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PREFACE
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Czylwik offered me a scholarship to participate in the collaborative research center
MARIE (Mobile Material Characterization and Localization by Electromagnetic Sens-
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tributing to project S01, focusing on high-speed beamforming concepts for terahertz
frequencies.

During the MARIE summer school in 2018, I had the pleasure of meeting Lisa Schmitt,
a fellow research associate from project C12, specializing in MEMS technology. Our
discussion about potential collaboration and combining the strengths of our projects
led to the idea of jointly creating a reconfigurable MEMS-based reflectarray. In our col-
laborative effort, my role includes the design of the reflectarray configuration, the anal-
ysis of its beam steering performance through both analytical calculations and electro-
magnetic simulations, as well as the measurement of radiation patterns for proof of
concept using the reflectarray phantom. This work consists of these design, analysis,
and measurement aspects related to the reconfigurable reflectarray.

It is only fair to acknowledge that I could not have completed this work on my own.
I would like express my deepest gratitude to my beloved parents, Yang Xiaoling and
Liu Zhenhua, for making everything possible for me and making me realize the impor-
tance of education. My sincere thanks goes to my supervisor Prof. Andreas Czylwik,
for providing me with the opportunity to work at the NTS and pursue a Ph.D. He has
shown unwavering belief in me, offering valuable guidance throughout this journey. I
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am grateful for the insightful discussions and inspirations. I would like to express the
deepest gratitude to Prof. Dr. Rolf Jakoby from the technical University of Darmstadt
for his role as the second reviewer of my dissertation. From our discussion regard-
ing the reflectarray, I have gained many new perspectives to the topic. Additionally, I
appreciate Prof. Jan C. Balzer for contributing his expertise in terahertz to the chair.

I am delighted to have had the chance to collaborate with colleagues engaged also
in research in the terahertz regime, including Bashar, Benedikt, Dilyan, Kevin, Nabil,
Thorben, Tim, Vladyslav, Tobias, Sebastian, and Yixiong. I am grateful for the valuable
and inspiring discussions and comments we have shared. I would also like to express
my appreciation to all the other colleagues outside my research field, who have been
friendly and kind to me. Working among them has been a blessing. Thank you to Arife,
Alex, Andreas Miiller, Barbara, Jessica, Lars, Nahid, Steffan, Thorsten, and Yusuf for

contributing to a supportive and welcoming work environment.

I extend a special thank you to my husband, Dennis, who supported me throughout
the writing of this thesis and took care of our daughter, allowing me the time to focus
on my work. I also express my gratitude to my daughter, Ari. Without her, I believe I
would not have completed this so promptly. Her presence made me realize the fleeting

nature of time, reminding me to cherish and make use of every moment!

A heartfelt thanks goes to my closest MARIE project partner, Lisa, for engaging in
value discussions and fostering a great collaboration. Working together was both easy
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CHAPTER

ONE

INTRODUCTION

The terahertz frequency band, which is typically defined as ranging from 0.3 to 10 THz,
lies between the microwave and infrared bands. It combines the advantages of these
two bands and possesses a unique set of properties that make it advantageous for a
variety of applications. One of the key advantages of terahertz waves is their ability to
penetrate many optically opaque dielectric materials. This property, combined with its
relatively short wavelength, makes it particularly well-suited for imaging applications
with fine spatial resolution [38—41]. Additionally, the molecular vibrations of some
substances occur within the terahertz band, resulting in distinct spectral fingerprints
that can be used for material identification and chemical composition analysis [42].

The advent of coherent terahertz sources and detection techniques facilitated tera-
hertz spectroscopy. As one of the earliest applications in the terahertz regime, tera-
hertz spectroscopy has been utilized to investigate properties of various materials and
substances. A common form of terahertz spectroscopy is terahertz time-domain spec-
troscopy [43,44]. It detects the time function of terahertz radiation passing through the
sample under examination, from which the spectral response can be determined by
the Fourier transform. Through this process, it is possible to calculate the absorption
coefficient and refractive index of the material [45,46], as they can be inferred from the
amplitude and phase response, respectively. Furthermore, the amplitude response can
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be employed as a tool for the identification and differentiation of substances that pos-
sess distinct spectral fingerprints [47,48]. The vibration frequencies of covalent bonds
in organic molecules are located within the terahertz frequency band [49]. When the
molecule is illuminated with terahertz radiation of a frequency that corresponds to one
of its vibrational modes, the molecule absorbs the energy and the amplitude of the vi-
bration increases, resulting a distinct peak in its absorption spectrum. As the vibration
frequencies for different molecules are unique (unique terahertz spectral fingerprints),
the identification of some certain substances can be determined by analysing their ab-
sorption spectra.

Numerous toxic gases, such as carbon monoxide and ammonia, have unique absorp-
tion spectra in the terahertz frequency range [50]. This finding opens up the possibility
of utilizing terahertz spectroscopy in a security context: detecting the presence and
concentration of toxic gases in the environment such as in landfills, mines, and gas
production sites. In addition to the toxic gases, there are other substances of security
interest: explosives and illicit drugs possess unique terahertz spectral fingerprints as
well [51]. The ability of terahertz radiation to penetrate dry packagings and cloths,
makes it possible to detect explosives without opening the package and drugs con-
cealed beneath clothing without the need for physical contact, which is crucial in secu-
rity applications.

In addition to its applications in spectroscopy, broadband terahertz radiation gener-
ated from a terahertz time-domain spectroscopy system can also be utilized for imag-
ing proposes. Images of the sample can be created by changing the location of trans-
mitting and/or receiving antenna with respect to the measured object. A range of
applications can benefit from the terahertz imaging technique, such as security scan-
ning for concealed firearms and knives [52], quality control in industrial inspection for
impurities or cracks [53,54], and monitoring of water content in plants to optimize ir-
rigation schedules [56]. The utilization of imaging techniques that are non-destructive
and non-invasive in the examination of ancient artwork is crucial in preserving the

integrity of artistic collections [55].

Terahertz radiation, characterized by its low photon energy, represents a non-ionizing
alternative to X-rays. As a result, it has garnered significant interest in the medi-
cal imaging field [57,58]. Potential applications include the inspection of burned tis-
sues [59], early screening of diabetic foot syndrome [60], monitoring of corneal hydra-



tion[61], and surgical imaging for the purpose of avoiding residual tumors during
excision procedures [62].

Another promising field that combines the terahertz technology with biology and medicine
is biosensing [63, 64]. So far, there are two approaches to realize terahertz biosensors.
The first approach involves the use of a terahertz resonator and is based on the prin-
ciple of detecting changes in the refractive index of its vicinity due to the introduction
of a biomedical medium. This change in refractive index is manifested as a shift in the
resonant frequency of the terahertz resonator. The second approach involves the use
of microfluidics. In this method, the biomedical medium is injected into a microfluidic
chamber and the changes in the terahertz absorption spectrum is observed. Despite
both approaches demonstrating high sensitivity in detecting changes in refractive in-
dex and absorption spectra within the terahertz range, they are still far from being
capable of providing quantifiable conclusions not to mention identifying and differen-
tiating of the type of biological medium [65].

The rapid expansion of wireless communication traffic due to the growth of the mo-
bile data demand and the development of the new applications, such as virtual real-
ity /augmented reality, internet of things, and autonomous driving, results in a sub-
stantial increase in the demand for higher data rates and low latency [66]. The tera-
hertz frequency band offers a large bandwidth capacity, providing the availability for
the potential deployment of up to terabits per second wireless communication sys-
tems [67]. In addition to extensive bandwidth capacity, a terahertz communication sys-
tem possesses a distinct advantage over a mm-wave communication system in terms
of antenna directivity: with the same geometrical size of antenna, the terahertz system
exhibits higher directivity, making eavesdropping more challenging and providing a
higher degree of security in wireless communication [68].

Compared to its other neighbouring frequency band with shorter wavelength, i.e., in-
frared, terahertz is less sensitive to adverse weather conditions such as fog and smoke,
where the infrared radiation is often scattered [69]. However, there still remain sub-
stantial challenges in deploying terahertz wireless communication systems. These in-
clude the need for more power efficient and compact terahertz hardware devices, as
well as an accurate channel modelling for the terahertz frequency band. These chal-
lenges must be addressed in order to fully realize the potential of the terahertz fre-
quency band for wireless communication.



