) + 0.5× VolumeRatio

+ 1× σpar + 1× (1−min(AperAreaRatio, 1))

The terms in (2.3) are described with reference to Fig. 2.7. The first term, σphase, is the

root-mean-square error of the linear least squares fit of the phase distribution of the rays in

the aperture plane and a desired phase model given by Φ(x, y) = ϕconst + k0 sin θb cosϕbxap +
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k0 sin θb sinϕbyap
1. This term ensures that the phase of the aperture field has the intended

phase gradient for the desired beam scan angle. Note that this term is different from previous

works that required beams with a beam peak at θb = 0°; therein, Φ(x, y) = ϕconst and the

first term was the standard deviation of the aperture field phase attempting uniform aperture

phase [20,23,94]. The second term, (1-RayRatio), is the ratio of the actual number of rays

which impinged upon the aperture over the total number of launched rays and aims to

minimize the totally internally reflected rays. If this term is not minimized, then σphase may

not be a good indication of the quality of the lens; that is, the phase of the aperture field

may have the intended phase gradient for the desired beam scan angle but only a few rays

may have reached the aperture. The third term, VolumeRatio, is the ratio of the volume

of the lens over the volume of a sphere with the same diameter as the lens and aims to

minimize the lens volume. This term is necessary to achieve a design with not only high

performance but also low volume and therefore mass. The fourth term, σpar, is the sum of

the standard deviation of the rays’ angle and the mean of the relative difference of the rays’

angle and the intended beam peak angle and requires the rays to exit in parallel and in the

direction of the intended beam. The fifth and final term is (1 − min(AperAreaRatio, 1)),

where AperAreaRatio is the area ratio of the convex hull of rays at the aperture plane,

AConvHull, over the lens’ physical area, Aphysical, and aims to maximize the effective aperture

for high directivity. It is worth mentioning that this term was not included in the fitness

function of the on-axis fed homogeneous lens that was presented in [23]. Since the lenses

in this chapter are inhomogeneous, the rays curved paths through the lens can force them

to bunch up and not fill the aperture leading to poor aperture efficiency. Thus, this term

ensures the rays fill the aperture. Note that the AperAreaRatio term was not included in

the optimizations of the on-axis fed inhomogeneous 3D-printed lenses in previous works [20],

and this term is important especially for the off-axis case. In particular, we attempted to

optimize both on-axis and off-axis fed lenses with the same definitions as in sections 2.7.1,

1The aperture coordinate system (xap, yap, zap) has its origin a quarter wavelength far from the exit
aperture of the lens and (θb, ϕb) are the spherical angles to the intended beam peak as expressed in the
aperture coordinate system. ϕconst is a constant phase offset defining the plane to fit the aperture field phase
to and k0 = 2π/λ is the free-space wavenumber.
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2.7.3 without including the final term in the fitness function (2.3) (the first four terms were

identical as in sections 2.7.1, 2.7.3). For the on-axis case, the optimization converged to

the same design as in section 2.7.1 when the AperAreaRatio was not included in the fitness

function. For the off-axis case, the optimization resulted in a lens with a directivity of 24.0

dBi and aperture illumination efficiency (as defined in [25, 97]) of 39.3 % (the directivity and

aperture illumination efficiency are 25.5 dBi and 55.0%, respectively, when the final term

is included), demonstrating the importance of the new AperAreaRatio term for the off-axis

case.

The fitness function in (2.3) resulted from many preliminary optimizations and the lessons

learned from the insufficiency of the previous fitness function definitions. Attempts were

made through trial and error to develop a fitness function that best represents the relative

importance of each goal. As an example, a preliminary optimization with the same definitions

as in section 2.7.3 with a relative weight of 0.1 instead of 0.5 for the VolumeRatio term

resulted in a lens that achieved a directivity of 25.5 dBi and occupies 61.5% of the volume of a

spherical lens of the same diameter. As shown in section 2.7.3, increasing the relative weight

of the VolumeRatio from 0.1 to 0.5 resulted in a lens with a similar directivity level of 25.5 dBi

and lower volume of 46.7% of the volume of the spherical lens of the same diameter. Further

increasing the weight of the VolumeRatio term to 0.9 resulted in lens with a directivity of 24.3

dBi that occupies 43.2% of the volume of the spherical lens of the same diameter, therefore,

a weight of 0.5 was chosen considering the trade-off between the achieved directivity and lens

volume.

In what follows, the lens diameter2 is D = 18 cm, the focal length is F = 12 cm,

the operating frequency is f = 13.4 GHz (the free-space wavelength is λ0 = 2.24cm). The

maximum permittivity is ϵrmax = 2.1, which is the maximum permittivity that can be achieved

using the 3D-printed material and unit cell that is described in section 2.8.1.

2The optimization was run for a D = 12 cm diameter lens with focal distance F = 8 cm and F/D = 2/3 to
reduce the GO evaluation time and thus the optimization time. Each optimization is ran for 1000 iterations
and is completed in approximately 81 hours. The 12 cm-diameter design is then scaled up to D = 18 cm.
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(a) (b) (c)

Figure 2.8 18 cm inhomogeneous lens results (f=13.4 GHz): (a) Cross section of the lens that

is optimized for on axis performance showing the bounding surfaces and the permittivity

of the volume filling the lens. (b) Simulated far-field normalized radiation pattern of the

OnAxisOpt-OnAxisFed solid lens. (c) Simulated directivities of the OnAxisOpt-OnAxisFed,

OnAxisOpt-OffAxisFed, and OffAxisOpt-OffAxisFed for the E-plane.

2.7 Lens Design and Simulation Results

2.7.1 18 cm On-Axis Lens Design

The algorithm was used to synthesize an on-axis fed lens with a diameter of D = 18 cm

and F = 12 cm at f = 13.4 GHz. The feed is placed on axis (xf = 0, θf = 0) and the

intended beam peak is θb = 0°. The obtained design is shown in Fig. 2.8(a). The aperture

and feed side surface generating curves fAS(ρ) and fFS(ρ) are described by the fourth-order

polynomial functions:

(2.4)fAS(ρ) = +354ρ4 − 5.54ρ2 + 0.1560

(2.5)fFS(ρ) = −286ρ4 + 10.40ρ2 + 0.0517

The expansions for the surface generating curves are chosen to be even polynomials so that

they exhibit a zero tangent at ρ = 0. This ensures the lens is smooth at its apex when the

generating curve is revolved about the z-axis. The relative electric permittivity function

ϵr(ρ, z) of the inhomogeneous volume filling the lens is described by the 2-D polynomial

surface:

(2.6)ϵr(ρ, z) = −2.23 + 108z − 73.4ρ+ 1840zρ− 984z2

− 942ρ2 − 9700z2ρ+ 6420zρ2 + 3000z3 + 661ρ3
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(a) On Axis Design. (b) Off Axis Design.

Figure 2.9 PSO convergence plots for the obtained lens designs.

The PSO convergence plot is shown in Fig. 2.9(a). The optimization of 36 particles in

total (2 per unknown, see [20] for definitions of the unknowns) and invisible boundaries is

run for 1000 iterations with randomly chosen start points for each optimization variable. The

optimized lens occupies only 44.8% of the volume of a spherical lens of the same diameter.

The lens thickness is 10.4 cm. The final optimization values of the best design in the solution

domain are σphase = 0.044 radians, RayRatio = 1, VolumeRatio = 0.448, σpar = 0.055,

AperAreaRatio = 0.965, corresponding to a fitness function of 0.401.

To validate the approach, the optimized design of Fig. 2.8(a) is simulated using CST MWS

full-wave simulation software. CST allows the modelling of the solid inhomogeneous lens with

continuously varying material that is described by eq. (2.6). We used the transient solver of

CST that is based on the finite integration technique and hexahedral mesh. The feed is placed

on axis at the origin and this particular case will be referred to as OnAxisOpt-OnAxisFed as

the lens is optimized for on-axis performance and is fed on axis. The lens demonstrates a

directional far-field pattern, as shown in 2.8(b). The simulated pattern for the E-plane is

shown in Fig. 2.8(c) and the performance statistics are listed in table 2.2. In particular, the

simulated directivity of the OnAxisOpt-OnAxisFed lens is 26.3 dBi corresponding to a 66.7%

aperture illumination efficiency eap [25,97], the half-power beamwidth (HPBW) for E- and

H-planes are 8.9° and 8.9°, the sidelobe level (SLL) for E- and H-planes are -28.3 dB and

-27.4 dB, respectively, and the beam peak is at θb = 0°.
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Table 2.2:
18 cm solid inhomogeneous lens simulated performance statistics (f=13.4 GHz).

OnAxisOpt-
OnAxisFed

OnAxisOpt-
OffAxisFed

OffAxisOpt-
OffAxisFed

Directivity
(dBi)

26.3 dBi 24.3 dBi 25.5 dBi

HPBW
E-plane

8.9° 12.3° 9.9°

SLL E-plane -28.3 dB -13.8 dB -16.7 dB

θb 0° 35.6° 32.6°
eap 66.7 % 42.2 % 55.0 %

2.7.2 The Necessity for Off-Axis Optimization

In general, the lens design that was optimized for particular geometrical parameters (i.e

feed position, tilt angle, and intended beam beak) performs best only for these parameters.

When the feed is placed at an arbitrary position (−xf , 0, 0) and/or tilted at an angle θf , the

performance is degraded and, therefore, a new optimization is necessary in order to restore

the performance. To demonstrate this phenomenon, the OnAxisOpt-OnAxisFed lens is now

fed off axis and we set xf = 7.5 cm and θf = 29°. The latter design is denoted by OnAxisOpt-

OffAxisFed hereafter and the simulated E-plane radiation pattern and performance statistics

are shown in Fig. 2.8(c) and table 2.2. The directivity drops by 2.0 dB to 24.3 dBi, the

E-plane beamwidths broaden to 12.3° from 8.9°, the E-plane sidelobe level has risen to -13.8

dB from -28.3 dB compared to the OnAxisOpt-OnAxisFed lens. In section 2.7.3, we present

a new design denoted by OffAxisOpt-OffAxisFed in attempt to restore the performance.

2.7.3 18 cm Off-Axis Lens Design

The algorithm was used to synthesize an off-axis fed lens with a diameter of D = 18 cm and

F = 12 cm at f=13.4 GHz, denoted by OffAxisOpt-OffAxisFed. The feed is placed off axis,

and the feed position and tilt angle (xf = 7.5 cm, θf = 29°) are chosen for approximately

-7.5 dB edge taper. For scatterometer applications, the beam peak has to be greater than 20°

to allow the retrieval of the wind speed and direction (see reference [34]) and, therefore, we

choose θb = 33°as an example. The OffAxisOpt-OffAxisFed lens is shown in Fig. 2.10. The
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Figure 2.10 18 cm lens optimized for off axis performance and discretization process; the

continuously varying material is realized using 3D-printed polymer unit cells of variable sizes.

aperture and feed surface generating curves fAS(ρ) and fFS(ρ) are described by:

(2.7)fAS(ρ) = +672ρ4 − 9.92ρ2 + 0.172

(2.8)fFS(ρ) = −250ρ4 + 3.99ρ2 + 0.0685

and the relative electric permittivity function ϵr(ρ, z) is described by the 2-D polynomial

surface:

(2.9)ϵr(ρ, z) = −3.18 + 79.7z + 88.9ρ− 1490zρ− 241z2

− 160ρ2 + 5920z2ρ+ 887zρ2 − 469z3 + 950ρ3

The PSO convergence plot is shown in Fig. 2.9(b). The OffAxisOpt-OffAxisFed lens

occupies only 46.7% of the volume of a spherical lens of the same diameter. The lens

thickness is 10.32 cm. The final optimization values of the best design in the solution

domain are σphase = 0.187 radians, RayRatio = 1, VolumeRatio = 0.4672, σpar = 0.16,

AperAreaRatio = 0.8, corresponding to a fitness function of 0.968.

The solid OffAxisOpt-OffAxisFed lens is simulated in CST. The far-field pattern and

performance statistics are shown in Fig. 2.8(c) and table 2.2. The HPBW is 9.9°, the SLL
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is -16.7 dB, and the beam peak is at θb = 32.6°. The simulated directivity is 25.5 dBi,

corresponding to an eap = 55%. Note that the scan loss for this beam angle is 0.74 dB

and that the OffAxisOpt-OffAxisFed lens directivity is 0.8 dB lower than the OnAxisOpt-

OnAxisFed case and 1.2 dB higher than the OnAxisOpt-OffAxisFed case. After optimizing

the lens for off axis feed, we were able to restore part of the performance and lower sidelobe

levels, narrower beamwidth and higher directivity were achieved when compared to the

OnAxisOpt-OffAxisFed lens.

2.8 Lens Discretization and 3D-Printing Fabrication

2.8.1 Unit Cell and Discrete Lens Simulations

The inhomogeneous permittivity distribution of eq. (2.9) is a continuous function of space.

As a necessity to the actual realization, the next imperative step is to discretize the lens.

The effective dielectric constant of the unit cell is largely determined by the percentage of

the dielectric fill per unit volume [20] and is less dependent on the lattice geometry (cubic,

rectilinear, tetrahedral grid, etc.). That being the case, we selected the cubic lattice because it

is the simplest way to design the grid and program the 3D-printer. We choose cubic grids each

occupying a volume of (λ/5)3 = (4.48 mm)3, where λ = 2.24 cm is the free-space wavelength

at f=13.4 GHz. The size of the fundamental element of the grid is subwavelength such that

the effective medium assumption is valid [88]. The unit cell geometry that was chosen for our

design is shown in Fig. 2.11. A cylindrical-type unit cell with variable radius R is supported

by a lattice structure consisting of rods of dimensions s1 = 0.9 mm × s2 = 0.4 mm. This

type of unit cell with the specific dimensions can be readily fabricated using 3D-printing

technology, as discussed in section 2.8.2.

In principle, the effective permittivity ϵr can be tuned by changing the filling ratio of

the printed polymer based on the effective medium concept [11], with higher ϵr requiring

larger printed volume, as illustrated in Fig. 2.11. The 3D-printed polymer is the Polylactic

Acid (PLA) with properties of ϵr = 2.7 and loss tangent tan δ = 0.01. The standard
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Figure 2.11 Unit cell geometry with dimensions and effective permittivity ϵr of the unit cell

versus the cylinder radius R; ϵr can be tuned by changing R.

electromagnetic parameter retrieval method was used to obtain the relative permittivity of

the unit cell versus the cylinder radius R [25]. This method has been proven to provide

more accurate results than the fill fraction interpolation (for more details, see reference [20])

that was used in previous works (see for example, [11,20,88,91]). Note that the maximum

achievable permittivity ϵrmax = 2.1 is less than that of the 3D-printed polymer since the

largest cylindrical-type unit cell does not occupy the entire volume of the cubic grid. The

standard electromagnetic parameter method considers only normally incident waves. To

demonstrate the accuracy of the retrieval method and to study the effect of the discretization

process, the solid and discrete lenses were simulated in CST. Note that the discrete lens

full-wave simulation accounts for the effect of oblique incidence, lens anisotropy, and edge

effects. It is worthwhile mentioning that the simulation of the discrete lens is computationally

intensive. The computer used for our CST simulations had a 64-bit operating system and 256

GB RAM. A single simulation of the discrete lens was completed in about 13 h and required

29.6 GB of memory, whereas the solid lens ran for approximately 5 minutes and required

1.9 GB of memory. The normalized directivity for the E-plane is shown in Fig. 2.12(b)

and the simulated performance statistics are listed in table 2.3. Additionally, the discrete

lens is simulated at five distinct feed positions (−xf , 0, 0), (0, xf , 0), (xf , 0, 0), (0,−xf , 0),

and (−xf
√
2/2, xf

√
2/2, 0) (Positions 1-5) to demonstrate the conical scanning capabilities
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(a) (b)

Figure 2.12 18 cm inhomogeneous off-axis fed lens simulation results (f=13.4 GHz): (a)

Illustrative figure of different feed positions and simulated conically-scanned radiation pattern.

(b) Simulated normalized E-plane patterns of solid, discrete lens with feed at position 1,

discrete lens with feed at position 5.

Table 2.3:
Off axis fed 18 cm solid and discrete inhomogeneous lens simulated performance statistics

(f=13.4 GHz).

Solid
Discrete Lens -

Position 1
Discrete Lens -

Position 5

Directivity
(dBi)

25.5 dBi 25.4 dBi 25.3 dBi

HPBW
E-plane

9.9° 9.8° 9.8°

SLL E-plane -16.7 dB -17.5 dB -17.5 dB

θb 32.6° 32.2° 32.2°
eap 55.0 % 54.3 % 53.4 %

of the lens and the far-field patterns are shown in Fig. 2.12. The simulation results show

an excellent agreement between the solid lens and the discrete lens at all positions, which

encouraged the 3D-printing of the lens to obtain measurements.

Since the synthesized lens is based on GO and thus inherently an optical design, the

bandwidth is not limited at the design level but rather at the fabrication level. As an

example, the same 18 cm lens design with the same cosq(θ) pattern was simulated at 9.75

GHz. The simulated directivity is 23.4 dBi, corresponding to an eap = 64.5%, demonstrating

the broadband features of the lens. Note that the lens discretization process reaches the
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Figure 2.13 Simulated directivity and eap of 18 cm off-axis fed discrete lenses at various

frequencies showing where the effective medium approximation breaks down. As the frequency

increases and the unit cell becomes larger in terms of wavelength, eap decreases and drops

from 55% at 13.4 GHz to only 16.9% at 27 GHz.

limits of the effective medium subwavelength unit cell assumption as the frequency increases

since the unit cells becomes larger in terms of wavelength. The 18 cm discrete lens design was

simulated at higher frequencies using the same cosq(θ) feed. Fig. 2.13 shows the simulated

directivities and eap versus frequency. It can be observed that, as the frequency increases

and the unit cell becomes larger in terms of wavelength, the effective medium approximation

breaks down and eap decreases. For example, eap drops from 55% at 13.4 GHz to only 16.9% at

27 GHz. Note that the unit cell size of Fig. 2.11 is a fraction of 1/5 and 1/2.5 of the free-space

wavelength at 13.4 GHz and 27GHz, respectively, i.e., 4.48 mm = λ13.4GHz/5 = λ27GHz/2.5.

The design, with proper realization techniques, can be pushed from lower to higher bands if

needed, as highlighted in [96]. Also, lenses with larger diameters can be obtained using the

same design process. In particular, reference [96] reports the fabrication and measurements of

a on-axis fed 60 cm lens. The computational resources that were available allowed the scaling

of the 18 cm design of Fig. 2.10 up to a 30 cm design. The 30 cm discrete lens was modeled

in CST and the simulated directivity was 29.0 dBi, corresponding to an eap = 44.6%.
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2.8.2 3D-Printing Technique

The lens was fabricated using Fused Deposition Modeling FDM due to its capacity to

print high strength flight qualified materials (Ultem and/or PEEK) while also being readily

scalable to larger sizes. The most significant downside to the FDM process is its relatively low

resolution and requirement for support material under overhangs. For reference, the Objet

Eden 350 polymer jetting printer used in [11] states a droplet size of 42µm×42µm×16µm

and the reported resolution of the polymer jetting printer in [87] is 40µm. The recommended

trace width and extrusion height values from the manufacturer for the Prusa i3 MK3 FDM

printer used in this chapter are 0.45mm (or 450µm) and 0.20mm (or 200µm), respectively.

For this project these issues have been mitigated though both the design of the unit cell

structure (Fig. 2.11) and the lens’s natural dimensional robustness. In fact, due to lens

design’s tolerance to dimensional variations, even occasional unit cell print failures have

shown no discernable impact on performance. In learning to optimize the print process, we

have had lenses with noticeable defects. In particular, the most frequent defect we have

found is ‘stringers’ – thin lines of dielectric that resembles hair forming a spider web within

the lattice. In other cases, we found lattice defects such as a unit cell in which the cylinder

appeared to be melted due to power interruptions. Far-field measurements similar to section

V of the lenses with defects duplicate results from lenses that do not have print defects to

within measurement uncertainty.

The lens’s unit cell and lattice structure were specifically designed to accommodate

limitations of the FDM process to both improve part quality and enable printing of the

high complexity part. For reference, the lens consists of 4305 nodes and takes around six

days to print using a standard commercial machine (see Fig. 2.14). With FDM a plastic

feedstock is melted and deposited onto a print bed by “drawing” each layer of the part with

small line of extruded plastic. This makes designing to the specific extrusion trace width

and layer height (0.45 mm and 0.20 mm respectively for this work) very important for high

complexity or detailed components. In particular, the unit cell geometry has to be adjusted

to be compatible with the printer’s trace width and extrusion height. For example, the final
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Figure 2.14 Top half of the lens being printed from PLA on a low cost consumer grade 3D

printer (Prusa i3 MK3) [98].

unit cell configuration is shown in Fig. 2.11, where the lattice width dimensions (s1 = 0.9

mm and s2 = 0.4 mm) are selected to be exactly two times the trace width and layer height,

respectively.

The unit cell implements a printed lattice structure consisting of four elements: cylindrical

body, 30° tapered transitions, vertical support posts, and connection lattice (see Fig. 2.11).

First, a cylindrical body was chosen to minimize warping that could induce errors during

the print process. While a cubic geometry can provide a higher peak fill percentage, and

thus dielectric constant, the sharp 90° corners significantly exacerbate warping, resulting

in degraded print quality. Second, a 30° tapered transition was added to the bottom of

cylindrical cell to allow printing of the overhanging cylindrical body without the need to add

sacrificial support material that would have to be removed following the print process. A

mirror image 30° tapered transition is also applied to the top surface to maintain symmetry.

Next, a vertical support post is used as a pedestal to hold the cylindrical body and 30° tapered

transitions. The support post is configured as a 1 mm diameter tube with a wall thickness

equal to print trace width (0.45 mm). This configuration prints more reliably compared to a

solid, small diameter post. Finally, the x-y support lattice is sized as two print traces wide

and tall (0.9 mm × 0.4 mm) to eliminate gaps and slicing errors. A CAD rendering of the
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Figure 2.15 CAD section view of the final lens design generated in SolidWorks. The model is

split along the center plane into two halves for printing.

final lens design generated in SolidWorks is shown in Fig. 2.15.

The optimized inhomogeneous permittivity gradient in Fig. 2.10 was converted to a node

structure based on the unit cell geometry in Fig. 2.11 and design considerations listed above.

The lens was printed in PLA with properties of ϵr = 2.7 and loss tangent tan δ = 0.01. It is

fabricated in two separate halves to avoid the need for any support material. These halves

are then bolted together using an outer support ring that doubles and a mounting point for

measurement in the near-field antenna measurement range. The final result is shown in Fig.

2.16 and has a measured mass of 0.915 kg.

2.9 Lens Measurements

The fabricated 3D-printed lens was measured at the NSI near-field spherical range at UCLA.

The lens was illuminated by a four-patch array resonant at 13.4 GHz with a measured

directivity of 13.4 dBi, which was designed to emulate the cosq(θ) pattern that was used

in the simulations of the previous sections. The same feed was used in previous works and

showed good results [20, 25, 96]. The mounting apparatus and the measurement setup are

shown in Fig. 2.17(a), where three posts are used to support the lens. The feed is placed at

position 1 (xf = −7.5 cm, θf = 29°), as illustrated in Fig. 2.9. The lens is modelled in CST
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Figure 2.16 Side view, top view, and zoom-in view of the 18 cm 3D-printed lens prototype.

Table 2.4:
Off axis fed 18 cm 3D-printed lens measured performance statistics (f=13.4 GHz).

Position 1
Simulated

Positions 1-4
Measured
Averaged

Position 5
Measured

Position 1
Measured

Rotated Feed

Directivity (dBi) 25.4 dBi 25.1 dBi 25.0 dBi 25.2 dBi

HPBW E-plane 9.8° 10.42° 10.55° 9.39°
SLL E-plane -17.5 dB -20.6 dB -20.8 dB -17.4 dB

θb 32.20° 32.42° 32.67° 31.5°
eap 54.3 % 50.1 % 49.7 % 52.3 %

and a comparison of the simulated and measured radiation patterns is shown in Fig. 2.17(b).

The measured cross-polarization level is below -30 dB. The measured directivity is 25.1 dBi

and the simulated directivity is a 25.4 dBi. The simulated overall antenna efficiency that

accounts for losses from the 3D-printed dielectric radiation, losses from the patch array feed

and feed mismatch is 42%, and the simulated total gain is 24.3 dBi. The gain was measured

using the gain transfer method and a standard gain horn antenna [99]. The measured gain is

23.7 dBi, corresponding to an overall antenna efficiency of 37%. Overall, very good agreement

was found between simulated and measured results, as shown in table 2.4. Discrepancies

between the simulated and measured results are attributed to implementation tolerance

caused by antenna assembly, misalignment and accuracy of measurements.

To demonstrate the conical scanning beam capabilities of the lens, the feed was placed at
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Figure 2.17 18 cm 3D-printed lens measured results. (a) Measurement setup at the UCLA

NSI near-field spherical chamber. (b) Simulated vs measured radiation patterns at 13.4 GHz.

(c)-(e) Measured E-plane normalized directivity comparison: the feed is placed at position

1-4 (as illustrated in Fig. 2.12), position 5, and is rotated 90° to scan the H-plane of the feed.

positions 2-5. The measured performance statistics are listed in table 2.4 and the measured

radiation patterns are shown in Fig. 2.17. The measurements demonstrated that the lens can

consistently scan the beam at all distinct locations with a maximum directivity difference

of 0.1 dB and maximum beam peak angle deviation of 0.21°. The measurements with the

feed placed at locations 2-4 duplicate the results of the lens when the feed is placed at

position 1 within measurement uncertainty (the maximum directivity difference for these

measurements was 0.05 dB) and have been averaged and placed into a single column in

table 2.4. Additionally, the feed at position 1 was rotated 90° along the local vertical axis

with respect to the feed to scan along the H-plane of the feed to study the effect of the feed

polarization. The measured results agree well with the previous cases where the feed was

placed at positions 1-5, as shown in Fig. 2.17 and table 2.4, indicating that the designed lens
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antenna can produce the conical scan through successive excitation of feeds placed along the

body of revolution ring focus.

2.10 Summary

We presented a novel lightweight 3D-printed shaped and material-optimized lens antenna for

spaceborne wind scatterometer weather radars. The 3D-printed lens is designed to contain

a ring-type focus which can be populated with individual feed antennas for switched beam

type conical pattern sweep of a highly-directive beam. The antenna is designed as an all-

electronic replacement for the traditional mechanically driven design. Motivated by real-life

application requiring conical beam scanning, our work significantly enhances previous works

only addressing the on-axis beam case. Special attention was given to the optimization and

prototyping of the lens. The lens was designed using curved-ray GO and PSO. An 18 cm

example was designed, 3D-printed using FDM printing process, and characterized through

far-field measurements. The measurements prove the conical beam sweep by comparing

measurements taken at five locations within the ring focus. The lens can be used in future

scatterometer instruments requiring all electronic scanning mechanisms.
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CHAPTER 3

Flat-Layered Meta-Lens Antennas: Synthesis,

Prototyping and Measurements

3.1 Current State of the Art: Flat-Layered Meta-Lenses

The 3D-printed shaped and material-optimized lens that was presented in Chapter 2 has two

main drawbacks: a) 3D-printed lenses are inherently solid and non-deployable and b) one

major limitation of 3D-printing techniques is the limited dynamic index range that can be

obtained as the permittivity of the polymer provides the upper end of the range. Attempts

to realize GRIN lenses using these solely dielectric methods resulted in thick lenses [100,101].

In order to overcome these disadvantages, the concept of flat meta-lenses resulting into

lightweight and slimmed alternatives to the spherically symmetric lenses has recently gained

attention [12,25,102,103]. A high-level diagram showing the lens evolution is shown in Fig.

3.1.

Flat meta-lenses are based on the inhomogeneous distribution of the refractive index and

are realized using metamaterials [12, 103]. Metamaterials simulate the molecular crystalline

lattice in an actual dielectric and are usually formed by a suitable distribution of conducting

elements within a host dielectric material [104]. An effective refractive index can be thereby

defined which can be tuned by varying the size of the metallic inclusions to form a gradient

refractive index medium. In this manner, metal and dielectric are combined such that the index

of refraction can be tuned over a greater range than with the dielectric alone. Additionally,

advancements in lithography allow us to manufacture metamaterials on demand by simply

patterning conducting elements on commercially available dielectric substrates. Metamaterials

offer a promising solution for controlling the refractive index in a large range and open the door
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Figure 3.1 Representative classes of lens antennas. In this work, we focus on multi-layered

flat metamaterial lenses, which have been proposed as lightweight and thin alternatives to

conventional lenses [25].

for the realization of slimmed lenses. Recently, the scientific community has focused on the

design and fabrication of slimmed metamaterial-based lenses, also referred to as meta-lenses,

which are now conceivable because of the advent of metamaterials and lithography techniques.

Flat metamaterial lenses and their analysis, construction and measurement have attracted

a lot of attention from antenna engineers (see, for example, references [24,26,29,105–108]).

Some representative prototypes of meta-lenses that have been reported in the literature are

shown in Fig. 3.2. In this chapter, we present the synthesis, prototyping and measurement of

flat-layered meta-lens antennas.

3.2 Meta-Lens Synthesis

The flat meta-lens inhomogeneity synthesis involves two main methods, as shown in Fig. 3.3.

The first method to synthesize the flat lens inhomogeneity is to assume that the ray path is
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(a) Flat-Layered Metamaterial
Gradient-Refractive-Index (GRIN)
Lens [25].

(b) Low-Profile Lens An-
tenna Based on High-
Refractive-Index Meta-
surface [24].

(c) Photograph of a metama-
terial layer sample of the lens
presented in [26].

Figure 3.2 Representative slimmed flat metamaterial GRIN lens antennas.

straight within the volume of the lens, as discussed in references [24, 102, 109]. According

to [24,102,109], the straight path approximation can be used to obtain analytical formulas

for the refractive index distribution of the lens. This method, however, is approximate and

its application is limited to on-axis fed lenses. The second method is a numerical synthesis

algorithm that is based on a linkage between GO and PSO, as discussed in detail in [20]. The

distinct advantages of the latter method include its applicability for both on-axis and off-axis

fed designs and the GO ray tracing for the determination of the ray path rather than the

straight ray path approximation. A high-level flowchart of the numerical synthesis algorithm

is shown in Fig. 3.4, where GO is linked with PSO to obtain the best meta-lens design.

The configuration of the lens is shown in Fig. 3.3. For the cases studied in Section 3.2,

the lens diameter is D = 12 cm, the thickness is T = 3 cm, the focal distance is F = 8 cm,

the maximum refractive index is nmax = 2.6 (which can be realized using the metamaterial

element that was used in [25]), and the frequency is f = 13.4 GHz. We will refer to the lens

that was obtained using the analytical formula of [24,102]

n(ρ) = nmax −

√
ρ2 +

(
F − T

2

)2 − (F − T
2
)

T
(3.1)

as “analytical”, where ρ is the axial distance from z axis. Note that the refractive index of
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Figure 3.3 Illustration of two flat meta-lens inhomogeneity synthesis methods.

Figure 3.4 High-level flowchart of the numerical synthesis algorithm. GO is linked with PSO

to obtain the best flat meta-lens design.

equation (3.1) is dependent on ρ and is constant along z. In order to compare and contrast

directly to equation (3.1), the refractive index of the lens is chosen to vary only in ρ and is

constant in z according to the following definitions and parametrizations.
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3.2.1 Definitions and Parametrizations

In what follows, we present several aspects of the GO-PSO synthesis algorithm. An excellent

overview of the algorithm can be found in [20]. We use the same feed definitions and lens

surface parametrizations as in [94]. The feed is located at the origin and carries a cos4.45(θ)

amplitude pattern to taper the illumination to approximately -10 dB at the center of lens. It

is polarized in the x̂-direction and described by the following mathematical equation:

E⃗(r, θ, ϕ) = cosq(θ)
(
cosϕθ̂ − sinϕϕ̂

) e−jkr

r
(3.2)

Unlike the 3D-printed lens of chapter 2, where the lens profile is shaped, the lens boundaries

are flat (to facilitate the prototyping of the lens using flat layers, as discussed in section 3.3)

and described by the surface vector:

r⃗s(ρ, ϕ) = [ρ cosϕ, ρ sinϕ, zc + t1,2] (3.3)

where ρ is the axial distance from z axis, t1,2 are constants that correspond to the top and

bottom surfaces and determine the thickness of the lens. A separate expansion for the lower

and upper surfaces of the lens is used and each side can be generated by limiting the domain

of the generating curve z = zc + t1,2 to [0, D/2] (D is the lens diameter), and revolving the

curve around z axis.

The electric permittivity is defined at N points within the volume of the lens. N = 10

points allow for efficient optimization since the algorithm is able to converge while the number

of unknowns representing the permittivity is reduced to 10. The lens volume is equally spaced

in the radial ρ direction to create a total of 10 uniformly distributed sample points. A curve

is fit to these points and is described by the following equation:

ϵr(ρ) =
3∑

n=0

anρ
n (3.4)

The body of revolution symmetry allows to revolve this expansion along ϕ to obtain the
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permittivity distribution within the entire volume of the lens. Note that the permittivity is

only ρ-dependent and is constant along z to facilitate the direct comparison with the results

based on the analytical formula of equation (3.1). Assuming that the filling material has a

permeability close to 1, the refractive index expansion can be found by taking the square

root of the permittivity n(ρ) =
√
ϵr(ρ). Same refractive index profile can be used for the

case of materials where µ is not equal to 1 considering that only n =
√
µrϵr controls the ray

path, electric field phase, and polarization in homogeneous and inhomogeneous media and

not ϵr and µr separately [20].

3.2.2 Particle Swarm Optimization

After the definitions and parametrizations of section 3.2.1, GO ray tracing is used to calculate

the electric field in the aperture plane, which is placed a quarter of the free-space wavelength

far from the exit aperture of the lens. We choose the fitness function:

fitness = 2× σphase + 7.5× RayRatio + 1× σpar + 1× (1−min(AperAreaRatio, 1)) (3.5)

where σphase is the standard deviation of the aperture field phase and attempts uniform

aperture phase; RayRatio is the ratio of the actual number of rays which impinged upon the

aperture over the total number of launched rays and aims to minimize the totally internally

reflected rays; σpar is the standard deviation of the rays angle and requires the rays to exit

in parallel; the +1×min(1− AperAreaRatio) term aims to maximize the effective aperture

for high directivity, where AperAreaRatio is the area ratio of the convex hull of rays at the

aperture plane over the lens’ physical area. Note that attempts were made through trial and

error to develop a fitness function that best represents the relative importance of each goal.

The fitness function is the same that was used in section 2.5 of chapter 2.
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Figure 3.5 On-axis fed simulation results and lens statistics for the optimized lens and the lens

based on equation (3.1) and the straight ray path approximation (referred to as “analytical”).

3.2.3 On-Axis Simulation Results

The lens synthesis algorithm was used to synthesize an on-axis fed flat meta-lens antenna.

The meta-lens diameter is D = 12 cm, the thickness is T = 3 cm, the focal distance is F = 8

cm, the frequency is f = 13.4 GHz, and the feed is chosen to taper the illumination to −10

dB at the rim of the lens. The refractive index based on the straight ray path approximation

(i.e. equation (3.1) and referred to as “analytical” hereafter) and the optimized index profile

are shown in Fig. 3.5. The two lenses are simulated using CST Microwave Studio, and a

comparison of the far-field radiation patterns as well as the lens statistics are shown in Fig.