Despite its numerous beneficial properties and potential application scenarios, the
terahertz technology is not yet widely used in out-of-laboratory settings and remains
largely uncommercialized due to the lack of compact, power-efficient terahertz sources
and highly sensitive, low-noise terahertz detectors. In addition, the absence of am-
plifiers that can directly amplify broadband terahertz signals further exacerbates this
issue, limiting its application in practical settings. In response to these challenges,
significant efforts are underway to enhance the transmit power and dynamic range
of terahertz systems while simultaneously miniaturizing the systems. Additionally,
techniques such as beam steering and beamforming, which can improve the system
performance, are being extensively researched.

The deployment of beam steering and beamforming techniques can overcome certain
drawbacks that terahertz systems face. By utilizing a terahertz antenna array that in-
corporates multiple synchronized sources, the combined power can be steered in a spe-
cific direction, thereby enhancing the terahertz transmit power and improving directiv-
ity to counteract free-space loss and high atmospheric absorption. In imaging-related
applications, the beam steering network can serve as a replacement for the bulky and
slow mechanical scanning devices, enabling a fast and power-efficient terahertz imag-
ing process. In the context of wireless communication and radar systems, the use of
an adaptive beam steering network enables the optimization of the radiation pattern
of the transmitter or receiver. Given prior knowledge of the target and interferer di-
rections, the adaptive beam steering network can dynamically adjust the directivity to
maximize signal strength in the target direction and minimize signal strength in the

interferer direction.

Among the various techniques for terahertz beam steering and beamforming [70-72],
one approach that involves a reconfigurable terahertz reflectarray stands out. What
sets this technique apart is its inherent technological simplicity, as it eliminates the
need for a complicated feeding network and associated electronics. Additionally, it
is compatible with diverse free space terahertz systems and offers the advantage of a
broad beam steering range as well as the ability to operate across a broad frequency
spectrum. A typical reconfigurable terahertz reflectarray consists of sub-wavelength
reflective elements, each possessing the ability to independently adjust the phase of
the local terahertz wave while preserving its amplitude. The relatively short wave-
length of terahertz radiation enables spatial phase shifting, facilitated by the actua-



tion of each reflective element. Micro-electromechanical systems (MEMS) offer com-
pact and lightweight actuation systems, allowing a linear motion with displacement of
several hundred micrometers that is comparable to the terahertz wavelength.

Within the realm of terahertz beam steering and beamforming techniques, this work
studies the MEMS actuation system-enabled reconfigurable terahertz reflectarray, pre-
senting several contributions to the state of the art, including

e a mathematical model that can be utilized to determine the radiation pattern of
a linear reflectarray composed of sub-wavelength reflective elements that are ac-
tuated in a translational movement,

e a design of an approximate blazed grating that is utilized for terahertz beam
steering applications with high diffraction efficiency,

e a design of a terahertz reflectarray that leverages the use of a genetic algorithm
for continuous beam steering and a customizable radiation pattern, and

e the analysis of the designed reflectarray’s bandwidth limitation in the context of
communication.

The rest of the work is structured into five chapters. In the second chapter, a com-
prehensive summary and comparison of the state-of-art terahertz beam steering and
beamforming techniques is presented. I highlight their respective advantages and dis-
advantages, and identify the most suitable application scenario for each technique.
The third chapter presents a mathematical model for calculating the radiation pat-
tern of a reflectarray consisting of sub-wavelength actuated reflective elements. An
innovative approximate blazed grating structure enabled by a MEMS actuation sys-
tem is introduced. The benefits of the proposed approximate blazed grating compared
to other terahertz reflectarrays are discussed, along with its limitations. Full-wave
electromagnetic (EM) simulations and radiation pattern measurements of reflectarray
phantoms, i.e., reflectarrays without the MEMS actuation system, are conducted to
verify the mathematical model and the beam steering capabilities of the approximate
blazed grating.

In order to overcome the limitations associated with the approximate blazed grating,



a new enhanced design of the reflectarray configured by a genetic algorithm (GA) is
presented in chapter 4. Single-objective optimizations utilizing a GA implemented in
MATLAB are performed. There are three different objectives considered, and they are:
maximizing the directivity in a specific direction, minimizing the sidelobe level, and
nulling at a designated angle. As the results of the single-objective optimization exhibit
a trade-off between the objectives of maximizing the directivity in a desired direction
and minimizing the sidelobe level, a multi-objective optimization of these two objec-
tives is carried out. The Pareto front, a representation of the optimal trade-off between
the objectives, is obtained as a result of this multi-objective optimization. The analy-
sis of the height profile of the reflectarray configured by a GA reveals its non-perfect
periodicity that makes the reflectarray configured by a GA a quasi-grating. Radiation
pattern measurements of reflectarray phantoms whose height profiles are determined
by a GA are performed. Their measured radiation patterns are then compared with
those of the approximate blazed grating phantoms.

In chapter 5, I discuss the bandwidth limitation of the proposed reflectarray designs for
accommodating broadband applications, particularly in the realm of communications.
Finally, in chapter 6, the future prospects and potential areas of improvement in the
tield of terahertz reflectarrays are outlined. This work is then brought to a close with a
conclusion.

The results of chapter 3 and chapter 4 are published in [1, 3, 8,10, 16,30, 33].



CHAPTER

TWO

TERAHERTZ BEAM STEERING AND BEAMFORMING
TECHNIQUES

The theoretical concept of phased arrays had already been established in the early
years of the 20th century. Decades later, the first experimental demonstration of a
phased array deployed in a radar system for military use was achieved [73]. Following
this, the field of phased array-assisted beam steering and beamforming experienced
rapid growth and development. A phased array consists of multiple array elements
that can be organized in a line to form a linear array, or spread out in a plane to form
a planar array. Through the assignment of specific phases and amplitudes to these
elements, the radiated waves from all elements can be combined to produce a super-
position in the far field that interferes constructively in the direction of the target, thus
reinforcing the signal, and destructively in other directions, effectively mitigating in-
terference. As a result, a phased array antenna has a greater directivity compared to
an antenna that only has a single element. The deployment of electronically tunable
phase shifters and amplifiers allows for dynamic tuning of the phase and amplitude
distribution of the phased array, enabling an electronic beam steering network.

So far, beam steering techniques and technologies at microwave frequencies have been
well-established and widely commercialized. A direct deployment of these techniques
to terahertz frequencies still remains a significant challenge, due to the absence of es-
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sential electronics that operate directly at terahertz frequencies. Therefore, it is neces-
sary to adapt the existing beam steering techniques in order to make terahertz beam
steering work. In this chapter, I summarize the terahertz beam steering and beam-
forming techniques and categorize them into five classes: phased array, leaky wave
antenna, spatial modulation in the optical domain, free space-coupled terahertz beam
steering and beamforming devices, and terahertz reflectarray. For each class, I describe
the underlying principle and provide an overview of relevant research results, with a
focus on comparison and evaluation of the different approaches.

2.1 Terahertz phased array

Phased arrays are widely used for beam steering at radio frequencies and usually are
composed of three essential building blocks: array elements, feeding network, and
phase shifters (or time delay elements). The waveguide-based feeding network em-
ploys splitters (couplers) and waveguides to create different branches that connect to
the array elements. Each branch includes a phase shifter, which is used to adjust the
phase of the signal reaching the corresponding array element. While much progress
has been made in research on terahertz technology, the development of discrete tera-
hertz components such as phase shifters, splitters (couplers), and waveguides is still in
its infancy, making the realization of an integrated terahertz phased array challenging.

Researchers have been working for several decades to bridge the terahertz gap by ad-
vancing both the electrical and optical approaches. They have laid groundwork for
generating terahertz signals electronically and optoelectronically. These terahertz gen-
eration methods offer the possibility of implementing a feeding network and phase
shifters (time delay elements) at microwave frequencies and at optical frequencies, re-
spectively, before the up-conversion and down-conversion stages. They require no
breakthrough in terahertz technology and can accelerate the development of terahertz
beam steering techniques by taking advantage of existing technology.

In this section, firstly, I will consider electronic terahertz systems and discuss the com-
mon phased array architectures that can be implemented in such systems, along with
their corresponding working principles. Additionally, a literature review of relevant
research will be presented. The second subsection will focus on the optoelectronic
terahertz systems. Similar to the first subsection, I will introduce the common phased



2.1. TERAHERTZ PHASED ARRAY 9

array architectures for such systems and explain their underlying principles.

2.1.1 Phased array for electronic terahertz systems
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Figure 2.1: (a) Simplified block diagram of a 4-element phased array with a corporate feed. (b)
Geometry of a 4-element array of sources positioned along the z-axis.

In order to gain an understanding of the operating principle of a phased array, a simple
example is presented. Fig.2.1 (a) depicts an analog beam steering network at radio
frequency (RF) for a 4-element array with a corporate feed. This network enables the
signal to be transmitted or received by all four elements, which are connected to a
single RF source or sink depending on the system state. The corporate feed is also
known as an equal path-length waveguide branching network, which ensures that the
feeding network contributes no phase difference to the array elements. Instead, the
phase shifters on each branch are solely responsible for adjusting the phase distribution
of the array. A geometry model of the 4-element array is illustrated in Fig. 2.1(b).

The array factor AF, cjement Of the uniform 4-element array is:

AFy gjement = 1 + e Ti(k-d-cos(6)+p) + e Ti2(k-d-cos(6)+p) + e+j3(k-d-cos(9)+ﬁ)’ 2.1)

where k is the wave number in free space, d and f are the distance and phase difference
between adjacent elements in the array, respectively.
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The amplitude of the total field of the array at 6 = 6y is maximized when:
k-d-cos(0)|g=g,+ B =0, (2.2)

holds.

The beam is adjusted to a given angle 6y by setting the phase difference p between
adjacent elements to a predetermined value

B=—k-d-cos(0)|o=g, (2.3)

i

i
i

2
2
%

i

>—(n)
RF >—(n)
Source/—

F—>——

Figure 2.2: Simplified block diagram of a 4-element terahertz phased array with a corporate
feed.

&

o

Fig.2.2 illustrates the implementation of a terahertz beam steering network by expand-
ing the RF beam steering network with a frequency multiplier in each branch.

To investigate the required phase difference between the adjacent branches for steering
the main beam in a desired direction, I will consider here the use of a frequency dou-
bler as the simplest frequency multiplier. The RF signal at the input of the frequency
doubler in the n-th branch is given by

xRF,n(t) = Aj - cos (wRF -t 4+ (Pn) . (2.4)
The signal at the output of the frequency doubler that has a square characteristic is
2 Af
vtz (£) = k- (£) = k- 5L (cos Qo +29) +1), @25)

where k is a constant.
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Eq. 2.5 reveals that both frequency and phase components are doubled. As a result, set-

—k-d- 6) o=
ting the phase difference p between adjacent elements to ¢,, — ¢,—1 = <05 (6) lo=ty

is sufficient to steer the beam to the desired angle 6. 2

The RF - terahertz chain, as depicted in Fig.2.2, adopts a partitioned approach which
separates the terahertz generation, i.e., amplification, multiplication, and filtering, from
terahertz radiation via an antenna. However, this block-by-block approach leads to
low DC - to - radiated terahertz power conversion efficiency. To address this issue, Sen-
gupta et al. proposed a terahertz power generation and beam steering array based on
distributed active radiators [74]. This approach combines terahertz generation and ra-
diation into a single process, thereby replacing the conventional partitioned approach.
Phase shifting is typically achieved by employing a weighted summation of the quadra-
ture signals, where combining the quadrature signal I and Q with a specific magnitude
allows for arbitrary phase shifting to be achieved [74].

In addition to the corporate feeding network, phased arrays can also be achieved
through coherent power-combing of multiple sources, such as coupled oscillating el-
ements. The self-sustained oscillating elements can be synchronized to the adjacent
elements via various coupling mechanisms. Tousi and Afshari proposed a scalable
terahertz 2D phased array of oscillating elements which are connected to their adja-
cent elements both horizontally and vertically using phase shifters [75]. In contrast,
Sengupta and Hajimiri utilize near field sensors to synchronize the oscillating elements
in the phased array [76]. In this method, phase control is achieved by modifying the
free-running oscillation frequency of each element with varactors in the resonator, al-
lowing for beam steering without phase shifters.

2.1.2 Phased array for a fiber-coupled optoelectronic terahertz system

Considerable efforts have been devoted to bridge the terahertz gap from the optical
side. Terahertz generation through optoelectronic means offers many advantages, in-
cluding a broad bandwidth of several terahertz and high dynamic range, making it
ideal for spectroscopy and imaging applications. This subsection will begin with de-
scribing an optoelectronically generated continuous-wave (cw) terahertz system, fol-
lowed by an introduction to various phased array architectures that can be incorpo-
rated into such a system.
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As illustrated in Fig.2.3, two cw laser signals whose electric fields are denoted as
Ei(t) = Aj@t+01) and Ey(t)) = Ajel(@2t+92), respectively, operate in the infrared
range with slightly different center frequencies. An optical coupler combines these
two signals, resulting in a beat signal E3(t) whose envelope has a frequency equal to
the difference frequency between the two laser signals. The envelope of the beat signal
is detected and radiated into free space using a antenna-integrated photomixer, which
can be a photodiode or photoconductor.

jZ\ Eq(¢)
jé ()

Figure 2.3: Simplified block diagram for terahertz generation by photomixing.

E5(t) \Z‘S Ion(t)

The photocurrent generated by the photomixer I o0 (#) is proportional to the instan-
taneous optical power of the beat signal E3(t), i.e.,

Iohoto (1) o [E3(t)[* = Es(t) - E5(t)
= (Alei(w1f+901) + Azei(w2t+<P2)> . (Ale'j(w1t+§01) + Aze'i(w2f+¢2)>
= A2+ A} + A1 Ay - @ @)tr(oi=0)) | AL A, . eT(l01—@2)tH(91-¢2))

= A% + A% +2A1A, - cos ((w1 — (Uz) t+ ((P1 - gOz)) .
(2.6)

It contains a frequency component with the frequency of w; — w, with the phase of

P1— ¢2.

When a corporate feed is introduced after the optical coupler as shown in Fig. 2.4, the
phase shifter in each branch adjusts the phases of both laser signals simultaneously by
the same amount Ay, which gives:

Eqpi (1) = Aqel @i ettgn) o pgpel(watoatiyn)

2.7
E;S po(t) = Alej(w1t+¢1+A¢2) + Azej(wzt+§02+A¢’2). (2.7)
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Figure 2.4: Simplified block diagram for a two-element terahertz phased array utilizing optical

phase shifters after the combination of two laser signals.

After photomixing, the photocurrents in the upper and lower branches are:

/

Lonp1 () Esp1 (D> = Egp () - Egi ()
= (Alei(w1t+¢1+AlP1) +A2ej(w2f+fpz+AlP1))
: (Ale'j(w1f+<P1+AlP1) + A2e-j(w2t+<Pz+AlP1)>
= A2+ A3+ A1Ay - ol (w1 —w2)t+((@1+A¢1) — (92+A¢1)))
+ A1A; - eI (wWi—w)t+((91+A¢1)— (92 +A¢1)))
= A2 4 A5 +2A1A; - cos ((w1 — wp) t+ (1 — 2)),
Lo (t) o [Ezpy () * = E3p (£) - Ega ()
— (Ale]'(wltﬂvlJrAle) + Azej(w2f+(pz+A1,bz)>

(2.8)

. (Ale'i(w1f+€01+A1P2) +A2e—j(w2t+¢2+Alp2)>

= A2+ A+ A Ay - @)t ((1+842) = (9240¢2)))
+ A1 A, - el(@1=@2)t+((@1+812) = (92 +A¢2)))

= A% + A% +2A1Ay - cos (w1 —wa) t+ (@1 — ¢2)) -

As shown in Eq. 2.8, the resulting terahertz signals in the upper and lower branches
are identical, i.e., there is no phase difference between the two elements.

In order to tune the phase of the terahertz signal in each branch independently, it is
necessary to adjust the phase of one laser signal prior to its combination with the other
laser signal. Fig. 2.5 illustrates a 2-element phased array, where the resulting terahertz
phases in the upper and lower branches are ¢1 + Ay — ¢ and @1 + A — @2, respec-
tively, leading to a phase difference of Ay — Ay, between the two elements.
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Figure 2.5: Simplified block diagram for a two-element terahertz phased array utilizing optical
phase shifters prior to the combination of two laser signals.

In the work of Ming Che et al., they designed and fabricated a 2x8 optical phased ar-
ray network, achieving a continuous beam steering in a range of 50° at 300 GHz [77].
The same research group has also investigated the possibility of building a terahertz
phased array without the phase shifters. They have demonstrated a phased array by
utilizing the chromatic dispersion of optical fibers [78]. The phase shifting is achieved
by shifting the center frequencies of the laser signals while keeping the difference fre-
quency constant. By inserting a chromatic dispersive device in one branch, the phase
difference between two branches can be then achieved.