3.5. It can be observed that the directivity of the optimized lens is 23.7 dBi, which is 2.7

dB higher than the analytical case, the beamwidths are narrower, and the sidelobe envelope

has dropped. The superior performance of the optimized flat meta-lens is attributed to the

accuracy of the proposed algorithm that does not involve any straight ray path approximation.
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3.2.4 Off-Axis Simulation Results

A spaceborne application of particular interest is the weather scatterometer radars that

measure the ocean vector wind and velocity [23]. The existing scatterometer systems involve

a parabolic reflector antenna which produces a conical beam via a motorized scanning

mechanism [21]. An alternative solution that avoids moving parts is the off-axis fed flat-meta

lens with circular symmetry, where successive excitation of feeds in a focal ring produces the

electronic conical scan. In this section, we present off axis-fed flat meta-lens designs with

circular symmetry that can potentially be used in next-generation spaceborne scatterometer

radars. The on axis optimized lens design of section 3.2.3 is now fed off axis, as shown

in Fig. 3.3, and is denoted by OnAxisOpt-OffAxisFed in Fig. 3.6. The feed is positioned

xf = 5 cm from z axis, tilted by θ = 29° and the intended beam angle is θb = 29°. Full-wave

simulation results showed that the on axis design performs poorly when fed off axis. The

directivity drops by 2.3 dB to 21.7 dBi, the E-plane beamwidths broaden to 15° (from 11.2°

when fed on axis), the E-plane sidelobe level has risen to -10.6 dB (from -18.6 dB when fed

on axis). Therefore, an optimization for off axis feed is necessary in an attempt to restore the

performance. The optimized off-axis fed lens is denoted by OffAxisOpt-OffAxisFed and the

refractive index profile and far-field patterns are shown in Fig. 3.6. It can be observed that

after optimizing the lens for off axis feed, we were able to restore part of the performance. In

particular, the directivity increased by 0.7 dB, the sidelobes are lower and the beamwidths

are narrower when compared to the OnAxisOpt-OffAxisFed lens.

3.3 Lens Discretization and Prototyping

Once the continuous refractive index distribution of the flat meta-lens is synthesized, the next

step towards the realization of the multi-layer lens is the lens pixelization. In particular, the

continuously spatially changing refractive index is approximated by discretized steps, where

each grid represents a metamaterial unit cell that corresponds to a specific index value, as

shown in Fig. 3.7. The refractive index of each unit cell of the discretized lens is mapped to

the metamaterial element dimension, with higher refractive index n typically requiring larger
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Figure 3.6 Off-axis fed lens full-wave simulation results and statistics for (i) the lens that was

optimized for on axis feed and fed off axis (OnAxisOpt-OffAxisFed) and (ii) the lens that

was optimized for off axis feed and fed off axis (OffAxisOpt-OffAxisFed).

metamaterial element dimension. In what follows, the continuous refractive index distribution

that was adopted in [25] is used to prototype a multi-layered flat meta-lens. Note that the

same discretization methodology can be used for different refractive index distributions and

for off-axis performance, as discussed in detail in [110]. The lens prototype has a diameter

of D = 11.2 cm, the thickness is T = 2.1 cm, and the focal length is F = 3λ0 = 6.7 cm at

f=13.4 GHz.

3.3.1 Unit Cell

The first step is to discretize the lens into cubic grids. The size of the fundamental element

of the grid is subwavelength such that the effective medium assumption is valid [26, 111].

Each unit cell occupies a volume of Px × Py × Pz = λ0/10 × λ0/10 × λ0/10 and is filled

with a metamaterial unit cell that corresponds to a specific index value. There are three

main aspects to be considered when designing the metamaterial unit cell: 1) The effective

refractive index of the scatterers should be able to be tuned to cover the required index range.

Namely, the upper index limit is 2.6, which should be achievable by scaling the the unit cell
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Figure 3.7 Lens Discretization. The continuous refractive index distribution is approximated

by discretized steps, where each grid represents a metamaterial unit cell that corresponds to

a specific index value.

dimensions. 2) Metamaterials should be utilized in their non-resonant frequency regime such

that they exhibit broadband features due to slight index variation and negligible losses, and

3) The configuration of metamaterial layers should allow their arrangement in two modes,

i.e. stored/collapsed and operating/deployed, with the first occupying significantly less space

than the second. In this section, we present the proposed metamaterial unit cell and explain

why this selection is consistent with the above considerations.

The proposed metamaterial unit cell is depicted in Fig. 3.8(a) and (b). It consists of copper

closed square-rings of variable sizes distributed on both sides of dielectric substrates. The

substrate is the 0.42 mm thick dielectric material RO4350B with ϵr = 3.48 and tan δ = 0.0037.

Adjacent dielectric layers are separated by a fixed 1.82 mm air gap. The gap size can

be found as we subtract the 0.42 mm thickness of the substrate from the size of the unit

cell. The unit cell of the periodic structure is modelled in CST Microwave Studio full-wave

simulation software. Periodic boundary conditions are imposed on the right, left, front and
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Figure 3.8 (a) Top view (b) side view of the proposed metamaterial unit cell. f = 13.4

GHz (λ0 = 2.24cm), Px = Py = Pz = λ0/10, c = 0.017 mm, w = 0.2 mm, h = 0.42 mm.

The substrate is the dielectric material RO4350B with ϵr = 3.48 and tan δ = 0.0037. (c)

Retrieved refractive indices n of the unit cell as a function of the square ring radius r. (d)

The dispersion curve of refractive index of a unit cell with r = 1 mm.

rear sides and the structure is excited by a linear transverse electric electromagnetic wave

propagating in z-direction, which is modelled using the fundamental TE Floquet mode. The

operating frequency is f = 13.4 GHz. The effective refractive index is obtained by the

standard electromagnetic parameter retrieval method for different square ring sizes r. The

effective refractive index n can be calculated from the S parameters using the following

relation [112–114]:

n =
1

k0d
cos−1

[
1

2S21

(
1− S2

11 + S2
21

)]
(3.6)

In the above equation, k0 = 2π/λ0 = ω/c is the wavenumber of the incident wave. In general,

S11 and S21 are complex numbers, so using (3.6) in determining n yields a complex number.

For the case studied hereafter, the imaginary part of n is negligible (|Im(n)| < 0.005) and
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Figure 3.9 Simulated transmission coefficient S21 of a metamaterial element with radius r = 0.7

mm and a solid unit cell with same effective electromagnetic parameters to illustrate the

oblique incidence and polarization effects on the element performance. The maximum angle

of incidence with respect to the normal to the metamaterial unit cell for the configuration of

the lens of this chapter is 25 degrees.

therefore neglected. The standard electromagnetic parameter retrieval method considers

normally incident waves. Rays yet enter the lens at different angles and polarizations. The

angle of incidence θi of each ray with respect to the normal to the metamaterial unit cell

for the configuration of the lens of this chapter varies from 0 degrees (for the largest square

ring with r = 1 mm that is located at the center of the lens) to approximately 36 degrees

(for the smallest square ring with r = 0.3 mm that is located close to the rim of the lens).

Fig. 3.9 shows the simulated transmission coefficient S21 of a metamaterial element with

radius r = 0.7 mm and a solid unit cell with same effective electromagnetic parameters for

TE/TM polarization versus angle of incidence θi. A vertical line has also been added to

pinpoint the maximum incident angle with respect to the normal to the metamaterial unit

cell. The maximum S21 phase error for the rings with r = 0.7 mm is 0.7 degrees for TE

polarization, and 2 degrees for TM polarization. Additional simulations for various ring sizes

showed that the maximum S21 error occurs for the ring that was selected in Fig. 3.9. The

illustration of oblique incidence and polarization effects on the element performance together

with the simulation results of the next section demonstrate that the standard electromagnetic
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Table 3.1:
Comparison of our proposed unit cell with other unit cells.

Proposed unit cell:
double-sided square

ring

One-sided square
ring [26]

3D-printed [20]

Maximum refractive
index

2.6 2 1.64

Continuous lens
thickness

1.1λ0 2λ0 2.7λ0

Layers after
discretization

10 19 -

parameter retrieval method gives good results for the subtended angle of the lens and the

ratio F/D used in this chapter.

As illustrated in Fig. 3.8(c), it can be observed that by tuning the length 2r from

0.6 to 2 mm, the refractive index varies from 1.2 to 2.6, thereby realizing the meta-lens

inhomogeneity. Note that this dynamic index range is considerably larger than that achieved

by other artificially engineered materials such as 3-D printing polymers [10, 11, 19, 20, 23],

drilled-hole approach on commercial dielectric boards [12,115,116], and other metamaterials

that combine metals with dielectrics [111,117]. Table 3.1 shows a comparison between the

proposed unit-cell architecture and other cited unit cells. In [20], the upper index range of

the 3-D printed polymer is 1.64 which corresponds to a 2.7λ0 lens thickness, and the 3-D

printed lens would not be collapsible but rather inherently solid and non-deployable. In [26],

one-sided copper square rings were used for the realization of a GRIN lens. The maximum

achievable refractive index using this element and same dielectric panels and dimensions is 2

which results in a lens thickness of 2λ0 and 19 layers. The proposed double-sided square ring

element is advantageous in terms of the larger maximum achievable index value of 2.6 that

reduces the lens thickness and number of required layers.

To demonstrate the advantages of the proposed metamaterial in terms of bandwidth,

the extracted refractive index of a unit cell with r = 1 mm is plotted in Fig. 3.8(d) versus

frequency. As the unit cell radius becomes larger, the resonance frequency decreases and the

dispersion curve is less stable around the resonance frequency. Fig. 3.8(d) shows the largest
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unit cell that has the lowest resonance frequency. It can be observed that the dispersion curve

undergoes an electrical resonance at f0 = 18.7 GHz. Below resonance frequency, the real

part of the refractive index monotonically increases and the imaginary part is close to zero

which indicates low-loss. Hence, working in the non-resonant region allows us to control the

refractive index throughout the lens over a broad frequency range. It should be emphasized

that the utilized metamaterial is different from transmitarrays [116], Zero-Index materials

(ZIM) [118], and Low-Index materials (LIM) [119], which usually comprise elements operating

efficiently in the tail of their resonances and suffer from very low bandwidth.

Further, the choice of the proposed metamaterial unit cell facilitates lens compression. In

particular, adjacent dielectric layers are separated by a fixed 1.82 mm air gap in operational

mode, and can be collapsed by eliminating the air separation to minimize storage space. That

allows the lens to be stowed collapsed in the form of stacked substrates and expand when

functioning. The collapsed lens occupies significantly less height in storage configuration than

the deployed lens in operational mode, with a thickness which is equal to 0.19λ0 reduced

by roughly five times with respect to the expanded case. Note that the outermost top and

bottom rows of discrete unit cells correspond to a refractive index equal to 1. Therefore,

these layers are omitted and the total number of 12 layers is reduced to 10. More details on

the realization of the unit cell within fabrication tolerances and the actual manufacturing are

provided in section 3.3.2.

3.3.2 Lens Fabrication

The lens layers were constructed on 0.42 mm thick Rogers 4350B copper coated substrate.

A PCB substrate solution was adopted because of the high quality and low cost of modern

commercial PCB manufacturing and milling services. The Rogers 4350B material used in

this work has low loss (tan δ = 0.0037) and stable dielectric constant of 3.48 over the band of

interest and is one of the cheapest RF materials available. The lens layers were fabricated

in a standard double-sided PCB milling process provided by Cirexx International Inc. The

copper patterns were produced by means of a wet etch process in which the undesired copper
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(a) (b)

Figure 3.10 (a) Fabricated folded lens when collapsed. All lens layers stacked without rods

and spacers; the height is 0.4 cm. (b) Fabricated unfolded lens in operational configuration.

Lens fully assembled with rods/spacers and deployed; the height is 2.1 cm.

is removed by acid.

The lens structure is rigidly supported by 1.6 mm diameter acrylic rods which pass

through the guide holes in each layer. Nylon spacers, each 1.82 mm thick, maintain the

correct inter-layer spacing. Rogers 4350B is one of the stiffest available dielectric materials

with very high tensile modulus, and four rods and spacers are sufficient to maintain stable

different layers. These dielectric components are kept discreet and are positioned near the

low edge illumination taper area so as to limit their electromagnetic interference. The air

gap, which is equal to the thickness of the spacers, can be found if we subtract the dielectric

layers’ thickness from the unit cell size. The lens layers, stacked and without support rods,

are shown in Fig. 3.10(a). The total thickness of the layers when dissembled is 0.4 cm. The

fully built up lens with rods/spacers inserted is shown in Fig. 3.10(b). In this configuration,

the lens stands at 2.1 cm (not including the spacers on top and bottom). The proposed

constructed lens can be collapsed and deployed by hand. This gives rise to a compact design

(occupies 80% smaller volume compared to the unfolded state), which can be conveniently

transported and deployed in the unfolded state. Collapsing both the feed and the lens can

be advantageous to increase the absolute space saving factor. In particular, if the feed is

PCB-based, and the lens is also formed by flat-layered dielectric substrates, the feed can

be collapsed together with the lens and stowed in the form of stacked PCB substrates to
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Figure 3.11 Weight and height comparison of 3D-printed lenses that were reported in [121]

and the fabricated meta-lens of Fig. 3.10. All lenses operate at 13.4 GHz, and the 3D-printed

lenses have a diameter of 12 cm.

reduce the distance and thus the total packaging height. Note that the idea of collapsing the

feed and the wavefront transformation device to reduce the focal distance of the collapsed

structure has already been studied for the case of reflectarray antennas (see, for example,

reference [120]) and here we focus on the original collapsible lens concept.

It should be emphasized that weight reduction is an additional advantage of this new lens.

The volume of the excessively heavy dielectric was minimized and thin dielectric layers were

used as a host to support conducting elements. In particular, the weight of the fabricated

prototype is 79g, while a solid lens of the same dimensions and dielectric material would weigh

381g. This weight can be further reduced if one takes away the surrounding dielectric section

beyond the printed metamaterial features at each of the layers. In other words, not only is

the proposed lens roughly five times lighter than the solid analogue of the same dielectric

material, but it also occupies ∼ 5 times less volume when collapsed in height for packaging

purposes. Fig. 3.11 shows a weight and height comparison of the flat-layered meta-lens and

the 3D-printed lenses that were reported in [121] for on-axis beams. All lenses operate at

13.4 GHz and the 3D-printed lenses have a diameter of 12 cm. It can be observed that the

meta-lens height and weight are reduced when compared to the 3D-printed lenses.
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Figure 3.12 Measured reflection coefficient S11 of the resonant 4-patch array feed with and

without the lens. The frequency of interest is 13.4 GHz.

3.3.3 Meta-lens Measurements

The fabricated meta-lens was affixed in the UCLA Plane Bi-Polar Near Field measurement

range [122] and was illuminated by a 4-element patch array resonant at 13.4 GHz with 13.43

dBi of measured directivity. This radiator is designed to emulate the feed source described by

(3.2) which gives a −10 dB edge taper at the angle of 36.7 degrees. The same feed was used in

the previous works [20, 21, 23, 25] where similar ratio F/D was kept and showed good results.

The measured reflection coefficient S11 of the resonant 4-patch array with and without the

presence of the lens is shown in Fig. 3.12. The measured reflection coefficient of the feed is

almost unaffected by the presence of the lens.

The mounting apparatus and the measurement setup inside the anechoic chamber are

shown in Fig.3.13(a), where two dielectric posts rigidly support the lens at the required

distance from the feed. The lens antenna illuminated by the resonant four patch array was

also modelled using CST Microwave Studio transient solver. Simulated and measured far-field

patterns resemble well for both E-plane and H-plane in terms of directivity and half-power

beamwidth, as shown in table 3.2. The radiation pattern comparison is shown for the H-plane

in Fig. 3.13(b) demonstrating the consistency between full-wave simulation and measured

results. The measured sidelobe levels are −20.5 dB and −18.8 dB, and the 3-dB beamwidths
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Figure 3.13 (a) Lens measurement setup in the UCLA Plane-bipolar Near-Field measurement

range. (b) Simulated and measured radiation patterns of the proposed lens antenna. (c)

Back-projected measured exit aperture phase.

are 13.8° and 12.2° for E-plane and H-Plane, respectively. The cross polarization level is

below −24 dB for both principal planes and the measured directivity is D = 23.06 dBi. The

simulated sidelobe levels are −22.6 dB and −20.5 dB, and the 3-dB beamwidths are 12.9°

and 12° for E-plane and H-Plane, respectively. The cross polarization level is below −30 dB

and −35 dB the simulated directivity is D = 22.73 dBi. Discrepancies between simulated and

measured results of Fig. 3.13(b) and table 3.2 are attributed to implementation tolerance

caused by antenna assembly, misalignment and accuracy of measurement. Note that the

valid angle for the near field measurement was 60 degrees. To further assess the performance

of the lens antenna and provide an insight into the high directivity, the measured near field

that was captured at the probe plane location was back-projected to the exit aperture of

the lens. The field phase distribution is illustrated in Fig. 3.13(c). The phase uniformity

inside the physical aperture area of the lens is a manifestation of the transformation of the

spherical wave emitted by the feeding source into plane wave.

Another key parameter that measures the lens performance is the aperture illumination

efficiency which is defined as the ratio eap = D/Dmax, where Dmax is calculated by

Dmax =
4πA

λ2
(3.7)
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Table 3.2:
Multi-Layered Flat Metamaterial Lens Performance Statistics. Simulated and measured

results agree well for both E- and H-plane.

Simulated Measured
Directivity (dBi) 22.73 dBi 23.06 dBi

E-Plane Half-Power
Beamwidth

12.9° 13.8°

H-Plane Half-Power
Beamwidth

12.0° 12.2°

E-Plane Sidelobe Level −22.6 dB −20.5 dB
H-Plane Sidelobe Level −20.5 dB −18.5 dB
Cross-Pol Level E-plane −35 dB −24 dB
Cross-Pol Level H-plane −30 dB −24 dB

where A is the physical area of the lens and λ is the wavelength at the frequency of

operation. The results indicate that the proposed lens has a 76% simulated and 82%

measured aperture illumination efficiency. The radiation efficiency is defined as erad = G/D,

where G is the gain of the antenna, and the overall antenna efficiency could be determined

from etot = erad × eapt = Gλ2/(4πA). The radiation efficiency includes the efficiency that

accounts for losses from the dielectric layers (ed), copper cladding (ecop), radiation losses

from the patch array feed (efeed), and mismatch (ematch = (1− |S11|2)). Table 3.3 shows the

simulated values for the efficiencies of the proposed lens antenna at f = 13.4 GHz. The

simulated overall antenna efficiency is 72.2% which corresponds to a 22.51 dBi gain. The

gain was measured using the gain transfer method and a standard gain horn antenna [99].

The measured gain is 22.2 dBi, the measured overall antenna efficiency is 67.3% and the

measured −3 dB gain bandwidth is 4.7%.