In addition to phase shifters, optical delay units (ODU) can also be employed to in-
dependently time delay the beat signal in each branch. In this way, we can introduce
the corporate feed network after the two laser signals are combined. This approach
provides the advantage of achieving broadband beam steering without experiencing
the phenomenon of the main beam’s direction shifts as the frequency changes. This
phenomenon, known as beam squint, is often encountered in the phase-shifting-based

beam steering networks.

S‘Z\ Eq(t)

§Z’§Y

Ipnb1(t)

§Z’§Y

Es(t) Ipnb2(t)

Figure 2.6: Simplified block diagram for a two-element terahertz phased array utilizing ODUs.

Let us take a look at the phased array system that employs ODUs with the simplest
corporate feed, illustrated in Fig.2.6. The array, consisting of two elements, introduces
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delays of 71 and T, to the beat signal in the upper and lower branch, respectively. The
electric field of the beat signal in the upper branch Ej3} () after passing through the
ODU is:

Espi(t) = Ar@it=m)+e1) 4 A eil@2(t=1)+¢2) (2.9)
The photocurrent generated by the photomixer 1 is then:

Iohotop1 (£) & [Ezp1 (£)|* = Eapi(t) - E3p (1)
— (Alejwl(t—mwl) I Azej<w2<t-r1>+(pz>>
(2.10)

: (Ale']'(wl(t*ﬁ)ﬂvl) + Aze-j(wz(f*ﬁ)ﬂvz))
= A% + A% +2A1A, - cos (wTHZt + ((/)1 — (Pz) — wTHZn)

Similarly, the electric field of the beat signal in the lower branch Ejy,(t) after passing
through the ODU is:
E3po(t) = A @it=n)+01) | A ei(@a(t=T2)+¢2) (2.11)

The photocurrent generated by the photomixer 2 is then:

Lohotop2(t) & [Espa(t)|* = Eapa(t) - E3py(t)
= A% + A% +2A1A5 - cos (wTHZt + ((P1 — (PZ) — CUTHZTZ) .
(2.12)

The phase difference between the array elements is

B=—wm. (11— ). (2.13)

According to Eq 2.3, the superposition of the electrical fields of both elements is maxi-
mized in the direction of 6 in the far field when the phase difference is set to:
B=—k-d-cos () = —@ -d - cos (6) . (2.14)
0
A comparison between Eq.2.13 and Eq. 2.14 reveals that if the delay difference between
the two elements is maintained at Ty — 7» = % - cos (6p), the main beam will always
point towards 6y regardless of the terahertz frequency. In contrast to phased arrays

that utilize phase shifters, the use of true time delay elements permits broadband beam
steering without any beam squint effects.
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2.2 Leaky wave antenna

This section explores another system that can be used for terahertz beam steering,
known as the leaky wave antenna. In contrast to phased arrays, it requires neither
a complex feeding network nor the phase shifters. Instead, it usually consists of a
transmission line or waveguide and radiating unit cells placed periodically along the
guided-wave propagation direction. The phase difference Ay between adjacent cells
arises as the wave passes through the unit cells subsequently:

where f is the propagation constant of the wave inside a waveguide or in a transmis-
sion line and [ is the distance between the adjacent cells.

As the propagation constant B of the propagating wave is frequency-dependent, the
phase difference Ay between adjacent cells can thus be tuned by changing the fre-
quency of the propagating wave. This gives the travelling-wave antenna an inherent
property of beam steering with frequency sweeping. This section presents the working
principle and a literature research on two types of leaky wave antennas: uniform leaky

wave antenna and periodic leaky wave antenna.

2.2.1 Uniform leaky wave antenna

The very first uniform leaky wave antenna is created by simply cutting a long and
uniform slot into the narrow wall of an air-filled metallic rectangular waveguide as
shown in Fig2.7(a) [79].

(a) (b)

Figure 2.7: Illustration of a rectangular waveguide-based (a) uniform leaky wave antenna and
(b) quasi-uniform leaky wave antenna with transversely oriented slots.
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The propagation constant  for the propagating mode in a closed rectangular wave-
guide is given by:

‘B — /k% — k%’ (2.16)

where k is the wave number in free space and k. is the cut-off wave number. For an
operating frequency above the cut-off frequency, the phase constant j is real and less
than the wave number in free space ko, resulting in a phase velocity vy, = % that is
faster than in free space. This leads to the propagation of a fast wave, known as the
radiating wave, within the rectangular waveguide. When an opening, such as a slot, is
introduced into the waveguide, the radiating wave is able to pass into free space.

In practice, a quasi-uniform leaky wave antenna is often employed for beam steer-
ing applications. Its structure is illustrated in Fig.2.7(b). This antenna configuration
resembles an antenna array, with slots arranged periodically along the propagation
direction, forming a uniform array with a progressively increasing phase profile. To
prevent grating lobes, the adjacent slots should be placed next to each other with a sep-
aration distance no greater than half of the wavelength in free space. The maximum
resulting phase difference between the adjacent unit cells Ay can be calculated by tak-
ing into account that the phase constant in the rectangular waveguide f is smaller than
the phase constant in free space kg

Ao

> = Ay < (2.17)

A1P=ﬁ1<kol$lp<2—n-
Ao

The calculation reveals a drawback of using a quasi-uniform LWA implemented with a
straight rectangular waveguide for beam steering: only forward-radiation is possible.
The phase profile of the array always increases within the unambiguous phase range
along the propagation direction, preventing a back-radiation. Moreover, the phase
difference between the adjacent slots is insufficient to achieve a broadside radiation
that requires a phase difference of 2n7m, n € Z.

To overcome this drawback, Sarabandi et al. have demonstrated a meandered wave-
guide structure that extends the propagation length / while keeping the distance be-
tween the adjacent radiating cells small [80]. This structure enables broadside radia-
tion, reduces the required frequency sweep range for the same beam steering range,
and achieves e.g. a 3.3° /GHz steering over a 50° scan angle at the Y-Band.



18

Another approach for achieving a broad beam steering range with a small fractional
frequency bandwidth is to introduce a corrugation on the inner bottom of the rectan-
gular waveguide, as shown by L. Ranzani et al. [81]. This approach achieved a 2°/GHz
steering over a 40° scan angle at the G-Band.

1D slotted LWAs exhibit large electrical dimensions in the steering plane, and appro-
priately sized slots can produce a moderately narrow beam width in this plane. In
contrast, the antenna has a small electrical dimension in the plane orthogonal to the
steering plane, resulting in a fan-shaped 3D beam characteristic, which leads to sub-
optimal directivity, spatial ambiguity, and limited spatial resolution. To address these
limitations, researchers have endeavoured to narrow the 3D beam width by converting
1D LWAs into 2D LWAs.

An effort by Sarabandi et al. involved placing patch antennas along a meandered
waveguide to create a two-dimensional antenna array [80]. The E-type waveguide
node couples power from the waveguide to a central patch above it, which is con-
nected in series to other patches on either side via high-impedance transmission lines.
In order to maintain the beam direction of the 1D leaky antenna while achieving a
narrow beam width, all patch elements must be excited in-phase. A planar array was
constructed by Ranzani and colleagues by feeding multiple slotted leaky wave anten-
nas using a corporate feed network [81]. Both methods were successful in narrowing
the beam width to 10°.

2.2.2 Periodic leaky wave antenna

As the operating frequency increases, the use of the metallic rectangular waveguides
becomes impractical due to manufacturing difficulties and high conductor losses. In-
stead, open waveguides, such as dielectric waveguides or microstrip, are preferred
for terahertz applications. Open waveguides often feature a dielectric substrate that
confines a major portion of the wave, resulting in a propagating wave with a phase
constant larger than its phase constant in free space. This leads to the propagation
of a slow wave in open waveguides, also known as a non-radiating wave. However,
by introducing discontinuities along the wave propagation axis, the slow wave can be
converted into a radiating wave that can propagate into free space.

Fig.2.8 shows a terahertz microstrip transmission line based periodic leaky wave an-
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/

z

Figure 2.8: Illustration of a microstrip-based periodic leaky wave antenna.

tenna. The periodic rectangular stubs located along the top conductor of the microstrip,
aligned with the wave propagation axis (z—axis), introduces spatial periodicity, mak-
ing the transmission line a periodic structure. The distance between adjacent rectan-
gular stubs is denoted as d. According to the Floquet-Bloch theorem, the electric field
in such a periodic structure can be expressed as the product of a periodic function and
an exponential function:

E (xr ]/,Z) = Eperiodic (x/ Y, Z) : ej‘BOZ/ (2.18)

where B represents the propagation constant of the fundamental mode on the trans-
mission line.