To further assess the bandwidth of the antenna, table 3.4 shows the simulated directivities

for different frequencies of 5% increments with respect to the center frequency. The ideal

feed described by (3.2) is used and we are only concerned about the bandwidth of the lens

itself. The cosq θ type of feed provides the same radiation pattern for all frequencies and the

overall bandwidth is determined by the lens. The simulated −1 dB directivity bandwidth is

40% (from 12.7 GHz to 16.8 GHz). Note that simulation results show that the lens itself is a
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Table 3.3:
Detailed simulated efficiencies of the proposed lens antenna of Fig. 3.13(a) at f = 13.4 GHz.

Efficiency Value (%)

mismatch ematch 99.0%
feed radiation efeed 98.7%
dielectric loss ed 97.6%
copper loss ecop 99.8%

aperture illumination eap 75.9%
overall etot 72.2%

Table 3.4:
Simulated directivities of the proposed lens for different operating frequencies across the

bandwidth. An ideal feed is used and we are only concerned about the bandwidth of the lens
itself and not the overall bandwidth including the feed.

f f−13.4GHz
13.4GHz

% Directivity (dBi)

12.1 GHz −10% 22.3 dBi
12.7 GHz −5% 22.7 dBi
13.4 GHz 0% 23.0 dBi
14.1 GHz 5% 23.3 dBi
14.7 GHz 10% 22.9 dBi
15.4 GHz 15% 23.2 dBi
16.1 GHz 20% 23.1 dBi
16.8 GHz 25% 23.0 dBi
17.4 GHz 30% 22.0 dBi

broadband design assuming an ideal feed that could provide stable radiation pattern for all

frequencies. The measured gain bandwidth is limited by the patch array feed that was used

in this chapter. The resonant patch array feed is narrowband (see Fig. 3.12) and the gain

bandwidth of the lens antenna is limited by the S11 bandwidth of the feed and not by the

lens.

Table 3.5 shows a comparison of our proposed lens antenna with other designs published

in the literature in terms of peak measured aperture illumination efficiency eap and thickness-

diameter ratio. In [108], eight layers of frequency selective surfaces were stacked with seven

layers of bonding materials to form a non-collapsible lens, and a thin metasurface lens with a

single panel was used in [29]. [116] presents the design of a transmitarray which was mounted
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Table 3.5:
Comparison of our proposed design with previous works.

Proposed
lens

[108] [29] [116] [111]

Measured aperture
illumination
efficiency eap

82% 26% 60% 59% 48%

Thickness-
Diameter ratio

0.18, 0.04
when

collapsed
0.12 0.02 0.18 0.50

Aperture area (λ20) 19.6 38.9 34.2 58.5 8

at the aperture of a conical horn to produce a more directive radiation pattern than that

of the standard conical horn antenna. A non-flat half Maxwell fish-eye was implemented

in [111] by gradient refractive index metamaterials. As shown in Table 3.5, the proposed

collapsible flat-layered metamaterial lens antenna outperforms the previous designs in terms

of aperture illumination efficiency eap, while maintaining minimal thickness-diameter ratio

when collapsed, which results in low packaging height.

3.4 Summary

This chapter presented the design, prototyping and measurement results of multi-layered

meta-lenses. A numerical synthesis algorithm based on GO and PSO was revisited and

applied to synthesize both on-axis and off-axis fed meta-lenses. It was shown that the

lens designs based on the numerical synthesis algorithm outperform the designs that were

produced using previous synthesis methods that are based on the straight path approximation.

This chapter also introduced the concept of collapsible flat-layered meta-lens antenna based

on gradient-refractive-index metamaterials. The attractiveness of this new lens is its low

packaging height, weight, while maintaining high performance. The proposed lens antenna

consists of multi-layer double-sided square-ring units of variable sizes distributed on planar

dielectric substrates to satisfy the required refractive index distribution. Experimental and

simulation results showed good agreement. Owing to the air gap between adjacent dielectric
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layers, the lens can be stored compressed in a stacked configuration with minimal height.

This gives rise to a design that can collapse, thus occupying five times less height compared

to the deployed state. A proof of concept prototype operating at 13.4 GHz was fabricated

and measured in the UCLA Plane Bi-Polar Near Field measurement range.
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CHAPTER 4

Low-Profile Transmitarray Antenna for Conical Beam

Scanning: Concept, Optimization, and Measurements

4.1 Transmitarrays Antennas for Conical Beam Scanning

Of the few design choices available in the literature, spherical Luneburg lenses, shaped

3D-printed lenses, and flat-layered meta-lenses have been proposed to create the conical beam

scanning, as discussed in chapters 2 and 3. A more lightweight design with reduced thickness

than the previous lenses that can achieve the conical beam sweep is desirable. In this chapter,

we propose transmitarrays as a low-profile antenna alternative that can produce the conical

beam scanning, as shown in Fig. 4.1(b).

Transmitarray antennas have attracted considerable attention as collimating devices in a

variety of antenna systems in microwave and millimeter-wave frequencies because of their

high gain and low profile [123]. Transmitarrays typically consist of an arrangement of unit

cells on a flat transmissive surface placed at a distance from the antenna feed. Each unit

cell is designed to provide a phase shift to the incident wave so that the phase of the exit

aperture field has the intended phase gradient for the desired beam peak angle [124]. Thus,

the transmitarray acts as a mask that converts the incident spherical wavefront from the

antenna feed to a planar wavefront. A schematic showing a conventional transmitarray that

is fed on axis and generates the broadside beam is shown in Fig. 4.1(a).

Various studies and experiments have reported the design of transmitarrays. For example,

transmitarrays with the main beam direction at the boresight and at non-zero scan angles

were presented in a series of recent works [31, 32, 125–130]. The common characteristic of the
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(a) (b)

Figure 4.1 Transmitarray evolution: (a) Conventional transmitarray that is fed on axis and

generates the broadside beam. (b) Proposed transmitarray that is fed off axis and produces

the conical beam scanning.

previously reported transmitarrays is that they are designed to focus the beam at a single

direction when the feed is placed at a specific location; therefore, the off-axis performance

when the feed is placed at various locations along the transmitarray focal ring is degraded.

Note that the off-axis performance of antennas that can produce the conical scan through

successive excitation of feeds placed along the body of revolution ring focus is desirable for

real-life application necessitating scanning in a conical sweep [21, 95, 131]. Some potential

applications requiring conical beam scanning are shown in Fig. 4.2 and include spaceborne

wind scatterometers that take multiple (at least four) measurements along an azimuthal

conical scan to retrieve the wind speed and direction [21, 33–35]; geosynchronous satellite-

based navigation and guidance systems that serve moving vehicles, where the antenna is

mounted on the mobile vehicle and has a pencil-beam pattern that sweeps out a cone in space

to continuously communicate with the satellite [45–47]; spaceborne microwave radars [36–38]

as well as millimeter wave imaging systems [39–44].

The key contributions of this chapter are: (a) Transmitarray antennas are proposed as an

antenna alternative that can potentially achieve the conical beam sweep for the first time.
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(a) (b)

Figure 4.2 Potential applications requiring conical beam scanning: (a) Spaceborne wind

scatterometer weather radars. (b) Geosynchronous satellite-based navigation and guidance

systems that serve moving vehicles.

(b) Unlike conventional transmitarrays that are designed for single feed location and beam

direction, the synthesis of transmitarrays for conical beam scanning is a challenging problem.

Therefore, a novel synthesis algorithm is presented based on the optimization of the feed

location and a modified transmitarray phase compensation. (c) The thickness and therefore

the weight of the previously reported lenses that were proposed for conical beam scanning

scales with the lens diameter (see, for example, chapters 2 and 3 and the references therein).

Contrary to the previously reported lenses, the thickness of the proposed transmitarray does

not scale with the transmitarray diameter. Therefore, the transmitarray is low-profile, more

lightweight and has reduced thickness when compared to the lens of the same diameter. The

transmitarray consists of only two pairs of stacked printed circuit boards (PCBs) separated

by an air gap.

4.2 Transmitarray Design Overview

4.2.1 Unit Cell Element

The transmitarray unit cell that is employed in this chapter is shown in Fig. 4.3. The unit

cell was first introduced in [31] and is used here because: (a) A spaceborne application of
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particular interest requiring conical beam scanning is the weather scatterometer radars that

measure the ocean wind [21]. The most recent Ku-Band scatterometers operate at 13.4

GHz. Inspired by the real-life application, we choose f=13.4 GHz as the operating frequency

throughout this chapter. The original unit cell presented in [31] was designed to operate at

13.5 GHz, and therefore choosing this unit cell eliminates the need for the development of a

new unit cell operating at the required frequency band. (b) The transmitarray comprising the

unit cell of Fig. 4.3 maintains a reduced profile of 0.8 cm (0.36λ0, where λ0 is the free-space

wavelength), while achieving a wideband operation with a measured 1-dB bandwidth of

13.1% as discussed in section 4.5. Note that other transmitarrays that achieve similar gain

bandwidth have higher profiles. For example, the transmitarray presented in [125] has a

thickness of 0.76λ0 with a 11.7% 1 dB gain bandwidth, and the transmitarray presented

in [132] has a thickness of 0.65λ0 with a 15% 1 dB gain bandwidth.

Fig. 4.3(a)-(b) shows the configuration and dimensions of the unit cell, where two pairs

of stacked PCBs are separated by an air gap. Each PCB pair consists of two square patches

and one square loop with four microstrips printed on two RO4003C dielectric substrates

with permittivity ϵr = 3.55 and dielectric loss tangent tan δ = 0.0027. The phase shift of

the unit cell is achieved by simultaneously varying the square size W1 of the patches printed

on the first and third layers. The unit cell of the periodic structure was modeled in CST

Microwave Studio full-wave simulation software. We used the frequency domain solver that

is based on the finite element method (FEM). Periodic boundary conditions are imposed on

the right, left, front, and rear sides and the structure is excited by a linear transverse electric

electromagnetic wave propagating in z-direction, which is modeled using the fundamental

Floquet mode, as discussed in [25,31]. Fig. 4.3(c) shows the simulated phase and amplitude

of the transmission coefficient S21 under normal plane wave incidence as W1 varies. When

W1 changes from 1.7 to 5 mm, a 360°phase shift is obtained while the transmission amplitude

is better than the typical requirement of -3 dB [123]. A thorough description of the unit cell

with more details on the development, oblique incidence and bandwidth performance can be

found in [31].
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(a) (b)

(c)

Figure 4.3 Transmitarray unit cell: (a) Perspective view and (b) Side view. P = 6 mm,

s = 0.75 mm, W2 = 3 mm, W3 = 1 mm, tsub = 0.8 mm, hair = 4.9 mm. (c) S21 phase and

amplitude with varied values of W1 at 13.4 GHz.

4.2.2 Transmitarray Synthesis

The geometry of the synthesis problem under consideration is shown in Fig. 4.4. A trans-

mitarray is illuminated by a feed that is located at (−xf , 0,−F ) and tilted at an angle

θf = tan−1(xf/F ) with respect to z axis to point at the transmitarray center to reduce

spillover loss. The feed is assumed to radiate a spherical wavefront. The transmitarray

diameter is D and the vertical distance of the feed from the transmitarray center is F .

The intended beam peak is denoted by (θb, ϕb). The transmitarray aperture is discretized

into rectangular grids each occupying an area of P 2, where P = 6 mm is the size of the
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Figure 4.4 Transmitarray geometry for the calculation of the required transmitarray phase

compensation.

transmitarray unit cell of section 4.2.1. The transmitarray phase compensation to generate

the intended beam is accomplished by varying the transmission phase of each transmitarray

element ϕi according to the element position (xi, yi) in the array as follows [131,133]:

∆Φi(xi, yi) = k0(Ri − xi sin θb cosϕb − yi sin θb sinϕb) (4.1)

where λ0 is the free-space wavelength, k0 = 2π/λ0 is the free-space wavenumber, and

Ri =
√
(xi − xf )2 + y2i + F 2 is the distance from the feed to the center of the ith transmitarray

element.

In what follows, the transmitarray diameter is D = 18 cm, the focal length is F = 13

cm (resulting in a F/D ratio of 0.7, which within the typical range of 0.5-1 [134] and the

same as in [131,135]), the operating frequency is f = 13.4 GHz (the free-space wavelength is

λ0 = 2.24cm). The feed is a Narda 639 Ku-band standard gain horn antenna [136]. Note

that other feeds could also be considered.
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4.3 The Necessity for New Synthesis Algorithm

4.3.1 18 cm On-Axis Transmitarray Design

An on-axis fed transmitarray with a diameter of D = 18 cm and F = 13 cm at f = 13.4 GHz

is considered. The feed is placed on axis (xf = 0) and the intended beam peak is θb = 0°.

The transmitarray phase compensation is synthesized based on (4.1). The target aperture

phase is the superposition of the feed phase at the aperture and the transmitarray phase

compensation, as shown in Fig. 4.5. The transmitarray acts as a mask to compensate the

differential spatial delay of the spherical wave ray emitted from the antenna feed and provide

uniform aperture phase for broadside beam. For each location at the aperture, the dimension

W1 of the unit cell of section 4.2.1 is tuned based on Fig. 4.3(c) to provide the required phase

shift that is equal to the required transmitarray phase compensation. The final on-axis fed

transmitarray design is shown in Fig. 4.5(d).

The performance of the transmitarray design that is designed for on-axis feed is assessed

through full-wave simulations. We used the transient solver of CST that is based on the finite

integration technique and hexahedral mesh. It is worthwhile mentioning that the simulation

of the transmitarray is computationally intensive. The computer used for our CST simulations

has a 64-bit operating system and 256 GB RAM. A single simulation was completed in about

17 h and required 75.1 GB of memory. The feed is placed on axis, and this particular case will

be referred to as OnAxisDes-OnAxisFed as the transmitarray is designed for on-axis feed and

is fed on axis. The transmitarray demonstrates a directional far-field pattern at f=13.4 GHz,

as shown in Fig. 4.6(a). The simulated performance statistics of the OnAxisDes-OnAxisFed

transmitarray are shown in table 4.1. The simulated directivity and gain are 24.9 dBi and

24.7 dBi, respectively, corresponding to an aperture illumination efficiency eap (as defined

in [25,97]) of 48.4% and an aperture efficiency of 46.1%. The half-power beamwidth (HPBW)

for H- and E-planes are 8.5°and 9.1°, the sidelobe level (SLL) for H- and E-planes are -22.0

dB and -20.3 dB, respectively, and the beam peak is at θb = 0°. Note that in previous work,

transmitarrays designed for on-axis feed and broadside beam have similar aperture efficiency

values. For example, the OnAxisDes-OnAxisFed simulated aperture efficiency of 46.1% is
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(a) Feed Phase at Aperture. (b) Target Aperture Phase.

(c) Transmitarray Phase Compensation. (d) Transmitarray Model.

Figure 4.5 Transmitarray that is designed for on-axis feed.

close to the previously reported values of 47% in [125] and 50.9% in [32].

In general, the phase compensation of a transmitarray that is designed for on-axis feed

and broadside beam is circularly symmetric. In particular, for xf = 0 and θb = 0, (4.1)

reduces to:

∆Φi(xi, yi) = k0Ri = k0

√
ρ2i + F 2 (4.2)

where (xi, yi) is the center of the ith element position at the transmitarray aperture; ρi =√
x2i + y2i and ϕi are the radial and azimuthal coordinates of the ith transmitarray element in

the cylindrical coordinate system. (4.2) is ρi-dependent and ϕi-independent resulting in a

transmitarray with circular symmetry, as shown in Fig. 4.5(c)-(d). A design with circular

symmetry is desirable for conical beam scanning applications because it can potentially

take advantage of the azimuthal symmetry of the feeds placed along the ring focus that
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(a) (b)

Figure 4.6 Simulation results of the 18 cm transmitarray that is designed for on-axis feed

(f=13.4 GHz): (a) Simulated far-field normalized radiation pattern of the OnAxisDes-

OnAxisFed transmitarray. (b) Simulated directivities of the OnAxisDes-OnAxisFed and

OnAxisDes-OffAxisFed transmitarrays for the H-plane.

Table 4.1:
18 cm transmitarray simulated performance statistics (f=13.4 GHz).

OnAxisDes-
OnAxisFed

OnAxisDes-
OffAxisFed

OffAxisDes-
OffAxisFed-

Pos.1

OffAxisDes-
OffAxisFed-

Pos.3

Optimized
Pos.1-4

Directivity
(dBi)

24.9 dBi 22.4 dBi 24.2 dBi 20.7 dBi 24.1 dBi

HPBW
H-plane

8.5° 9.9° 8.2° 13.7° 8.3°

SLL E-plane -22.0 dB -13.0 dB -13.1 dB -6.7 dBi -11.4 dBi

|θb| 0° 25.0° 25.0° 44.2° 44.2°
eap 48.4% 27.2% 41.2% 18.4% 40.3%

will ultimately produce the conical beam sweep. Therefore, the circularly-symmetric design

of Fig. 4.5(c)-(d) that is designed for on-axis feed and broadside beam can be a potential

solution to conically-scan the beam. To assess the conical scanning capability of the design

of Fig. 4.5(c)-(d), the OnAxisDes-OnAxisFed transmitarray is now fed off axis and we

set xf = 6.9 cm1. The latter design is denoted by OnAxisDes-OffAxisFed hereafter. The

simulated H-plane radiation pattern and performance statistics are shown in Fig. 4.6(b) and

table 4.1. The directivity drops by 2.5 dB to 22.4 dBi, eap reduces to 27.2% from 48.4%, the

1We choose xf = 6.9 cm to be the same as the optimized feed location of the transmitarray that is
presented in section 4.4. This allows fair comparison between the simulated performance statistics of the
OnAxisDes-OffAxisFed and the Optimized transmitarray, as shown in table 4.1.
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H-plane beamwidths broaden to 12.3° from 9.9°, the H-plane sidelobe level has risen to -13.0

dB from -22.0 dB compared to the OnAxisDes-OnAxisFed transmitarray. It can be observed

that the transmitarray that was designed for particular geometrical parameters (i.e on-axis

feed and beam beak at θb = 0°) performs best only for these parameters. When the feed is

placed at an arbitrary position (−xf , 0, 0), the off-axis performance required for conical beam

scanning is noticeably degraded.