Furthermore, the periodic function Eperiodic (x,,z) can be expanded using its Fourier
series representation:

> s2mnz
Eperiodic (x,y,2) = Z E,(x,y)-€ . (2.19)

n=—oo

Substituting this expression into Eq.2.18, we obtain:

E(x,y,z) = ) Ei(xy) P L iz

n=—oo

= i E, (x,y) - (¥ Hho) (2.20)

n=—oo

= Y E, (x,y) - elPr?,

n=—oo

Here, E, (x,y) - e/r* represents the field of n-th-order space harmonic wave, charac-
terized by its field distribution E, (x,y) on the transversal plane and its propagation
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constant B, = By + 242

As observed in Eq.2.20, by introducing the periodicity into the transmission line, an
infinite numbers of the space harmonic waves are excited, including both fast and slow
waves [82]. To ensure a single beam radiation of the leaky wave antenna, the periodic
leaky wave antenna is designed so that the first space harmonic wave (negative first
order) is fast. Its wave number is given by f_; = By — 2%. As the operating frequency
changes, the wave number $_; can be negative, zero, or positive, which allows the
beam to point in the backward, broadside, or forward direction.

Murano et al. successfully demonstrated a microstrip-based terahertz leaky wave an-
tenna capable of covering a steering range from —23° to 15° by tuning the frequency
from 235 GHz to 325 GHz [83]. This particular leaky wave antenna is equipped with
two waveguide ports, allowing coupling of the wave from a discrete source to the
leaky wave antenna and facilitating coupling out from the leaky wave antenna to a
discrete detector. Lu et al. present a novel design that monolithically integrates the
microstrip-based leaky wave antenna with a photodiode to create a steerable terahertz
transmitter [84]. By sweeping the frequency from 230 GHz to 330 GHz, the transmit-
ter achieves a steering from —46° (backward) to 42° (forward). The realized gain and
3 dB beam width of the periodic leaky wave antenna are approximately 11 dBi and 10°,
respectively.

2.3 Beam steering technique incorporated in a free-space

optoelectronic terahertz system

In Section 2.1.2, a phased array incorporated in a fiber-coupled optoelectronic terahertz
system is described. The phase of the terahertz signal at each antenna element is tuned
by shifting the phase of one of the laser signals used for photomixing, which requires a
waveguide-based corporate feeding network and an optical phase shifter per element.
For a free-space optoelectronic terahertz system, an analogous approach to the use of
phase shifters is to spatially modulate the phase of the laser signal. In this section, I first
briefly describe a free-space optoelectronic terahertz system, which provides a useful
context for understanding the approach to be discussed. This is followed by a discus-
sion of a terahertz beam steering technique that utilizes spatial phase modulation of
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Figure 2.9: Illustration of (a) generating terahertz radiation by two cw lasers illuminating an
optical crystal and (b) steering the terahertz beam by tilting one of the cw laser sources [85].

the laser signal. Finally, I summarize the relevant research results.

Fig.2.9(a) illustrates the process of generating cw terahertz radiation through the op-
tical process of difference-frequency generation, which is achieved by illuminating a
nonlinear optical crystal with two cw lasers with slightly different center frequencies.

Let the instantaneous electric fields of the two cw lasers be:

Ei(t) = Ajcos (wit + ¢1)

(2.21)
and E;(t) = Apcos (wat + ¢7) .
The instantaneous electric field that illuminates the optical crystal is then:
E(t) = E1(t) + Ex(t) = Aj cos (wit + @1) + Az cos (wat + ¢2) . (2.22)
Using the Euler’s formula, it can also be written as:
E(t) = %euwltwn n %@(wltm) n %ei(wwrsoz) n %ei(wthz)_ (2.23)

Upon the incidence of the electric field E(t) onto the optical crystal, the nonlinearity
of the optical crystal leads to a wave mixing. For the difference-frequency generation,
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the second-order nonlinearity which is characterized by the second-order nonlinear
susceptibility x(?) is responsible.

The induced second-order nonlinear polarization P(t) is then given by:
P = eox P E*(t)

_ex®
4

(A%ej(2w1t+2¢1) + A%e]'(szerzq)z) + QA%A%ei((w1+wz)f+§01+¢2)

. . . (2.24)
+ 2A%A%e'l((w1+w2)f+fp1+(l)z) + A%e'l(2w1t+2(l)1) + A%e'l(2w2t+2fl)2) +2A% 4242

+ 2A%A%ej((w1*w2)f+¢1*¢z) + ZA%A%e'j((W1w2)t+(P1‘P2)>

The frequency component highlighted in red is the generated terahertz radiation that
has an angular frequency of w; — wy and a phase of @1 — @.

As shown in Fig.2.9(b), when a tilted laser beam is employed, a linear phase ramp is
generated along the optical crystal due to the locally varying path length. This results
in a linearly increasing phase difference between the two laser beams, which is trans-
lated into the local terahertz radiation through the difference-frequency generation.
This resembles a terahertz phased array with a linear phase profile along the optical
crystal, whose electric fields constructively interfere with each other in a specific direc-
tion in the far field. Unlike the traditional phased array deployed in the fiber-coupled
optoelectronic terahertz system that requires the corporate feeding network and phase
shifters, this approach simply yet effectively achieves spatial phase modulation with-
out these additional components, significantly reducing the system complexity.

Maki and Otani have made significant advances in free-space terahertz beam steering
systems using the technique of spatial phase modulation. In 2008, they reported on
the successful overlap of two spatially dispersed laser beams to achieve an indepen-
dent and simultaneous tuning of the terahertz frequency and main beam direction [85].
Through the linear adjustment of the overlapping area of two laser beams by mechani-
cally shifting the mirrors reflecting one of the laser beams, they were able to decrease or
increase the resulting terahertz frequency between 0.31 THz and 1.69 THz. At 0.6 THz,
they were able to steer the direction of the terahertz beam within a range of 29° by
tilting the mirror reflecting the laser beam by only 0.155°. In 2011, the same research
group used two identical fs pump lasers to produce a periodic interference pattern,
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a grating pattern, on a strip-line photoconductive antenna [86]. The spatial period of
the grating is adjusted as the angle of incidence between the two pump laser varies,
which in turn leads to the beam steering of the generated terahertz. At frequencies of
0.73THz and 0.93 THz, they achieved a steering range of 20° with an incidence angle
change of only 0.027° and 0.025°, respectively.

2.4 Freespace-coupled terahertz beam steering and beam-

forming devices

In contrast to the techniques discussed in earlier sections, the devices covered in this
section are compatible with both optoelectronically and electronically generated tera-
hertz sources. These devices are discrete building blocks that modulate the phase, and
often the amplitude, of terahertz waves. The modulation occurs spatially as the free
space terahertz wave passes through the devices, eliminating the need for a complex
waveguide-based feeding network. However, it poses the disadvantage of the infea-
sibility of system integration, resulting in a beam steering system with a relatively
large footprint. This section is divided into three subsections. In the first two sub-
sections2.4.1 and 2.4.2, I will provide a brief overview of the working principle of two
kinds of semiconductor-based terahertz devices, and highlight research works that em-
ploy these techniques. In the third subsection2.4.3, a Luneberg lens for the terahertz
range will be discussed.

2.4.1 Photo-induced grating structure

When a light source illuminates semiconductor materials, such as Silicon, Gallium ar-
senide, Germanium, free carriers are generated once the photon energy of the light
source exceeds the band gap of the semiconductor. The refractive index, the absorp-
tion constant, and the conductivity of the semiconductor varies with the change of the
free-carrier density that is proportional to the illumination fluence of the light source.
By using a specific illumination pattern of the light source, we can create a desired
transmission response profile across the semiconductor film, thereby enabling ampli-
tude or phase modulation of terahertz radiation passing through the film.

Busch and colleagues have demonstrated terahertz beam steering using a virtual diffrac-



24

tion grating on a Silicon film [87]. By illuminating the semiconductor with an alternat-
ing pattern of bright and dark regions, they are able to achieve periodic variation in
transmission. However, this binary grating profile has a low grating efficiency and
grating angle ambiguity, with the directivities of the diffraction angles at the +1 and
-1 grating order being the same. To resolve this ambiguity, Steinbusch et al. used
a graded illuminating pattern within one grating period on a thin Gallium arsenide
film, resulting in an approximate blazed grating structure [88]. They experimentally
demonstrated the toggling of the blazed angle between the +1 and -1 grating order as
the blaze arrow changed from one side to the other.