4.3.2 18 cm Off-Axis Transmitarray Design

In an attempt to achieve a better off-axis performance compared to the OnAxisDes-OffAxisFed

design, an off-axis fed 18 cm transmitarray is designed based on the synthesis methodology

that was described in section 4.2.2 and (4.1). The latter design is denoted by OffAxisDes-

OffAxisFed. The feed is placed off axis at xf = 10 cm for approximately −8 dB edge

taper. For scatterometer applications, the beam peak has to be greater than 20° to allow

the unambiguous retrieval of the wind speed and direction (see references [33, 34]) and,

therefore, we choose (θb = 25°, ϕb = 0°) as an example. The target aperture phase, the

feed phase at the aperture, the transmitarray phase compensation, and the top view of the

OffAxisDes-OffAxisFed transmitarray are shown in Fig. 4.7.

Fig. 4.8 shows five distinct feed positions (−xf , 0, 0), (0, xf , 0), (xf , 0, 0), (0,−xf , 0),

and (−xf
√
2/2, xf

√
2/2, 0) (Positions 1-5), where the feeds are placed along the body of

revolution ring focus of the transmitarray. The OffAxisDes-OffAxisFed transmitarray is

simulated in CST for the feed placed at positions 1-4. The simulated far-field patterns

are shown in Fig. 4.9. When the feed is placed at position 1, the OffAxisDes-OffAxisFed

transmitarray achieves higher directivity and narrower beamwidth when compared to the

OnAxisDes-OffAxisFed design. In particular, the H-plane half-power beamwidth is 8.2°,

the H-plane sidelobe level is −13.1 dB, and the beam peak is at θb = 25°. The simulated

directivity is 24.2 dBi, corresponding to an eap of 41.2%. Note that the scan loss for this beam

angle is 0.43 dB and that the OffAxisOpt-OffAxisFed transmitarray directivity is 0.7 dB lower

than the OnAxisDes-OnAxisFed case and 1.8 dB higher than the OnAxisDes-OffAxisFed
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(a) Feed Phase at Aperture. (b) Target Aperture Phase.

(c) Transmitarray Phase Compensation. (d) Transmitarray Model.

Figure 4.7 Transmitarray that is designed for off-axis feed.

case. Also, note that the OffAxisDes-OffAxisFed transmitarray is not circularly-symmetric

as was the OnAxisDes-OffAxisFed design. Consequently, the performance is degraded and

the beam peak shifts from the intended value of 25°when the feed is placed at positions 2-4,

as shown in Fig. 4.9. The simulated performance statistics of the OffAxisDes-OffAxisFed

transmitarray when the feed is placed at position 3 are shown in table 4.1. The beam peak

shifts from 25° to 44.2°, the sidelobe level rises from −13.1 dB to −6.7 dB, the beamwidth

broadens from 8.2°to 13.7°, and the directivity drops by 3.5 dB from 24.2 dBi to 20.7 dB

corresponding to eap = 18.4%.
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Figure 4.8 Five distinct feed positions (−xf , 0, 0), (0, xf , 0), (xf , 0, 0), (0,−xf , 0), and (−xf√
2/2, xf

√
2/2,0) (Positions 1-5). The feeds are placed along the body of revolution ring

focus of the transmitarray.

4.4 Transmitarray for Conical Beam Scanning: Novel Synthesis

Algorithm

As discussed in section 4.3, a transmitarray designed to produce the conical beam scanning

is desired to:

(a) Maintain circular symmetry. This is required to achieve the scan in a conical sweep

through successive excitation of feeds placed along the body of revolution ring focus, as

shown in Fig. 4.8.

(b) Maximize the achieved directivity when the feed is placed off-axis. This is desirable for

applications requiring off-axis fed designs producing highly-directive beams [21].

The design presented in section 4.3.1 satisfies (a) but not (b), whereas the design presented

in 4.3.2 satisfies (b) but not (a). In this section, we present a novel methodology for the

synthesis of a transmitarray that satisfies both (a) and (b) and can achieve the conical beam

scanning.

As discussed in section 4.3.2 and illustrated in Fig. 4.7, the transmitarray phase compen-

sation does not maintain circular symmetry for an arbitrary feed location xf and intended

74



Figure 4.9 Simulated normalized radiation patterns of the co-pol of the OffAxisDes-OffAxisFed

transmitarray with feed at positions 1-4.

beam peak angle θb. To illustrate this, the target aperture phase, the feed phase at the

aperture, and the transmitarray phase compensation for the same intended beam peak

(θb = 25°, ϕb = 0°) and various feed locations (xf = 0, xf = −3 cm, and xf = −6.9 cm) are

shown in Fig. 4.10. The first column illustrating the target aperture phase is the same for

all cases to ensure that the phase of the aperture field has the intended phase gradient for

the desired beam scan angle. The second column, i.e. the feed phase at the aperture, is the

−k0Ri term in (4.1). It is equal to the differential spatial delay of the spherical wave ray

emitted from the antenna feed and it depends on the feed position. The third column, i.e.

the transmitarray phase compensation, is obtained using (4.1). The goal is to synthesize a

modified transmitarray phase compensation ∆ϕm(ρi) that is ϕi-independent to satisfy (a)

and is close to the transmitarray phase compensation obtained by (4.1) to satisfy (b).

To synthesize ∆ϕm(ρi), we take the center of each pixel (xi, yi) in the transmitarray

aperture and calculate its radial coordinate ρi =
√
x2i + y2i as well as the value of the

transmitarray phase compensation ∆ϕ(ρi) based on (4.1). Note that there are 641 total

pixels based on the transmitarray and unit cell dimensions that are used in this chapter. The
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(a)

(b)

(c)

Figure 4.10 18 cm transmitarray analysis for the intended beam peak (θb = 25°, ϕb = 0°)
(f=13.4 GHz). The target aperture phase; the feed phase at the aperture; the transmitarray

phase compensation obtained using (4.1); the transmitarray phase compensation of pixels

with unique radial distance; the modified ϕi-independent transmitarray phase compensation

based on ∆ϕm(ρi) for various feed positions: (a) xf = 0, (b) xf = −3 cm, and (c) xf = −6.9

cm.

points in the grid with the same ρi are omitted to allow the definition of a unique functional

mapping ∆ϕm : Au → Bu, with the domain Au = {ρiu} and range Bu = {∆ϕ(ρiu)}, where

iu = 1, 2, . . . indicates the iu
th transmitarray pixel with unique radial distance. There are 77

pixels corresponding to unique radial distance ρiu in Au, as shown in the fourth column of

Fig. 4.10. Note that these pixels cannot occupy more than an octant of the transmitarray.

This is because the transmitarray aperture is eight-way symmetric, and the center of at least

one pixel at the first octant has the same radial coordinate with at least one pixel at each

one of the other seven octants [137].
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Once the modified transmitarray phase compensation ∆ϕm(ρi) is defined, i.e. there is

a unique mapping of the radial distance of the transmitarray pixel position to the value

of the transmitarray phase compensation, the entire transmitarray aperture phase shift for

each pixel can be calculated using ∆ϕm(ρi), as shown in the final column of Fig. 4.10. The

standard deviation of the phase difference between the transmitarray phase compensation

calculated by (4.1) and the modified version shown in the fifth column of Fig. 4.10 is a

metric indicating the resemblance of the third and fifth column. For example, the standard

deviation of the phase error for xf = 0 (Fig. 4.10(a)), and xf = −6.9 cm (Fig. 4.10(c)) are

90.2° and 22.4°, respectively.

The goal is to find the feed location xf such that the modified transmitarray phase com-

pensation and the transmitarray phase compensation calculated by (4.1) have the minimum

standard deviation of the phase difference. For this purpose, the transmitarray analysis tool

to calculate the standard deviation of the phase difference is linked with PSO to obtain the

best design [93]. A high-level flowchart of the novel synthesis algorithm is shown in Fig.

4.11. The feed position is allowed to vary within the [−D/2, 0] range, and the feed at each

location is tilted towards the center to reduce spillover loss. The fitness function is chosen

to be the standard deviation of the phase difference between the modified transmitarray

phase compensation and the transmitarray phase compensation calculated by (4.1). The

optimization of 4 particles in total (4 per unknown) and invisible boundaries is run for 50

iterations with randomly chosen start points for the single optimization variable. The PSO

convergence plot for the obtained optimized transmitarray off-axis fed design is shown in

Fig. 4.12. The final optimized feed position xf = 6.9 cm corresponding to a fitness function

of 22.4° was found after only 13 iterations and the optimized modified transmitarray phase

compensation that is circularly-symmetric is shown in Fig. 4.10.
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Figure 4.11 High-level flowchart of the transmitarray synthesis algorithm. The transmitarray

analysis tool to calculate standard deviation of the phase difference between the transmitarray

phase compensation calculated by (4.1) and the modified transmitarray phase compensation

∆ϕm is linked with PSO to obtain the best transmitarray design.

4.5 Transmitarray Prototyping, Simulation, and Measurement

Validation

The optimized transmitarray was fabricated using a standard PCB manufacturing process.

The copper patterns were produced by means of wet etching where the unwanted copper

is dissolved when immersed in a chemical solution. Two pairs of stacked 0.8 mm-thick

Rogers RO4003C copper-coated substrates are separated by an air gap based on the unit cell

configuration of section 4.2.1 and Fig. 4.3. Nylon spacers, each 4.9 mm thick, are positioned

near the edge area so as to limit their electromagnetic interference and maintain the required

inter-layer spacing. The top view, side view, and a close-up view of some representative unit

cells of the transmitarray prototype are shown in Fig. 4.13(a). The transmitarray has a

diameter of 18 cm, a total thickness of only 0.8 cm that does not scale with the diameter.

The measured transmitarray weight is 0.171 kg, which is less than 20% of the weight (0.911

kg) of the 3D-printed lens of the same diameter that was presented in Chapter 2 for conical

beam scanning, as shown in Fig. 4.14. The setup suitable for measurements with the Narda

639 Ku-band horn antenna as a feed and three posts rigidly supporting the transmitarray is

shown in Fig. 4.13(b).
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Figure 4.12 PSO convergence plot for the optimized off-axis fed transmitarray.

(a) (b)

Figure 4.13 Fabricated transmitarray prototype: (a) Top view, side view, and zoom-in view

of the 18 cm 3D-printed lens prototype. (b) Setup suitable for measurements with the Narda

639 Ku-band horn antenna as a feed.

To demonstrate the conical scanning capabilities of the optimized transmitarray, the

transmitarray is simulated in CST when illuminated by the feed at five distinct positions

along the focal ring with constant radius xf = 6.9 cm, as shown in Fig. 4.8. Note that the

full-wave simulation accounts for the effect of oblique incidence, anisotropy, and edge effects.

The simulated directivity of 24.1 dBi is the same for positions 1-4 because of symmetry, and

is only 0.1 dB lower for position 5. The simulated conically-scanned radiation patterns are

shown in Fig. 4.15 and encouraged the measurement of the transmitarray for experimental

validation.

The transmitarray was affixed at the UCLA spherical near-field chamber, as shown in Fig.
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Figure 4.14 Weight Comparison of 18 cm 3D-printed lens that was presented in chapter

2 and the 18-cm transmitarray (both operate at 13.4 GHz). The measured weight of the

transmitarray is 0.171 kg, which is less than 20% of the weight (0.911 kg) of the 3D-printed

lens of the same diameter.

Figure 4.15 Simulated normalized radiation patterns of the co-pol of the optimized transmi-

tarray with feed at position 1-5.

4.16(a). Three posts are used to support the transmitarray and the feed horn is placed at

position 1. The transmitarray is modelled in CST and the simulated and measured radiation
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patterns are shown in Fig. 4.16(b). The simulated and measured directivity is 24.1 dBi

and 24.2 dBi, eap is 40.3% and 41.2%, the half-power beamwidth for the H-plane is 8.3°and

8.3°, the sidelobe level is -11.4 dB and -12.5 dB, and the beam peak angle is 25°and 24.9°.

The gain was measured using the gain transfer method [99]. The measured gain is 23.6 dBi,

corresponding to an aperture efficiency of 35.9%. The proposed transmitarray achieves an

aperture efficiency that is within the typical range for scanned cases with scan angle between

20°and 30°. For example, the aperture efficiency of the transmitarray that was presented

in [32] is 36.5% for a scan angle of 30°. Note that the design in [32] does not have the conical

scanning capability due to the lack of circular symmetry.

To demonstrate the conical scanning capabilities of the transmitarray presented in this

chapter, the feed was placed at positions 2-5. The measured results with the feed at positions

2-4 duplicate the results of the case when the feed is placed at position 1 within measurement

uncertainty (the maximum directivity discrepancy is 0.1 dB) and have been averaged and

placed into the second column of table 4.2. The radiation pattern when the feed is placed at

position 5 is shown in as shown in Fig. 4.16(c). The measured directivity is 24.2 dBi, the

half-power beamwidth is 8.5°, the sidelobe level is -12.8 dB, and the beam peak angle is 25.2°.

Additionally, the horn at position 1 was rotated 90°along its local vertical axis to scan along

the E-plane of the horn to study the effect of the feed polarization. The measured performance

statistics of the measured transmitarray are shown in Fig. 4.2. The measurements agree well

with predictions obtained by full-wave simulations. Discrepancies between the simulated and

measured results are attributed to implementation tolerance caused by antenna assembly,

misalignment and accuracy of measurements. The results show that the transmitarray can

achieve the conical beam scanning by comparing the measurements taken at five locations

within the ring focus. Note that the scanning capabilities could be achieved by several

means including mechanically rotating the feed (see, for example, [138, 139]) or electronically

scanning a feed array (as discussed in [21]).

The transmitarray was also measured at different frequencies across the bandwidth with

the horn feed placed at position 1. The simulated and measured radiation patterns at four

distinct frequencies (12.5 GHz, 13 GHz, 14 GHz, 14.5 GHz) around the center frequency of
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(a) (b)

(c) (d)

Figure 4.16 Transmitarray measured results (f=13.4 GHz): (a) Measurement setup at the

UCLA spherical near-field chamber. Simulated and measured radiation patterns at 13.4 GHz

with the feed horn (b) at position 1, (c) at position 5, (d) at position 1 and rotated 90°to
scan the E-plane.

13.4 GHz are shown in Fig. 4.17. Overall, there is excellent agreement between simulation

and measurements. The measured cross polarization for all cases presented in this chapter

is below -25 dB. Fig. 4.18 shows a comparison between the simulated vs measured values

for the directivity and gain of the fabricated transmitarray at different frequencies across

the bandwidth. The measured 1dB gain bandwidth is 13.1%. Overall, there is very good

agreement between simulations and measurements. Table 4.3 shows a comparison of our

proposed transmitarray antenna with other designs published in the literature in terms of

thickness, aperture efficiency, -1dB gain bandwidth, beam peak angle, and conical scanning

capability.
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Table 4.2:
Off-axis fed 18 cm transmitarray measured performance statistics (f=13.4 GHz).

Position 1
Simulated

Positions
1-4

Measured
Averaged

Position 5
Simulated

Position 5
Measured

Position 1
Simulated
Rotated
Feed

Position 1
Measured
Rotated
Feed

Directivity
(dBi)

24.1 dBi 24.2 dBi 24.0 dBi 24.2 dBi 24.3 dBi 24.1 dBi

HPBW 8.3° 8.3° 8.4° 8.5° 8.5° 8.3°
SLL

E-plane
-11.4 dBi -12.7 dB -13.9 dB -12.8 dBi -11.7 dBi -9.2 dBi

|θb| 25.0° 25.0° 25.2° 25.2° 25.2° 25.0°
eap 40.3% 41.2% 40.0% 41.2% 42.2% 40.3%

(a) f=12.5 GHz (b) f=13.0 GHz.

(c) f=14.0 GHz. (d) f=14.5 GHz.

Figure 4.17 Transmitarray off-axis fed design measured normalized radiation patterns at

different frequencies.
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Figure 4.18 Simulated vs measured values for the directivity and gain of the fabricated

transmitarray at different frequencies.

Table 4.3:
Comparison of the proposed transmitarray with other references.

Ref. Thickness
Aperture
Efficiency

-1dB Gain
Bandwidth

Beam
Peak
θb

Conical
Scanning
Capability

[125] 0.76λ0 47.0% 11.7% 0° No

[32] 0.27λ0 36.5% - 30° No

[129] 0.58λ0 14.6% 4.9% 30° No

[21] 4.60λ0 37.0% - 33° Yes

This
work

0.36λ0 35.9% 13.1% 25° Yes

4.6 Summary

This chapter presented a novel transmitarray antenna for switched beam type conical pattern

sweep of a highly-directive beam. The scan in a conical sweep is produced through successive

excitation of feeds placed along the body of revolution ring focus. This is the first transmitarray

that is designed for conical beam scanning. To address this challenging problem, a novel

transmitarray synthesis algorithm was presented based on a modified transmitarray phase

compensation coupled to the PSO of the feed location. An 18 cm transmitarray was designed

using this approach and a proof-of-concept prototype was manufactured. The transmitarray

with a ring-type focus was populated with individual feed antennas at five positions within the
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ring focus and characterized through far-field measurements. The measured results agree well

with predictions obtained from full-wave simulations and demonstrate the conical scanning

capabilities of the proposed transmitarray.
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CHAPTER 5

Orbital Angular Momentum Beams: Novel

Mathematical Insights, Transmitarray Generation and

Measurement Validation

5.1 OAM Beams: Perspectives and Research Objectives

For antenna applications, the synthesis of proper antenna aperture field allows the generation

of the desired far-field radiation pattern. Conventionally, an aperture field with uniform

phase distribution is desired to achieve a directive antenna radiation pattern. For example,

the lens antennas presented in chapters 2-4 aim to achieve uniform exit aperture phase (or

the intended phase gradient for the desired beam scan angle) for maximum directivity [25,30].

Synthesizing novel antenna aperture fields will allow one to generate unconventional radiation

patterns with out-of-the-box characteristics.

A case of particular interest is the OAM beams. Table 5.1 summarizes the theoretical and

experimental milestones regarding OAM in chronological order. OAM’s aperture field has an

ejlϕ dependency in its phase, where ϕ is the azimuthal variable in the aperture and l is an

integer corresponding to the OAM mode number [140, 141]. This unique azimuthal phase

variation is also referred to as “vortex” or “helical” phase. OAM beams exhibit two unique

properties: the orthogonality of different OAM modes and the cone-shaped far-field pattern

of OAM beam. The large number of orthogonal OAM modes provides additional sets of data

carriers, which offers the potential to increase the capacity and spectral efficiency of wireless

communication links. The cone-shaped pattern of the OAM beam can be advantageous

for applications that require cone-shaped patterns, such as geosynchronous satellite-based
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Table 5.1: Chronicle of milestones regarding OAM.

Reference Year Main Contribution
[147] 1909 Theoretically studied angular momentum of circularly-polarized waves
[148] 1936 Experimentally studied the SAM of light and demonstrated that SAM

can cause the rotation of a mechanical system
[140] 1992 Recognized that light beams with an azimuthal phase dependence of

ejlϕ carry OAM
[149] 2004 Conducted first experiment on OAM free space optical communications
[150] 2006 Reported the generation of an OAM-carrying optical vortex in optical

fibers
[151] 2007 Numerically showed that OAM can be used in the radio frequency

domain
[152] 2012 Performed the first experimental test of encoding multiple channels on

the same radio frequency through OAM
[153] 2013 Conducted the first OAM-DM experiment suggesting that OAM could

provide an additional degree of freedom for data multiplexing in future
fiber networks

[50] 2018 Suggested a potential application that takes advantage of the OAM
cone-shaped pattern in the far-field

navigation and guidance systems that serve moving vehicles and ceiling-mounted indoor

wireless systems, as shown in Fig. 5.1 [50,142]. Note that since OAM beam is divergent, a

large receiving aperture is required to capture the entire beam for OAM-DM modulation

applications, as shown in Fig. 5.2. This poses a challenge for far-field communication links

since the size of the receiving antenna might become impractical. The requirement to collect

enough power of the divergent OAM beam with a very large aperture (compared to wavelength)

significantly limits the achievable distance of OAM communication links [143], especially

for radio frequencies, where the wavelengths are larger compared to optical frequencies.

In particular, references [49, 144, 145] question the possibility of using OAM antennas in

long-distance communication links. They highlight that in order to achieve the required

signal-to-noise ratio at the receiver endpoint the physical size of the receiving antenna becomes

very large. The impact of the finite receiving aperture size and the misalignment (lateral and

angular) between the transmitter and the receiver on the performance of an optical OAM

communication link was investigated in [146].

Harnessing the unique features of OAM for real-life communications applications entails
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Figure 5.1 Potential applications involving OAM antennas.
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Figure 5.2 OAM beam is divergent: A large receiving aperture is required to capture the

entire beam for OAM-DM modulation. This poses a challenge for far-field communication

links since the size of the receiving antenna might become impractical.

numerous engineering challenges yet to be overcome, one of which falls on the development

of antennas that can generate CP OAM beams. This challenge also comes with the lack of

a comprehensive and systematic characterization of the far field properties of OAM beams

that would potentially facilitate the design of OAM antennas. This chapter addresses these

challenges as follows: First, we provide insight into the far field properties of OAM beams using

the antenna aperture field method. Semi-analytical expressions for the far field of a general

cylindrically-symmetric OAM aperture field are derived using the classical antenna aperture

field method. The far-field properties of both LP and CP OAM carrying fields are considered.

In particular, we reveal the major far-field characteristics including the polarization and phase

variation. For two common OAM-carrier aperture field distributions, i.e., the generalized Airy

disk with uniform amplitude distribution and the Laguerre-Gaussian distribution, analytical

expressions of their fields are also obtained in closed forms. The equations obtained in this

chapter lead to several insightful observations that are validated through full-wave simulations.
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The derived analytical and semi-analytical formulas can potentially guide the design of OAM

communication systems. Second, we propose transmitarray antennas for the generation

of CP OAM beams. A novel “S-ring” transmitarray element is designed to sustain CP

operation with only three metal patterned layers. We present the synthesis, prototyping and

measurement validation of a proof-of-concept prototype with a thickness of 3 mm operating

at 19 GHz. The measurements agree well with predictions obtained by full-wave simulations

and demonstrate that the proposed transmitarray antenna can be a unique apparatus that

generates OAM CP cone-shaped patterns.

5.2 Mathematical Insights into the Far-Field Properties of OAM

Beams

Driven by the recent increasing scientific interest and research on OAM communications, we

revisit the fundamentals of OAM beams and provide insight into their far-field properties. Our

main analysis tool is the classical antenna aperture field method, which is well-established in

electromagnetics textbooks and widely applied in the analysis of conventional antennas [30,51,

154,155]. To the author’s best knowledge, there has not been a comprehensive and systematic

characterization of the far-field properties of OAM beams [49,50] (some aspects have been

discussed in [49,50] but not thoroughly investigated). The significance of understanding the far-

field properties of OAM beams is manifested as the following: (i) in many application scenarios,

an OAM-carrying radiation is characterized in the far-field. Therefore, the understanding

of OAM’s far-field polarization, phase, etc. can be crucial to establishing effective OAM

communications links and understanding inherent limitations; (ii) analytical or semi-analytical

expressions for the OAM far-fields can provide proper guidelines to the design of OAM

antennas (an example can be found in the domain of conventional reflector antennas where

the analytical formulas of the Airy disk, i.e. the uniform amplitude and phase aperture field

distribution, facilitate the antenna design [30,51]).
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5.2.1 OAM Beams: Field Evolution and Analogies with Conventional Beams

To provide insight into the OAM field distribution at various distances far from the antenna,

we studied the changes of amplitude pattern shape from the reactive near-field toward the

far-field. The first case of study is a conventional reflector antenna with uniform aperture

phase and −10 dB edge taper. The aperture field distribution is modeled using the two-

parameter (2P) model [30, eq. (16)], and the field at various distances is calculated using the

Fresnel–Kirchhoff diffraction integral [156]. The second case of study is a helicoidal reflector,

where the aperture field is modeled using the [30, eq. (16)] multiplied by the phase term

e−jlϕ, for l = 1. The aperture diameter for both cases is D = 10λ at 19 GHz. The changes of

amplitude pattern shape from the reactive near-field toward the far-field for the two cases

are shown in Fig. 5.3. The pattern is calculated at r = 4.9λ, 24λ, 8000λ corresponding to

the reactive near-field, radiating near-field and far-field regions. It can be observed that the

amplitude null at the center is maintained at all distances.

5.2.2 Aperture Field Method

The classical antenna aperture field method has been discussed in many popular textbooks

(see for example, [154, 155]) and is one of the common tools for the analysis of aperture

antennas. Note that any antenna can be regarded as an aperture antenna with the proper

choice of an aperture plane, as discussed in [49,155]. A schematic of the antenna aperture

field method as applied for the case of a conventional reflector antenna and an OAM antenna

is shown in Fig. 5.4. In what follows, we use the antenna aperture field method to study the

far-field characteristics of OAM beams and provide significant insights.

5.2.2.1 LP OAM Field

The tangential aperture field of an OAM-carrying LP field with a cylindrically-symmetric

amplitude distribution can be written as:

E⃗LP(ρ
′, ϕ′) = E(ρ′)e−jlϕ′

x̂, 0 < ρ′ < a (5.1)
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(a)

(b)

Figure 5.3 Changes of amplitude pattern shape from the reactive near-field toward the far-field

for (a) a conventional antenna and (b) an OAM antenna. The dimensions are D = 10λ and

the pattern is calculated at r = 4.9λ, 24λ, 8000λ corresponding to the reactive near-field,

radiating near-field and far-field regions.

where ρ′ and ϕ′ are the radial and azimuthal coordinates in the cylindrical coordinate system;

a is the transverse extend of the aperture field; j =
√
−1 is the imaginary unit; l is the OAM

mode number; x̂ represents the direction of the linear polarization. The equivalent magnetic

current density can be calculated from [154, eq. 6-129b] as:

M⃗s = −ẑ × E⃗(ρ′, ϕ′) = −ŷE(ρ′)e−jlϕ′
, 0 < ρ′ < a (5.2)
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Figure 5.4 Schematic of antenna aperture field method for conventional and OAM antennas.

Using the integral identity [50, eq. 5]:

(5.3)

∫ 2π

0

e−jlϕ′
ejk0ρ

′ sin θ cos(ϕ−ϕ′)dϕ′ = 2π(−j)lJl(k0 sin θρ′)e−jlϕ

where k0 = 2π/λ is the free-space wavenumber with λ being the free-space wavelength, we

find the expression of the far-field integrals using [154, eq. 6-125c, 6-125d]:

Lθ = −2π cos θ sinϕ(−j)le−jlϕI (5.4)

Lϕ = −2π cosϕ(−j)le−jlϕI (5.5)

where

I =

∫ a

0

E(ρ′)Jl(k0 sin θρ
′)ρ′dρ′ (5.6)

and Jl(·) is the lth-order Bessel function of the first kind [157]. Note that the integration

in (5.6) is performed on the radial coordinate ρ′ in the aperture, and I is a function of θ
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with the wavenumber k0 being a constant. The expression of the far-field electric field can be

written as [154, eq. 6-122b, 6-122c]:

E⃗ff
LP(r, θ, ϕ) =

jk0e
−jk0r

2r
(−j)le−jlϕ

(
θ̂ cosϕ− ϕ̂ cos θ sinϕ

)
I (5.7)

In what follows, we apply the aperture field method for the calculation of the far-field electric

field of a circularly-polarized field.

5.2.3 CP OAM Field

The tangential aperture field of an OAM-carrying CP field with a cylindrically-symmetric

amplitude distribution E(ρ′) can be written as:

E⃗CP(ρ
′, ϕ′) = E(ρ′)e−jlϕ′

(x̂± jŷ)/
√
2, 0 < ρ′ < a (5.8)

where “−” and “+” signs in (5.8) indicate RHCP and LHCP waves, respectively. The

equivalent magnetic current density is calculated from [154, eq. 6-129b]:

M⃗s = (jx̂∓ ŷ)/
√
2× E(ρ′)e−jlϕ′

, 0 < ρ′ < a (5.9)

The far-field integrals can be found using equations [154, eq. 6-125c, 6-125d] by virtue of the

integral identity (5.3):

Lθ = ±j cos θe±jϕ
√
2π(−j)le−jlϕI (5.10)

Lϕ = −e±jϕ
√
2π(−j)le−jlϕI (5.11)

The expression of far-field electric field is then calculated using [154, eq. 6-122b, 6-122c]:

E⃗ff
CP(r, θ, ϕ) =

jk0e
−jk0r

2r

(−j)l√
2
e±jϕe−jlϕ

(
θ̂ ± j cos θϕ̂

)
I (5.12)

where “−” and “+” signs in (5.12) correspond to RHCP and LHCP cases. The significance

94



of the far-field expressions (5.7) and (5.12), as well as the immediate consequences will be

expanded upon section 5.2.3.1.

5.2.3.1 Observations on the Far-field Expressions of OAM Beam

In what follows, we examine the general far-field expressions (5.7) and (5.12) of OAM beam

with linear and circular polarization. In particular, our goal is to understand the far-field

signature and phase characteristics of OAM beams. Some observations are made as the

following:

(a) For a LP OAM beam, the electric field maintains the phase term e−jlϕ in the far-field. In

other words, the phase observed in the far field maintains the same azimuthal gradient

as that in the aperture field.

(b) For a CP OAM beam, an additional phase term of e+jϕ (for RHCP), or e−jϕ (for LHCP)

occurs in addition to the helical-phase term e−jlϕ in its far field. In other words, the

far-field phase of a CP OAM aperture field has a different azimuthal gradient from that

in the aperture: for RHCP OAM beam, an aperture phase variation of e−jlϕ will result

in a far field phase variation of e−j(l−1)ϕ; for LHCP OAM beam, an aperture phase

variation of e−jlϕ will result in a far field phase variation of e−j(l+1)ϕ. The near-field

azimuthal phase variation, or more specifically, the constant l, is what determines the

OAM order. Whereas the additional term e±jϕ is a manifestation of circular polarization

in the far field, and has no relation with OAM. In fact, it can be observed from (5.12)

that the term e±jϕ even appears when the CP aperture has a uniform phase (i.e., l = 0).

As will be elaborated in the following, it is crucial to acknowledge this far-field phase

characteristic in the OAM purity analysis.

(c) The mode decomposition is a common method to assess the OAM mode purity of an

OAM beam in antenna applications [158]. This is obtained by applying the Fourier

transform on the far-field phase distribution P (ϕ) [159]:

(5.13)AlLP
=

1

2π

∫ 2π

0

P (ϕ)e−jlϕdϕ
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where P (ϕ) is the extracted phase of the far field at a constant elevation angle θ, which

is usually chosen at the peak of the cone-shaped OAM pattern (see, for example, [158]);

Al is the magnitude weight of the mode l across the OAM spectrum. (5.13) is valid

for LP OAM beams. However, according to previous discussion in Section 5.2.3.1(b),

(5.13) must be modified for CP OAM beams as follows:

(5.14)AlCP
=

1

2π

∫ 2π

0

P (ϕ)e−j(l∓1)ϕdϕ

with the “−” sign taken for RHCP, and “+” taken for LHCP. Equation (5.14) cancels

the additional term of e±jϕ that occurs in the far-field of a CP OAM beam, and exposes

the correct azimuthal phase variation for mode purity analysis. This ensures the correct

determination of OAM order of a CP OAM beam. Failing to include the correcting

factor will result in wrong interpretation of the received OAM order, and consequently

lead to impaired signal level. These equations will be verified in Section 5.2.5 with

full-wave simulation results.

(d) The sense of polarization in the aperture field is maintained in the far-field: according

to (5.7) and (5.12), the phase difference between the θ̂- and ϕ̂- components is 0° for LP

OAM beam, and ±90° for CP OAM beam. For a CP antenna, the axial ratio (AR) is a

measure of its CP purity in the far field, and is defined as the ratio of the magnitudes

of θ̂- and ϕ̂- components. For a CP OAM antenna, its AR at a given elevation angle θc

can be obtained based on (5.12) as:

AR =
1

cos(θc)
(5.15)

This equation shows that the minimum theoretically achievable AR increases as the

observing elevation angle increases. This is an important observation especially when

considering the cone-shaped far-field pattern of an OAM beam [50, 160]. Since the

OAM far field in general peaks at an elevation angle that is non-zero (except for 0th

mode), the far field at the peak can no longer maintain the circular polarization purity,

even with a perfectly pure CP aperture field. (5.15) serves as the baseline of achievable

96



Table 5.2: Minimum theoretically achievable AR of circularly-polarized OAM antennas at
various beam peak elevation angles θc, as predicted by (5.15).

θc ARmin ARmin (dB)

0° 1.00 0 dB
15° 1.04 0.30 dB
30° 1.15 1.21 dB
45° 1.41 3.01 dB
60° 2.00 6.02 dB
75° 3.86 11.74 dB

AR of a CP OAM communication system. As an example, the minimum theoretically

achievable AR for an OAM CP antenna with a peak at θc = 45° would be 3.01 dB,

which hardly satisfies the common requirement of AR < 3 dB [161]. The minimum

achievable AR for different OAM peak angles are tabulated in Table 5.2.

5.2.4 Illustrative Examples

In general, with a given aperture field distribution, the integral I in (5.7) or (5.12) can

be numerically evaluated to determine its far-field. In this section we demonstrate two

special aperture field distributions, for which the integration of (5.6) can be analytically

evaluated to provide closed-form expressions. In particular, the generalized Airy disk and the

Laguerre-Gaussian beam are investigated because: (i) both possess analytical expressions that

provide insightful observations and can serve as guidelines for the design of OAM antennas;

(ii) both cases are among the most common aperture field models of conventional antennas

and OAM antennas [30,142,149,162–166].

5.2.4.1 Generalized Airy Disk

The Airy disk pattern is produced by a circular aperture field with uniform amplitude

and phase. It is a common and useful model in the design of conventional aperture-type

antennas, such as reflectors [30]. The generalized Airy disk is defined as an aperture field

with uniform amplitude distribution and with a phase variation described as e−jlϕ. Without

loss of generality, we begin with a LP aperture field with uniform amplitude and phase,
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which is effectively the special case of (5.1) with l = 0 and E(ρ′) = EAD
0 . Using the integral

identity [157, eq. 6.561-5]: ∫ δ

0

zJ0(z)dz = δJ1(δ) (5.16)

we find I from (5.6) and the far-field expression from (5.7):

E⃗ff
AD,l=0(r, θ, ϕ) =

jk0E
AD
0 a2e−jk0r

2r

(
θ̂ cosϕ− ϕ̂ cos θ sinϕ

) J1(Ψ)

Ψ
(5.17)

where Ψ = k0a sin θ. Note that the electric field of the Airy disk in (5.17) has a maximum at

the boresight when θ = 0 when l = 0, and corresponds to a directed far-field pattern. For

any other l ̸= 0 and θ > 0, the far-field of an OAM-carrying field with uniform aperture

distribution can be calculated using the integral identity [157, eq. 6.561-13] can be written as:

(5.18)

E⃗ff
AD,l(r, θ, ϕ)

=
jk0E

AD
0 a2e−jk0r

2r
(−j)le−jlϕ

(
θ̂ cosϕ− ϕ̂ cos θ sinϕ

)
[
2Γ(l/2 + 1)

Ψ2Γ(l/2)
+
lJl(Ψ)S0,l−1(Ψ)− Jl−1(Ψ)S1,l(Ψ)

Ψ

]
In (5.18), Jl(·) is the lth-order Bessel function of the first kind, Sµ,ν(·) is the Lommel function,

and Γ(·) is the Gamma function [157].

Similar to the relationship between (5.7) and (5.12), the far-field expression of a CP

generalized Airy disk can be readily found by simply multiplying the LP expression by

e±jϕ(−j)l/
√
2 and replacing (θ̂ cosϕ− ϕ̂ cos θ sinϕ) in (5.18) with (θ̂ ± j cos θϕ̂).