Kannegulla and colleagues conducted a thorough investigation into the theory of the
transmission response of the illuminated semiconductors and the impacts of substrate
material, substrate thickness, illuminating light wavelength, and illuminating area on
the terahertz modulation [89]. Their study provides a useful guideline for designing
such terahertz modulators.

2.4.2 Photo-induced Fresnel zone plate

I will now discuss another photo-induced component for the terahertz range: the Fres-
nel zone plate. As the terahertz wave passes through a semiconductor film illuminated
by a specific light pattern, both its phase and amplitude can be modulated. While the
virtual diffraction gratings described in the previous subsection mainly rely on phase
modulation, the Fresnel zone plate exploits direct amplitude modulation, making it
capable of both beam steering and beamforming.

A two-dimensional Fresnel zone plate consists of concentric rings that alternate be-
tween being opaque and transparent as depicted in Fig.2.10(a). In a photo-induced
Fresnel zone plate, the opaque and transparent states are achieved by the presence
and absence of illumination from a light source, respectively. Fig. 2.10(b) illustrates the
principle of the focusing mechanism of a Fresnel zone plate. A beam radiated from
the point source which is located at the position S passes the edge of the n-th Fresnel
zone with radius of r;;, and is focused at the position P. The path length difference Al,
between the path of the beam through the edge of the n-th Fresnel zone and the line of
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Figure 2.10: Schematic illustration of a Fresnel zone plate.

sight is given by:

Aly = Al + Al = /D2 + 12 — Dy + /D3 + 12 — Ds. (2.25)

The radius r;, of the n-th Fresnel zone must be chosen such that the path length differ-
ence Al satisfies the following condition:

A

AL, =n- > (2.26)

where A denotes the wavelength in free space. Eq.2.26 reveals that beams passing
through the adjacent zones interfere destructively, while the beams passing through
every two zones interfere constructively at position P. As a result, masking every two
Fresnel zones can create a focus at position P.

By inserting Eq.2.26 into Eq. 2.25, rearranging, neglecting the higher order term of A,
and assuming that n - A < D; 4 D», it gives:

D;-D
2 1- D2
RNA - ————. 2.27
rn n D1 + [)2 ( )
. . .1 1 1 .
Using the thin lens equation Do + D= I where f is the focal length, Eq.2.27 can be
1 2
simplified to [90]:
rRan-A-f. (2.28)

Eq.2.28 provides the general design formula for the Fresnel zone plate to obtain a cer-
tain focal length.
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In addition to the functionality of focusing with variable focal length, a reconfigurable
Fresnel zone plate also provides the capability of beam steering. Fig.2.11 illustrates
two Fresnel zone plates with the beam direction pointing to the broadside at 8 = 0°
and an arbitrary angle of 6 = 6.

2M 2M N

: L 2M, 3 3 2My

M i ; M

Y Y Beam Peak at 0 = 0,

%T

Tel = Teg = Tep = 0

F

Feed
(a) .

Figure 2.11: Schematic illustration of a 1D Fresnel zone plate with the beam peak (a) at 6 = 0°
and (b) at 0 = 6y [91]. x., and M, represent the center and length of the n-th zone, respectively.

Now, consider a point source at the focal point z = —F of the Fresnel zone plate as
depicted in Fig.2.11. The field just before it interacts with the Fresnel zone plate at z=0
has the phase distribution:

PFeed (X) = (\/ F2 4 x2 — F) -k, (2.29)

where k is the wave number in free space.

In section 2.1.1, Eq. 2.2 shows the required phase difference between the adjacent array
element of a phased array to steer the main beam to a target angle. This can be adapted
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to calculate the phase distribution of the field after passing through the Fresnel zone
plate in order to steer the beam to a given angle 6 = 6p:

q)Required(x) = —k-x-cos (90) . (2.30)

Thus, the phase response of the Fresnel zone plate can be simply calculated as:

(PFZP<x) = (PFeed(x) - @Required(x) (2.31)

Petosa and co-workers derived equations to determine the center and length of the n-
th zone for a given focal length F and scan angle 6 for a one-dimensional Fresnel zone
plate [91]. Shams and co-authors adapted these equations to design a reconfigurable
photo-induced two-dimensional Fresnel zone plate capable of achieving a total scan
range of 24° at a frequency of 750 GHz [92].

2.4.3 Luneburglens

A Luneburg lens is used to convert a point source that is located at its circumference to
a collimated plane wave in free space on the opposite side and vice versa as illustrated
in Fig.2.12. It is a spherically symmetric gradient-index lens. Its refractive index is
highest at the lens center, gradually decreases toward the outer surface, and reaches the
minimum at the lens circumference. Due to the spherical symmetry of the Luneburg
lens, a point source can be fed anywhere at the circumference, enabling a beam steering
or beam switching functionality. Furthermore, owing to the linearity, multiple point
sources can be fed to the Luneburg lens simultaneously, allowing the lens to have a
multi-beam radiation pattern.

Figure 2.12: Schematic illustration of a Luneburg lens.
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Luneburg’s solution for the radial dependent refractive index 7 (r) in a Luneburg lens
is given by:

n(r)=1/2- (%){for r <R, (2.32)

where R denotes the radius of the Luneburg lens. According to this equation, the re-
fractive index at lens center and the circumference shall be v/2 and 1, respectively. It
indicates the restriction of the Luneburg’s solution: the refractive index distribution
in Eq.2.32 only applies when the refractive index can reach unity at the lens circum-
ference which is rather challenging to manufacture such gradient-index materials. S.P.
Morgen provides a more general solution to derive the refractive index distribution in
the Luneburg lens for a given value of the refractive index at the circumference [93].

Headland et.al have employed a planar Luneburg lens using effective medium tech-
niques in a demonstration of terahertz beam switching and multi-beam radiation [94].
The effective medium is realized by a lattice of through holes in a silicon slab. Its
refractive index can be controlled by varying its fill factor. To feed the lens, they incor-
porated 7 evenly spaced photonic crystal waveguides, covering 120° field of view. The
measured gain of the Luneburg lens lies in the range between 18 dBi and 25dBi for
the frequencies between 320 GHz and 390 GHz. The fabrication of the lens is simple
thanks to the 2D micromachining and the lens is integrable with other silicon-based
platforms. However, a continuous beam steering with this design is not feasible and
the mechanical move of the terahertz source between the feeding waveguides limits
the speed in changing the beam direction.

Terahertz beam Terahertz beam

) Tilting

Figure 2.13: Illustration of a Luneburg lens using a parallel plate waveguide. The beam steering
is achieved by tilting the lower plate with respect to the longitudinal axis [95].

To resolve these two problems, Sato and Monnai proposed a Luneburg lens using a
parallel plate waveguide [95]. Since the effective refractive index between the parallel
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plate waveguide depends on the distance between the two plates, the gradient-index
of the Luneburg lens can then achieved by a properly designed variant curvature of
the inner waveguide wall. As mentioned earlier in this subsection, the beam steering
using the Luneburg lens is conventionally realized by changing the feeding position
at its circumference. The parallel plate waveguide based Luneburg lens, as shown in
Fig.2.13, deflects the guided beam by a tiny tilt of the lower plate with respect to the
longitudinal axis as a result of a linear perturbation of the effective refractive index
along the transverse axis introduced by the tilt. With a tiny tilt the lower plate of the
waveguide from —0.42° to 0.42°, a continuous beam steering at 300 GHz from —25° to
25° is successfully demonstrated.

2.5 Terahertz reflectarray

The concept of a reflectarray is first proposed by Berry, Malech, and Kennedy [96].
They combine the natures of two components: the antenna array and reflector, forming
the reflectarray. Unlike the conventional antenna array whose feed network is usually
transmission line or waveguide based, the reflectarray shares the nature of a reflector:
the feed is done spatially by illuminating its aperture. For applications requiring a
specific radiation pattern or a dynamic beam steering capability, the reflectarray makes
use of the array nature to synthesize the phase profile over the aperture accordingly.