5.2.4.2 Laguerre-Gaussian Beam

The Laguerre-Gaussian modes are a special subset among all OAM-carrying beams that are

cylindrically-symmetric solutions to the paraxial wave equation in the cylindrical coordinate

system [140]. The Laguerre-Gaussian modes are chosen to be presented because they are one

of the most popular example of OAM-carrying beams (see, for example, [149,165,166]). More

importantly, a general OAM-carrying beam can be expanded by a complete basis of Laguerre-
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Gaussian modes [162–164]. The tangential electric aperture field of a LP Laguerre–Gaussian

beam at z = 0 can be written as [50,140]:

E⃗LG(ρ
′, ϕ′, z′ = 0) =

√
2p!

π(p+ |l|)!
ELG

0

wg

(
ρ′
√
2

wg

)|l|

e
− ρ′2

w2
g L|l|

p

(
2ρ′2

w2
g

)
e−jlϕx̂ (5.19)

where ρ′ and ϕ′ are the radial and azimuthal coordinates in the cylindrical coordinate system;

ELG
0 is a complex amplitude coefficient; l and p are integers known as azimuthal and radial

mode numbers; wg is the equivalent beam waist that can be related to the antenna aperture

diameter D (refer to [50] for more details) and is equal to the half-width of the normalized

aperture field amplitude at 1/e controlling the transverse extent of the beam; Ll
p(·) is the

associated Laguerre polynomial [157]:

Ll
p(x) =

1

p!
exx−l d

p

dxp
(
e−xxp+l

)
=

p∑
m=0

(−1)m
(
p+ l

p−m

)
xm

m!
(5.20)

where the binomial coefficient is [157]:

(
n

k

)
=

n!

k! (n− k)!
(5.21)

when k ≤ n and is zero when k > n. For l = 0, the Laguerre-Gaussian beam carries no

OAM since the phase term e−jlϕ vanishes. For any other l, the field carries the phase term

e−jlϕ, which gives rise to an OAM state of l-order. The normalized electric field intensity

(i.e. the electric field amplitude squared given by (5.19)) distributions of Laguerre-Gaussian

beams with different azimuthal and radial modes l and p are shown in Fig. 5.5, where each

Laguerre-Gaussian mode for different l, p is normalized to its own maximum. It can be

observed that the number of side lobe intensity rings is equal to the integer p. For the same

p, the null size (i.e. the divergence angle) increases as the azimuthal mode number l increases.

Using the integral identity [157, eq. 7.421-4]:

∫ ∞

0

xν+1e−βx2

Lν
n(ax

2)Jν(xy)dx = 2−ν−1β−ν−n−1(β − a)nyνe−
y2

4βLν
n

[
ay2

4β(a− β)

]
(5.22)
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Figure 5.5 Normalized exit-aperture field intensity (i.e. the electric field amplitude squared

given by (5.19)) distributions versus ρ/wg of Laguerre-Gaussian beams with different azimuthal

and radial modes l and p, where each mode is normalized to its own maximum.

It is worth noting that, the “∞” in the integral limit originates from the fact that Laguerre-

Gaussian functions extend to infinity (unlike the generalized Airy disk) along ρ with an

exponential decay (see, for example, [162,163,167]). While ideally we take the integration from

0 to ∞, there exist a point beyond which the function’s contribution to the integral becomes

negligible. Therefore, in practice, even with a finite aperture (truncating the infinitely defined

function) one can still sustain Laguerre-Gaussian beam with reasonable accuracy. With this

in mind, we find I from (5.6) and the far-field expression from (5.7):
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(5.23)

E⃗ff
LGl,p

(r, θ, ϕ)

=
jk0E

LG
0 e−jk0r

4πr

(
θ̂ cosϕ− ϕ̂ cos θ sinϕ

)
wg(−1)p(−j)l ×

√
2πp!

(p+ |l|)!

(
sgn(l)

ψ√
2

)|l|

e−
ψ2

4 L|l|
p

(
ψ2

2

)
e−jlϕ

where ψ = k0wg sin θ. Equation (5.23) is a cone-shaped pattern with azimuthal symmetry.

The far-field expression for the Laguerre-Gaussian mode with p = 0 can be simplified:

E⃗ff
LGl,p=0

(r, θ, ϕ) =
jk0E

LG
0 e−jk0r

4πr

(
θ̂ cosϕ− ϕ̂ cos θ sinϕ

)
wg(−j)l

√
2π

|l|!

(
sgn(l)ψ√

2

)|l|

e−
ψ2

4 e−jlϕ

For the dominant radial mode p = 0, the far-field expression (5.24) peaks at the elevation

angle of:

θLGc = sin−1

(√
2|l|

k0wg

)
(5.24)

Equation (5.24) shows that the cone angle depends on both the azimuthal mode number l

and the beam waist (i.e., aperture diameter, as was shown in [50]). For a given l, the cone

angle decreases as we increase the beam waist wg, i.e. the aperture diameter. For constant

wg, the cone angle increases as we increase the mode number l.

5.2.5 Full Wave Simulations and Comparisons

In this section, we present the full-wave simulation results to verify the observations made

from the analytical formulas derived in previous sections. In CST Microwave Studio, a

planar near-field source containing specified E- and H-field within a finite region was used

to represent the radiating aperture. The transient solver in CST was then used to calculate

the far field of this aperture source. For example, we defined a circular aperture field with a

diameter of D = 2a = 12 cm (7.6λ) at 19 GHz to simulate the generalized Airy disk. For
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(a) (b)

Figure 5.6 Comparison between the analytical expressions (5.18)-(5.17) and the simulated

data for the generalized Airy Disk radiation pattern for different OAM mode numbers l for

f = 19 GHz and D = 2a = 7.6λ = 12 cm.

OAM mode order l = 0 and l = 1, the CST simulated far-field patterns are compared with

those predicted using (5.18) and (5.17) in Fig. 5.6. We also modeled the Laguerre-Gaussian

aperture distribution given by (5.19) for different azimuthal and radial OAM mode numbers

p, l, for f = 19 GHz and beam waist wg = 3.15λ, which is the same that was used in

reference [50]. Excellent agreement between the simulated and analytically predicted patterns

for both the generalized Airy disk and the Laguerre-Gaussian distribution was achieved as

shown in Figs. 5.6-5.7, thus validating our method of aperture field simulations in CST.

Then, several CP (generalized Airy disk) aperture fields for different OAM mode order l

were defined and simulated. For both RHCP and LHCP cases, the phase of the Eθ component

of the simulated far field are plotted in Fig. 5.8. These phase plots clearly reveal the far-field

azimuthal phase variation as predicted by the analytical expressions. More importantly, the

rate of change of the phase along azimuth certainly manifests the characteristic predicted in

Section 5.2.3.1: the phase changes by 2π|l ± 1| after a full turn, with the “−” and “+” signs

corresponding to RHCP and LHCP respectively. As can be told from Fig. 5.8, for l = 0,

the far-field phase of RHCP and LHCP OAM beam possess an azimuthal phase variation of

−2π and 2π, even though neither of them carries OAM. As another example, the far-field

phase of the LHCP for l = −1 is uniform along azimuth, even though it carries OAM of

order −1. This is because the e−jϕ term in (5.12) (manifestation of LHCP) cancels the
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(a) (b)

(c) (d)

Figure 5.7 Comparison between the analytical expressions (5.23)-(5.24) and the simulated

data for the Laguerre Gaussian radiation pattern for different azimuthal and radial OAM

mode numbers p, l, for f = 19 GHz and beam waist wg = 3.15λ (same as in reference [50]).

helical-phase term e+jϕ of OAM mode number l = −1. Additional simulation results show

that similar observations regarding the far-field azimuthal phase variation hold for the RHCP

and LHCP Laguerre-Gaussian modes. These results validate our observations, and emphasize

on the necessity of using the modified equation (5.14) for determination of OAM order in CP

scenarios.

Fig. 5.9 shows the simulated AR of the RHCP and LHCP generalized Airy Disk for different

OAM mode number l, and their comparison with the minimum theoretically achievable AR

predicted by (5.15). The simulated AR agrees really well with the theoretically predicted

behavior: when the observing elevation angle θ increases, the AR increases as 1/cos(θ).

Fig. 5.10(a) shows the simulated directivities of the generalized Airy disk versus the OAM
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Figure 5.8 Simulated far-field phase of Eθ component for RHCP and LHCP cases of the

generalized Airy disk for different OAM mode numbers l. The frequency is f = 19 GHz and

the aperture diameter is D = 2a = 7.6λ = 12 cm.

Figure 5.9 AR for RHCP and LHCP generalized Airy disk patterns for different OAM mode

numbers l and the minimum theoretically achievable AR that is predicted by (5.15). The

frequency is f = 19 GHz and the aperture diameter is D = 7.6λ = 12 cm.

mode number for fixed aperture dimensions: D = 2a = 7.6λ at f = 19 GHz. The directivity

decreases and the cone angle θc increases as the OAM number increases. Fig. 5.10(b) shows

the effect of the dimension of the aperture, by considering fixed OAM order l = 2. It can

be observed that the directivity decreases and the cone angle θc increases as the aperture

diameter increases.
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(a) (b)

Figure 5.10 Simulated directivities of generalized Airy disk versus (a) the OAM mode number

for fixed D = 2a = 7.6λ (b) the aperture diameter D = 2a for fixed OAM number l = 2.

5.3 Transmitarray Antenna Generating CP OAM Beams

In the second part of this chapter, we present the design, prototyping and measurement

results of a novel transmitarray generating OAM CP beams with cone-shaped radiation

pattern.

5.3.1 Unit Cell of the OAM Transmitarray

The RF performance of a transmitarray antenna is largely determined by the unit cell. In this

section, we present the design of a novel “S-ring” element transmitarray unit cell to support

CP. The S-ring element along with the dimensions are shown in Fig. 5.11. The unit cell

consists of only three metal patterned layers separated by two dielectric substrates (Rogers

RO3003) with dielectric constant ϵr = 3 and loss tangent tan δ = 0.001. The unit cell can

provide arbitrary CP phase compensation by proper rotation of the elements, which allows

the constituent transmitarray to synthesize the helical OAM aperture phase. This property

renders more flexibility to the design of CP unit cells, since the desired unit cell transmission

phase can be easily controlled by element rotation, and one can focus dominantly on the

optimization of transmission magnitude.

The “S-ring” patterns on three layers are identical and have the same orientations. When
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Figure 5.11 The proposed CP transmitarray unit cell using “S-ring” element, designed for

19 GHz. (λ: free-space wavelength at 19 GHz). P = 0.37λ = 5.8 mm, t = 1.52 mm, and other

parameters were optimized to maximize the LHCP transmission coefficient that is shown in

Fig. 5.12.

the “S-ring” element is rotated about the center, the transmitted CP phase will manifest

a linear dependency on the rotation angle. In particular, when the incident wave is RHCP

and the element is rotated counter-clockwise by angle ϕ0, the transmitted LHCP component

will experience a phase shift of 2ϕ0; whereas under LHCP incidence, the transmitted RHCP

component will experience the phase shift of −2ϕ0 [168]. More detailed derivations of this

property can be found in [169] and in the Appendix B. By utilizing this property, the unit

cell can easily achieve arbitrary CP phase shift through mere rotation of the element [170].

Moreover, since the rotation-dependent phase shift exists only in the opposite handedness

component in the transmitted side, the “S-ring” unit cell was thus optimized to maximize

the magnitude of transmission of the oppositely polarized component. In other words, the

wave will flip its CP handedness after passing the unit cell.

Fig. 5.12 shows the simulated phase and amplitude of the LHCP transmission coefficient

under RHCP incidence, versus the rotation angle ϕ0. It can be observed that for different

element rotation angles ϕ0, the transmission coefficient remains high (> 0.9, or say > −0.92

dB). The transmission phase also demonstrated a linear dependency on rotation angle ϕ0 and
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Figure 5.12 The LHCP transmission coefficient versus “S-ring” element rotation angle when

the unit cell is under RHCP excitation at 19 GHz.

covers 360°, as expected. Fig. 5.13 shows the unit cell transmission magnitude and phase for

different rotation angles ϕ0 versus frequency, where TRL and TLL are the transmission coeffi-

cients of the LHCP component under RHCP and LHCP excitation, respectively. Compared

to existing transmitarray unit cells that are based on the variation of the dimensions [171], the

proposed “S-ring” unit cell is thinner (has fewer layers), has continuous 360◦ phase coverage,

with high and stable transmission magnitude.

5.3.2 OAM Transmitarray Design

In most existing works, transmitarrays that support circular polarization were designed based

on the assumption of normal plane wave incidence, thus the feed source of the transmitarray

must be placed far from the transmitarray (see, for example, references [172, 173]). This

results in lower efficiency due to high spillover loss and increased system dimensions thus

making it unsuitable for satellite or vehicle platforms. In order to overcome this disadvantage,

we present a methodology for the design of OAM transmitarrays that can work with feed

sources at a reasonably close distance (we choose F/D = 1 as an example) where the plane

wave assumption is not valid. Instead, the input wave from the feed source has a spherical
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Figure 5.13 Simulated unit cell transmission magnitude and phase for different rotation angles

ϕ0 versus frequency. TRL and TLL are the transmission coefficients of the LHCP component

under RHCP and LHCP excitation, respectively.

Figure 5.14 Illustration of OAM CP transmitarray operational principle.

wavefront. An illustration of the TA operational principles is shown in Fig. 5.14. Therefore,

the ideal phase compensation of the OAM transmitarray should be the superposition of

the spherical phase compensation ϕsph and the helical phase for the generation of OAM

ϕOAM [171,174]. Following this methodology, the phase compensation ϕi(xi, yi) for each unit

cell in the transmitarray can be determined based on their locations (xi, yi) in the array as:

ϕi(xi, yi) = ϕsph(xi, yi) + ϕOAM(xi, yi) (5.25)
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Figure 5.15 Geometry of the transmitarray under consideration.

ϕsph(xi, yi) = k0(
√
x2i + y2i + F 2 − F ) (5.26)

ϕOAM(xi, yi) = l × tan−1(yi/xi) (5.27)

where k0 = 2π/λ is the free-space wavenumber and λ is the free space wavelength; l is

the OAM mode number; F is the focal distance; Ri = [(xi − xf)
2 + y2i + F 2)](1/2) is the

distance from the feed to the ith transmitarray element. The geometry of the transmitarray

under consideration as well as the transmitarray phase compensation are shown in Fig.

5.15. The transmitarray diameter is D=12 cm, the focal distance is F=12 cm, the operating

frequency is f=19 GHz and the OAM mode number is chosen to be l = 1 as an example. The

transmitarray is designed to work with an RHCP feed and to generate an LHCP OAM beam.
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Figure 5.16 Fabricated transmitarray prototype at 19 GHz and laser etching process using a

LPKF ProtoLaser U4 machine.

The total thickness of the transmitarray is only 3.04 mm (≈ 0.19λ). Note that an advantage

of this design is that, contrary to the meta-lenses [25], which are analyzed based on the ray

approach and their thickness, i.e., the number of required dielectric layers and therefore the

thickness and weight, scales with the lens diameter, the proposed design is low-profile (only

two dielectric substrates are required) with reduced thickness that is independent of the

transmitarray diameter.

5.3.3 Simulations, Prototyping and Measurements

The synthesized transmitarray of section 5.3.2 was constructed with a standard laser etching

process using a LPKF ProtoLaser U4 machine on two pieces of 1.52 mm-thick Rogers RO3003

substrates. The fabricated transmitarray prototype at 19 GHz is shown in Fig. 5.16. The

transmitarray was positioned at the UCLA spherical near field measurement range and was

illuminated by a RHCP patch array feed (Fig. 5.17(a)).

The simulated and measured results are compared in Fig. 5.17(a)-(b) demonstrating a
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Figure 5.17 (a) Transmitarray measurement setup in the UCLA spherical measurement range.

Simulated and measured (b) co-pol (LHCP) and x-pol (RHCP) radiation patterns of the

proposed transmitarray antenna at 19 GHz demonstrating a CP OAM cone-shaped pattern.

LHCP OAM cone-shaped pattern with a deep null at the boresight. The simulated and

measured directivities are 16.6 dBi and 17.1 dBi, and the simulated and measured beam

peak angles are 7 and 6.8 degrees, respectively. Additionally, the mode decomposition was

performed based on (5.14). Fig. 5.18 shows the simulated and measured mode decomposition

of the proposed transmitarray with the desired l = 1 OAM mode having more than 80% mode

purity. To study the bandwidth of the transmitarray itself without the feed, the transmitarray

was also simulated around the center frequency of 19 GHz for the AR performance and the
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Figure 5.18 Simulated and measured mode decomposition of the proposed transmitarray,

demonstrating more than 80% mode purity for the desired l = 1 OAM mode.

Figure 5.19 Simulated AR bandwidth versus frequency around the center frequency of 19

GHz. The transmitarray demonstrated a 5.2% 3-dB AR bandwidth.

results are shown in Fig. 5.19. The AR bandwidth is 5.2%. The transmitarray was also

simulated using an ideal RHCP cosq(θ) feed with q=11.5 for -12 dB edge taper from 16 to 22

GHz with a step of 0.5 GHz. The weight of the desired l = 1 OAM mode is greater than

80% for all frequencies demonstrating the broadband features of the transmitarray. The

measurements agree well with predictions obtained by full-wave simulations and demonstrate

that the proposed transmitarray can generate OAM CP beam.
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5.4 Summary

This chapter presented presented both an insightful study on the far-field properties of OAM-

carrying beams and the design, prototyping and measurement results of a novel transmitarray

generating OAM CP beams with cone-shaped radiation pattern. First, the aperture field

method was employed in our theoretical analysis and semi-analytical expressions were derived

for the far field of a general OAM aperture field. For two specific OAM-carrying aperture

field distributions: the generalized Airy Disk and the Laguerre-Gaussian distribution, we

also demonstrated that closed-form expressions can be obtained to explicitly describe their

far fields. These theoretical studies lead to several instructive conclusions that are validated

with full-wave simulations: (i) Both LP and CP OAM beams maintain the helical phase

term e−jlϕ in the far field, but CP OAM far field carries an additional e±jϕ term, where

“−” and “+” correspond to RHCP and LHCP waves; (ii) The commonly used OAM mode

decomposition technique in (5.13) is valid only for LP cases. In case of CP, one needs to

account for the additional e±jϕ term to obtain the correct mode order, as in (5.14); (iii)

The minimum theoretically achievable AR at the peak angle θc of a CP OAM beam is

regulated by 1/cos(θc), meaning the CP purity at the peak of an OAM beam becomes worse

as the cone angle increases. These unique far-field characteristics of OAM can become

advantageous for the modeling, design and analysis of OAM-based communication systems.