In RF domain, the reflectarray has been intensively studied and developed with an
ultimate goal of its employment in wireless and satellite communication, as well as
radar systems, replacing the bulky parabolic reflector. It offers numerous advantages,
such as low mass, low cost, small footprint, ease of fabrication, and most importantly,
a phase tuning mechanism can be incorporated in the array elements for beam steer-
ing applications. In the review paper [97], various phase tuning mechanisms for the
reflectarray operating at RF frequencies and the associated enabling technologies are
covered in detail. Here, I will briefly mention four of the most common phase tuning
mechanismes:

e incorporating a phase shifter or true time delay unit to each array element, indi-
vidually tuning the phase of the locally incident wave before radiating back to
free space,
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e varying the size of the array element, individually tuning the resonant frequency
of each element, a distinct phase shift resulting from the offset between the feed
and resonant frequency is then imposed on the locally scattered wave,

e for a circular polarized incident wave, rotating a circular polarized array element,
a distinct phase shift that corresponds to the angle of rotation is imposed on the
locally scattered wave,

e using functional materials whose dielectric properties can be electronically con-
trolled, such as liquid crystal and graphene, manipulating the local surface impe-
dance, subsequently the local reflection coefficient.

In order to adopt these phase tuning mechanisms at terahertz regime, the available
enabling technologies are the key. Here, I will briefly discuss the existing demonstra-
tion/prototype of terahertz reflectarrays using those phase tuning mechanisms and
the associated enabling technologies.

Due to the lack of solid-state electronics working directly at terahertz frequencies, the
phase tuning mechanism that incorporates the phase shifter and true-time delay unit
in each array element is so far less feasible.

For a static reflectarray whose phase distribution is introduced by array elements with
varying dimensions, a fabrication process on a sub-wavelength scale is required. The
matured micro-machining technologies can be used to fabricate such terahertz arrays,
since it works on the same scale as the sub-wavelength of terahertz. Niu and co-
workers presented a 2D terahertz reflectarray that deflects the incident wave in a given
direction using squared metallic microstrip patches as the array elements [98]. The
length of the squared patching varies only in one dimension while the patches along
the other dimension have the same size. The lengths of the patches are chosen so
that a wrapped phase ramp distribution is formed. The same research group have
also proposed a reflectarray that is employed as a terahertz free-space polarizing beam
splitter [99]. They use two sets of orthogonal strip dipoles to deflect the orthogonal
polarized beams in two different directions.

Most reflectarrays have an inherent disadvantage in that they typically operate over
a very limited bandwidth. This limitation comes from two main factors, the narrow-
band nature of the array element itself, and the phase error of the phase tuning mech-
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anism at different frequencies. As an example, the resonant frequency of a metallic
patch element versus its path length is a non-linear characteristic. Therefore, the phase
distribution is rapidly distorted as the feed frequency is tuned away from the resonant
frequency. In order to achieve broadband operation, we need an array element that has
a linear phase response with respect to the feed frequency. Metamaterial, for example,
can be used to achieve that. You and Co-workers presented a design of a metasurface
reflectarray that is able to perform focusing over a 3dB relative bandwidth of 23.3%
and 23.9% around 1 THz for TE and TM polarization, respectively [100].

As the frequency increases to the short wavelength range of terahertz, the metals used
for the patch and dipole are no longer ideal conductors. As a result, ohmic losses
are evident when the incident wave interacts with the metallic array elements. As an
alternative design, dielectric resonators with varying dimensions can be used as array
elements for terahertz reflectarrays. In the work presented by Headland et. al., they
used cylindrical resonators made of high resistive silicon adhered to a gold plate to
form a terahertz reflectarray [101]. As a proof of concept, the designed reflectarray was
shown to focus collimated incident waves.

Although those reflectarrays with metallic or dielectric elements exhibit good perfor-
mance in deflecting and focusing the incident beam in a predetermined direction, they
remain static, i.e., lacking of ability to reconfigure the phase distribution. Functional
materials, such as graphene and liquid crystals, whose dielectric properties can be elec-
trically controlled, offer the possibility of dynamic terahertz reflectarrays. Many nu-
merical studies have demonstrated the feasibility of such reflectarrays[102,103]. How-
ever, only a few prototypes have been experimentally demonstrated.

Owing to the relatively short wavelength of terahertz waves compared to the mi-
crowave region, the phase of the locally incident terahertz wave can also be modulated
spatially by each individual array element. The array element shall include a reflective
element controlled by an actuation system, moving in a linear or rotary motion. One
of the common designs of the reflectarray using a spatially phase tuning mechanism
is a reconfigurable diffraction grating. By changing its grating period, dynamic beam
steering can be achieved. Monnai et al. presented a reconfigurable terahertz diffraction
grating consisting of 256 cantilevers and demonstrated the reflectarray with a steerable
range of 40° at 0.3 THz [104]. These cantilevers can be controlled individually to be in
one of the binary states: up-state or down-state. The vertical displacement between the
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states is only 80 um. This leads to a poor grating efficiency;, i.e., the specular reflection
is therefore around 20 dB higher than the first order diffraction.

A grating structure with poor grating efficiency creates for such reflectarrays the dis-
advantage of grating lobes. To improve the grating efficiency, we can start from two
aspects:

o The size of the single reflective element shall be in the order of sub-wavelength of
the operating frequency to suppress diffraction effects from individual elements,

e an actuation system shall support a high throw that is comparable to the wave-
length of the operating frequency and a fine resolution allowing a flexible config-
uration.



CHAPTER

THREE

MEMS-BASED RECONFIGURABLE APPROXIMATE
BLAZED GRATING FOR TERAHERTZ BEAM STEERING

In order to maximize the grating efficiency in a specific grating order, a blazed grating
can be used. The repeating unit of a blazed grating is a ramp-shaped reflective surface
and the slope of the ramp is designed so that the specular reflection on it aligns with
one of the diffraction angle of the grating. This repeating unit is also commonly refered
to as the grating element. An ideal design for a 1D reconfigurable terahertz blazed
grating would be a row of reflective elements, whose dimension parallel to the grating
axis is in sub-wavelength scale. Each reflective element shall be actuated to perform
linear and tilting motions. Furthermore, to ensure a blazed grating design for a large
beam steering range, the linear and tilting movements shall have a large displacement.
Take a reflective grating for 300 GHz for example. For a full steering range of +90°
away from the normal to the grating, the tilting motion must be at £45° and the vertical
displacement must be equal to the wavelength of 300 GHz in free space, i.e., 1 mm.

In this chapter, I present a novel design for an approximate blazed grating. This de-
sign replaces the traditional ramp-shaped configuration with multiple sub-wavelength
reflective elements, each independently actuated along the x-axis, as illustrated in
Fig.3.1. To facilitate this actuation system, MEMS technology offers a solution, en-
abling precise linear displacement over several hundred micrometers.

33



34

Diffracted Diffracted
Beam Beam
T

g.,|Incident
d| Beam
O
(=] (=] [===] [=]
= = - = =
o o ) . o o o = = :‘a ] = ¢ o o
e A > 2 o i — = A = 2 o

-
Blaze Arrow Blaze Arrow

(a) (b)

Figure 3.1: Illustration of (a) a blazed grating and (b) an approximate blazed grating featuring
multiple sub-wavelength reflective elements.

This chapter comprises five sections. The design considerations as well as key param-
eters of the MEMS-based actuation system and the reflective element are given in the
tirst two sections, respectively. The phase tuning of the incident wave is done by ad-
justing the vertical position of the reflective element, the array factor can no longer be
applied to calculate the radiation pattern of such a reflectarray. A mathematical model
based on the Huygens-Fresnel principle is therefore given to calculate the radiation
pattern of the grating structure in section3.3. The design of a reconfigurable approx-
imate blazed grating is described in section3.4. In addition, based on the calculated
radiation patterns, the achievable steering range and operating frequency range of the
designed blazed grating are also discussed in this chapter. At last in section 3.5, full-
wave EM simulation using a finite-difference time-domain (FDTD) solver and far-field
radiation pattern measurements are carried out to validate the functionality of the de-
signed blazed gratings.