Second, we proposed a methodology based on superimposing the spherical compensation and

the OAM phase compensation to generate the OAM beam without necessitating the plane

wave approximation; thus, the feed can be placed near the aperture at about F/D = 1. A

novel ultra-thin “S-ring” element unit cell that supports CP was introduced to realize the

CP OAM flat transmitarray. The fabricated OAM transmitarray was measured at 19 GHz.

A conical OAM beam was successfully generated and a good agreement with simulation

was achieved. These results have validated our concept and revealed the potential of this

transmitarray to generate OAM CP cone-shape patterns.
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CHAPTER 6

Conclusion

This dissertation presented four antenna designs directly addressing the needs of real-life

applications requiring conical beam scanning and cone-shaped patterns.

First, a novel 3D-printed lightweight inhomogeneous lens antenna for spaceborne wind

scatterometers was revisited in Chapter 2. In the past, only on-axis designs were addressed;

however, real life application requires conical beam scanning that necessities special attention

to the developments, optimization, and prototyping. The developments presented in this

dissertation significantly enhance previous works only addressing the on-axis beam case. The

presented azimuthally symmetric lens is designed to contain a ring-type focus which can

be populated with individual feed antennas for switched beam type conical pattern sweep

of a highly-directive beam. The antenna is designed as an all-electronic replacement for

the traditional mechanically driven design. The lens was designed using curved-ray GO

and PSO. An 18 cm example was designed, 3D-printed using FDM printing process, and

characterized through far-field measurements. The measurements prove the conical beam

sweep by comparing measurements taken at five locations within the ring focus. The lens

can be used in future scatterometer instruments requiring all electronic scanning mechanisms.

Future work includes the design and prototyping of 3D-printed lenses with larger diameters

as well as the lens 3D-printing using space-qualified materials such as Ultem [23]. Future

research on space-qualified materials, including thermal and electrostatic discharge issues,

as well as the development of an electronically switched feeding network along the lens ring

focus that will ultimately produce the conical scan all electronically will pave the way for the

integration of this type of design in next-generation satellite missions.

In Chapter 3, multi-Layered meta-lenses were proposed as lightweight alternatives to
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conventional homogeneous dielectric lenses. The methodology presented in Chapter 2 based

on a linkage between GO and PSO was customized to synthesize the refractive index of

meta-lens antennas. The applied numerical synthesis algorithm was used to synthesize both

on-axis and off-axis fed flat lenses with circular symmetry thus providing conically scanned

beams for the off-axis designs. Then, metamaterial elements of variable sizes distributed

on planar dielectric substrates were used to form a multi-layered flat metamaterial lens and

satisfy the required refractive index distribution. Simulation and near-field/far-field measured

results of a proof-of-concept prototype of a flat-layered meta-lens operating at 13.4 GHz

were also presented. Additionally, microwave holographic approach was used to evaluate the

goodness of the exit aperture phase. Future research on the automatic deployment mechanism

of the flat-layered meta-lens, space-qualified materials, thermal, and electrostatic discharge

issues will pave the way for the integration of collapsible meta-lenses in telecommunications

and scientific satellite missions. The concept could also be used for other applications where

low weight is important. Future research includes the extension to circular polarization

operation and the development of an automatic deployment mechanism for the integration

of this new lens in practical applications. The possibility to extend this concept at shorter

wavelengths (Ka, V bands) will entail challenges regarding the fabrication tolerances and

high dielectric loss at higher frequencies [175]. This is an area that future investigations could

be warranted.

Chapter 4 presented a novel transmitarray antenna for switched beam type conical

pattern sweep of a highly-directive beam. The scan in a conical sweep is produced through

successive excitation of feed placed along the body of revolution ring focus. To address this

challenging problem, a novel transmitarray synthesis algorithm was presented based on a

modified transmitarray phase compensation coupled to the PSO of the feed location. An

18 cm transmitarray was designed using this approach and a proof-of-concept prototype

was manufactured. The transmitarray with a ring-type focus was populated with individual

feed antennas at five positions within the ring focus and characterized through far-field

measurements. The measured results agree well with predictions obtained from full-wave

simulations and demonstrate the conical scanning capabilities of the proposed transmitarray.
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Future work includes the design of transmitarrays for conical beam scanning that support

circular polarization and/or operating at different frequency bands. The manufacturing of

transmitarrays conventionally employs the printed circuit board process, where the metallic

patterns at the transmitarray aperture are produced by removing the unneeded metallic parts

of a complete piece of copper-plated laminates. Future research includes the fabrication of

transmitarrays using additive manufacturing processes such as charge-programmed three-

dimensional multi-material printing [130].

Chapter 5 presented both an insightful study on the far-field properties of OAM-carrying

beams and the design, prototyping and measurement results of a novel transmitarray gener-

ating OAM CP beams with cone-shaped radiation pattern. The aperture field method was

employed in the theoretical analysis and semi-analytical expressions were derived for the far

field of a general OAM aperture field. It was demonstrated that closed-form expressions can

be obtained for the generalized Airy Disk and Laguerre-Gaussian beams to explicitly describe

the far fields. These theoretical studies lead to several conclusions that are validated with

full-wave simulations: (i) Both LP and CP OAM beams maintain the helical phase term e−jlϕ

in the far field, but CP OAM far field carries an additional e±jϕ term, where “−” and “+”

correspond to RHCP and LHCP waves; (ii) The commonly used OAM mode decomposition

technique in (5.13) is valid only for LP cases. In the case of CP, one needs to account for

the additional e±jϕ term to obtain the correct mode order, as in (5.14); (iii) The minimum

theoretically achievable AR at the peak angle θc of a CP OAM beam is regulated by 1/cos(θc),

meaning the CP purity at the peak of an OAM beam becomes worse as the cone angle

increases. These unique far-field characteristics of OAM can become advantageous for the

modeling, design and analysis of OAM-based communication systems. In the second part of

Chapter 5, a methodology was proposed based on superimposing the spherical compensation

and the OAM phase compensation to generate the OAM beam without necessitating the

plane wave approximation. A novel ultra-thin “S-ring” element unit cell that supports CP was

introduced to realize the CP OAM flat transmitarray. The fabricated OAM transmitarray was

measured at 19 GHz. A conical OAM beam was successfully generated and a good agreement

with simulation was achieved. These results have validated our concept and revealed the
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potential of this transmitarray to generate CP OAM cone-shape patterns. The integration of

OAM antennas in practical applications is an area where future research is warranted. Future

work includes the development of OAM transmitarrays that support broadband CP as well

as the development of OAM mode-reconfigurable transmitarrays.
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APPENDIX A

Geometrical Optics Analysis

This appendix provides an overview of the GO tool that was used in chapters 2-3 as part of

the GO-PSO synthesis algorithm. GO is a computational electromagnetics techniques for

wave propagation in inhomogeneous media and can be used to calculate the far-field pattern

of the lenses. The developments of this appendix rely on the previous works [20,121]. GO

is a very convenient formulation for lens design. It derives from the asymptotic solution

of Maxwell equations in the high frequency limit. As long as the overall lens dimensions

and surface radius of curvature at any point are much larger than the wavelength, the wave

propagation inside a homogeneous isotropic lens may be conveniently modelled in terms of

elementary ray tubes [92,156]. The electric field in the high frequency limit can be written

as:

E⃗(r⃗) = e⃗(r⃗)e−jk0nŝ·r⃗ = e⃗(r⃗)e−jk0S(r⃗) (A.1)

where e⃗(r⃗) is a function describing the electric field, ŝ is a unit vector that points along the

direction of propagation, r⃗ is the observation unit vector, k0 is the free space wave number, n

is refractive index, and S(r⃗) = nŝ · r⃗ is the wavefront which is perpendicular to the light ray.

The reflection and transmission at an interface are made according to Snell’s laws and the

ray amplitude is affected by Fresnel coefficients and a divergence factor [176].

A high-level flowchart illustrating the GOanalysis steps is shown in Fig. A.1. The

GOanalysis involves the following steps:

• Step 1: Feed-Lens Surface: Propagation in Homogeneous medium. Each

ray emanated from the feed travels in free space before it impinges upon the lens

boundary. The propagation is governed by the laws of geometrical optics in homogeneous
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Figure A.1 GO Methodology.

media [92,177]. The ray travels in a straight path which is described by:

r⃗(t) = r⃗0 + sr⃗1 (A.2)

where r⃗0 points to the start of the straight ray and r⃗1 is a vector in the direction of the

straight ray. The phase of the field is:

phase = k0n|r⃗| (A.3)

The electric field amplitude can be calculated by:

(
e⃗

µ

)
B

=

(
e⃗

µ

)
A

√
R1(A)

R1(A) +B

√
R2(A)

R2(A) +B
(A.4)
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where R(s) is the radius of curvature of the wavefront surface and the wave propagates

from point A to point B. The polarization is unaltered along the ray (∂ê/∂s = 0).

• Step 2: Transmitted field inside lens. Each ray that reaches the lens boundary

refracts and the angle or refraction is found using Snell’s law:

sin θt
sin θi

=
n1

n2

(A.5)

where θi is the angle of incidence, θt the the angle of refraction, n1 = 1 is the refractive

index of air and n2 is the refractive index of the lens at the boundary. The incident field

is multiplied by the Fresnel transmission coefficients to obtain the transmitted field:

E⃗trans = T⊥

(
E⃗incâ

i
⊥

)
ât⊥ + T||

(
E⃗incâ

i
||

)
ât|| (A.6)

T|| =
2η2 cos θi

η1 cos θi + η2 cos θt
(A.7)

T⊥ =
2η2 cos θi

η2 cos θi + η1 cos θt
(A.8)

where η1, η2 is the impedance of free space and medium at the lens boundary, âi⊥, â
i
||,

ât⊥, â
t
|| are unit vectors parallel and perpendicular to the plane of incidence, and T||, T⊥

are Fresnel transmission coefficients for parallel and perpendicular polarization.

• Step 3: Propagation inside lens volume. The transmitted wave is now guided

through the inhomogeneous medium of the lens. The refractive index now varies

spatially and the ray path is no longer a straight line. The propagation is governed

by the laws of geometrical optics in inhomogeneous media [20,121,178–180]. The ray

trajectory is found by solving the Light-Ray equation:

d

ds

(
n
dr⃗

ds

)
= ∇n (A.9)
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The phase is found by:

phase = k0 (S(B)− S(A)) = k0

∫ B

A

nds (A.10)

where (S(B)− S(A)) =
∫ B

A
nds is the optical path length. The amplitude and po-

larization of the electric field along the ray path is found by the following equations:

(
e⃗

µ

)
B

=

(
e⃗

µ

)
A

√
n(A)

n(B)
e
− 1

2

∫B
A

(
1

R1(s)
+ 1
R2(s)

)
ds

(A.11)

∂ê

∂s
= − (ê · ∇ log n) t̂ (A.12)

where t̂ is a unit vector that is tangent to the ray.

• Step 4: Transmitted field outside lens. The ray exits the inhomogeneous lens.

Reflection and transmission at the lens-air interface are made according to Snell’s law

and ray amplitude is affected by Fresnel coefficients. The procedure is similar to step 2.

• Step 5: Lens Surface-Exit Aperture Plane: Propagation in Homogeneous

medium. The ray that exits the lens travels in free space in straight line according to

the equations that were described in step 1. The exit aperture plane is chosen to be a

quarter wavelength far from the lens physical aperture.

• Step 6: Equivalent currents and Aperture Field Interpolation. The launched

rays are predetermined to be distributed uniformly in ρ direction and have a constant

separation in each ring of a polar ring, with more samples in outer than inner rings.

Steps 1-5 are repeated for each ray and the electric field E⃗ap in the aperture plane is

calculated. Each calculated electric field is characterized by the amplitude, phase, and

direction of propagation described by the unit vector r̂out. In view of the equivalence

theorem and image theory, the equivalent currents are formed in the exit aperture

plane:

J⃗ap =
2

η0
ẑ × r̂out × E⃗ap (A.13)
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Additional aperture fields from direct rays from the feed to the aperture plane that do not

travel through the lens are also calculated to capture enough field in the aperture plane

and satisfy the equivalence principle. The equivalent currents from direct and spillover

rays are interpolated in a rectilinear grid using Delaunay Triangulation Interpolation

Scheme [181] in preparation for the Fast Fourier Transform algorithm. Interpolated

currents are denoted by J⃗ap,int.

• Step 6: Fourier Transform and Far Field Pattern. The plane wave spectrum is

calculated from the interpolated equivalent current using the Fast Fourier Transform

algorithm based on the following equation:

A⃗ (kx,p, ky,q)
N−1∑
n=0

M−2∑
m=0

J⃗ap,int(xn, ym)e
j2π( pnN

qm
M ) (A.14)

where xn = n∆x, ym = m∆y are the discrete coordinates of the interpolated rectilinear

aperture current samples, and kx,p = p∆kx = p 2π
N∆x

, ky,q = q∆ky = q 2π
M∆y

are discrete

samples in the transformed space. The normalized far field pattern is calculated from

the plane wave spectrum function:

E⃗(θ, ϕ)
[
θ̂ (Ax cosϕ+ Ay sinϕ)− ϕ̂ cos θ (Ax sinϕ− Ay cosϕ)

]
(A.15)
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APPENDIX B

“Rotation-Phase” Property Enabling the Transmitarray

CP Unit Cell Design

Recently, a property associated with CP wave scattering has drawn attention for CP reflec-

tarray applications [182]: The CP wave reflected by a rotated object will gain a phase shift

which is proportional only to the rotation angle of the object and is frequency-independent,

as shown in Fig. B.1. This property renders more flexibility to the design of CP unit cells,

since the desired unit cell transmission phase can be easily controlled by element rotation,

and one can focus dominantly on the optimization of transmission magnitude. The “S-ring”

transmitarray unit cell presented in section 5.3.1 utilized this property to provide the CP phase

compensation by proper rotation of the element. This appendix provides an overview of the

foundations and the derivations of the “Rotation-Phase” property enabling the transmitarray

unit cell design in chapter 5.

For a CP plane wave traveling in -z direction that impinges upon an object lying in x-y

plane, the expressions of the incident CP waves are (the amplitude factor is omitted for

brevity of derivations):

E⃗i
R = x̂+ jŷ (B.1)

E⃗i
L = x̂− jŷ (B.2)

where the subscripts “R” and “L” correspond to RHCP and LHCP incidence, respectively.
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(a) RHCP Incident Wave. (b) LHCP Incident Wave.

Figure B.1 “Rotation-Phase” property enabling the CP transmitarray unit cell.

The transmitted waves due to RHCP and LHCP incidence can be expressed as:

E⃗t
R = Atx̂+ jBtŷ (B.3)

E⃗t
L = Ctx̂+ jDtŷ (B.4)

where E⃗t
R and E⃗t

L are the transmitted fields due to RHCP and LHCP excitations; the

coefficients At, Bt and Ct, and Dt are complex scalars that take into account all the factors in

this scattering problem (e.g., object geometry, material, frequency). First we consider RHCP

plane wave incidence. The corresponding transmitted wave in (B.3) and can be rearranged

as:

E⃗t
R =

1

2
(At +Bt)(x̂+ jŷ) +

1

2
(At −Bt)(x̂− jŷ) (B.5)

which decomposes the transmitted wave into RHCP and LHCP components. If the object

is rotated about the origin of the coordinate by an angle of ϕ0 (as illustrated in Fig. B.1),

the primed coordinate (red) follows the rotation of the object and the new axes form an

angle of ϕ0 with the global (unprimed) axes. We repeat the previous procedures in the

new coordinates and illuminate the rotated object with a RHCP wave defined in primed

coordinate (E⃗i′
R = x̂′ + jŷ′). For the latter case, the transmitted wave is expressed as:

E⃗t′

R =
1

2
(At +Bt)(x̂′ + jŷ′) +

1

2
(At −Bt)(x̂′ − jŷ′) (B.6)
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Note that the coefficients At and Bt are the same as in (B.5) since the new incident wave seen

by the rotated object is identical to that before rotation. We are interested in the transmitted

field from the rotated object when it is excited by the original RHCP wave E⃗i
R. Using the

equation that relate theCP components defined in the original coordinate system and those

in the rotated coordinate system:

x̂− jŷ = (cosϕ0x̂′ − sinϕ0ŷ′)− j(sinϕ0x̂′ + cosϕ0ŷ′) = e−jϕ0(x̂′ − jŷ′) (B.7)

x̂+ jŷ = (cosϕ0x̂′ − sinϕ0ŷ′) + j(sinϕ0x̂′ + cosϕ0ŷ′) = e+jϕ0(x̂′ + jŷ′) (B.8)

one can rewrite (B.6) as:

E⃗t′

R =
1

2
e−jϕ0(At +Bt)(x̂+ jŷ) +

1

2
e+jϕ0(At −Bt)(x̂− jŷ) (B.9)

Also note that E⃗i
R = ejϕ0E⃗i′

R, i.e. the field from the two excitations are related by a phase

constant ejϕ0 . Therefore, when E⃗i
R is illuminating the rotated object, the transmitted field

will carry this phase constant, which can be obtained by multiplying (B.9) by ejϕ0 as follows:

E⃗t
R =

1

2
(At +Bt)(x̂+ jŷ) +

1

2
e+j2ϕ0(At −Bt)(x̂− jŷ) (B.10)

(B.10) suggests that for an object under RHCP plane wave excitation, the rotation of the

object by ϕ0 will result in a phase shift of 2ϕ0 in its transmitted LCHP component; whereas

the transmitted RHCP component will not experience any phase shift. Following similar

procedures, one could also derive the expression of reflected wave under LHCP plane wave

excitation:

E⃗t
L =

1

2
e−j2ϕ0(At +Bt)(x̂+ jŷ) +

1

2
(At −Bt)(x̂− jŷ) (B.11)

This means that when the object is rotated by ϕ0, a phase shift of −2ϕ0 will be introduced

to the transmitted RHCP component. Note that the phase shift is only introduced to the

same-handed polarized component in reflected field.
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