3.1 Key parameters of the MEMS actuation system

The MEMS actuation system has the ability to achieve translational displacement in the
sub-millimeter range, which aligns with the wavelength range of the terahertz waves.
As a result, a reflective surface driven by a MEMS actuation system can be employed
to spatially modulate the phase of the terahertz waves and the stacking of multiple
reflective elements for constructing a reconfigurable terahertz reflectarray holds great
potential. MEMS actuation systems are characterized by their advantageous properties
such as their lightweight and compact nature[105]. Furthermore, when electrostatic
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actuators are employed, they consume extremely low power [106]. In this work, the
MEMS electrostatic actuators driven by an in-plane mechanical digital-to-analog con-
verter (DAC), developed by our project partner Lisa Schmitt and colleagues, are con-
sidered. They have successfully demonstrated a 3-ternary digit actuation system capa-
ble of positioning the reflective element uniformly in 33 = 27 different locations within
a displacement range of 120 ym [16]. This system can be further enhanced to increase
its compatibility with terahertz beam steering applications by increasing the numbers
of the ternary digits and amplification factor of the mechanical amplifier [107,108]. In
the present chapter and subsequent ones, a 5-bit actuation system with a maximum
displacement of 600 ym is considered for the MEMS actuation system. It is worth men-
tioning that a more sophisticated actuation system is considered here so that the pro-
posed designs of the reflectarray can also be easily adapted to a simpler system.

3.2 Key parameters of the reflective element

The reconfigurable reflectarray shall approximate a blazed grating, there are mainly
two design aspects that affect the radiation pattern of the approximate blazed grating:
the dimension of the reflective element and the amount of elements used within the
reflectarray. A section of an approximate blazed grating structure is shown in Fig. 3.2.
The grating element comprises multiple reflective elements with a size of width w
and length I, forming an approximate ramp. The periodic grating elements are placed
along the z—axis which makes it the grating axis. The normally incident wave can
be diffracted in a different direction in the elevation plane by changing the grating
period A.

Figure 3.2: 3D (a) and 2D (b) illustration of a diffraction grating consisting of multiple sub-
wavelength reflective elements.
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However, the repeating unit of the diffraction grating consists of multiple identical re-
flective elements, effectively forming a diffraction grating with a period equal to the
width the reflective element. The diffracted beam within the repeating unit can intro-
duce spurious beams into the radiation pattern of the designed reflectarray. To mitigate
this, the width w of the reflective element must be carefully chosen to reduce diffrac-
tion effects within the repeating unit. I have decided on a width of 300 ym, precisely
one wavelength at 1 THz. For normal incidence on a grating structure, which, in this
case , is the repeating unit, the grating equation is represented as:

wsin(04,,) = mA, m € Z, (3.1)

where 0y ,, is the m-th-order diffraction angles and A denotes the wavelength. Con-
sidering a frequency f < 1THz, corresponding to a wavelength A > 300 ym, and a
reflective element width w = 300 um, Eq.3.1 yields results only for m = 0, giving
040 = 0°, indicating specular reflection. In this scenario, no other diffraction angles
occur, making the impact of the diffraction within the grating element on the radiation
pattern of the reflectarray negligible up to 1 THz.

The electrical length of the reflective element along the y—axis determines the beam
width in the azimuth plane. For a single frequency, the electrical length is proportional
to its geometrical length /. Even though the beam is only steered in the elevation plane,
an adequately narrow beam in the azimuth plane is still desired to avoid the interfer-
ence and ambiguity. So the length [ shall be large but not too bulky for the MEMS
actuation system. I have decided on a length of 5 mm which is 51 at 300 GHz.

The directivity in the elevation plane increases, and the beam width becomes narrower
as the number of reflective elements within the reflectarray increases. While achieving
high directivity and a narrow beam width is undoubtedly desirable, we have to keep in
mind that such improvements come at the cost of increased technological complexity.
This complexity is primarily related to the layout design necessitated by a large num-
ber of bond pads and wire bonding. The choice of the number of reflective elements
depends on the specific requirements for directivity, beam width, and the diameter of
the incident terahertz beam. In the subsequent numerical and experimental analysis
of the reflectarray presented in this work, a reflectarray configuration comprising 80
reflective elements is considered.
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3.3 Mathematical model

As the phase of the incident wave is modulated spatially by the changing position
of the reflective element, the array factor can be no longer applied to calculate the
radiation pattern of the reflectarray. In the proposed mathematical model, I calculate
the fields of the reflected wave just above the reflective surfaces, the total field of the
reflectarray in far-field region can be obtained by using the Huygens-Fresnel principle,
i.e., superposition of the fields from these reflective surfaces.
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Figure 3.3: 3D illustration for a section of a diffraction grating [1].

The repeating unit, also referred to as a grating element, is composed of a number of
N reflective elements, forming an approximate ramp with a grating period of A. Each
reflective element has a width of w and length of [ and a number of Ny, elements
constructs the reflection grating. Within one grating element, the x—coordinate of the
reflective element increases linearly with an increment of / along the —z-axis as shown
in Fig. 3.3.

The height profile of the reflective elements within the first grating element Xejement (2)
along the z— axis is the summation of N rectangular functions:

Z_w'(Ntotal_l)_{_(n_l).w

N
Xelement (2) = ) _ rect 2 -(n—1)-h. (3.2)
n=1

w

The height profile of the reflective elements within the diffraction grating, denoted as
Xgrating (2) along the z— axis, is hereby a periodic repetition of Xcjement(z) With a period
A. In the case where the total number of the elements Ny, within the grating is not
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a multiple integer of the number of elements N within the grating element, a partial
grating element with a number of Ny, — L%J - N elements emerges:

L Niotal J

N
Xgrating (z) = Xelement (2) * Z 0(z—k-A)
k=0
New RN (2w (M) N =) b (- 1) w
+ Z rect -(n—1) -h.
n=1 w
(3.3)

For the simplicity, I assume a linearly polarized incident plane wave whose polariza-
tion is parallel to z—axis and the amplitude of the incident wave Ej has no variation
within the reflective element of the grating structure:

Eincident(z) =€z E0 ’ ejA(PinCidem : e_jkox/ (34)

where e; is the unit vector in z direction and kg is the wave number in free space. Since
the incident wave is a plane wave, the phase A@incigent is constant across a wavefront.

Once the incident wave interacts with the grating structure, a phase profile is imposed
on the reflected wave just above the reflective surfaces. It can be determined by the
multiplication of the height profile of the grating Xgrating(Z) with the wave number k
in free space:

Ereflected (2) = €z - Ep - e Pincident . @~ Tk0Xgrating (2), (3.5)

The reflective element can be modelled approximately by multiple isotropic radiators
located adjacently. To illustrate the calculation of the far-field radiation pattern of the
reflectarray, two arbitrary isotropic radiators located at (x,,z,) and (X, zx) on two
distinct reflective elements are selected, as depicted in Fig.3.4. In the far field region,
an observation point P is chosen at a radial distance r from the coordinate origin and
at an angle 6 away from the z—axis. The electric field at point P is determined by the
superposition of the fields from these two radiators:

Em,reﬂected

|

En,reﬂected

|

= -exp (—jkn - 1) + -exp (—jkm - 1y,) ,

(3.6)

EFF,Z—element (1’, 6)
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Figure 3.4: Coordinate system for calculating the far-field radiation pattern of the reflectarray.

where the vectors 1), and kj, represent the distance and wavenumber vectors from n-th
radiator to the far field observation point P, respectively. These are given by:

v, = \/(cose 7 —2zy)? + (sinf-r —x,)?- e, and (3.7)
27T

k?’l = 7 : Ekn. (38)

Similarly, the vectors 1}, and ky, represent the distance and wavenumber vectors from
m-th radiator to the far field observation point P, respectively. These are given by:

r;ﬂ = \/(COSG - = Zm)2 + (Siﬂ@ T — xm)2 ey and (3.9)
27T

ki = N Gk (3.10)

where e} and ey are the unit vector in r’ direction and k direction, respectively. Since
the wavenumber and the observation vectors are in the same direction, the term k - r/
is reduced to

k-t = |||k (3.11)

Eq. 3.6 easily extends to accommodate the case of a total number of M isotropic radia-
tors within the entire reflectarray:

M
E
Brr (1) = L =7 - oxp (o o) . .12
I=1 l
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Figure 3.5: Illustration of (a) a blazed grating where the grating efficiency at the first diffraction
order m = 1 is maximized and (b) an approximate blazed grating featuring multiple sub-
wavelength reflective elements as grating elements.

3.4 Approximate blazed grating

A grating is a blazed grating when its diffracted beam of the grating structure coincides
with the reflected beam of the grating element. For this to hold at normal incidence,
the tilting 0 of a saw-tooth shaped blazed grating shown in Fig.3.5 must be in the
form

0 = %Gd/ (3.13)

where 04 is the angle between the diffracted beam and the grating’s normal vector.

The design variable grating period A determines the m-th-order diffraction angles 6 ,,
which are given by the grating equation at normal incidence

A
sin (04,,) = m - Ao m €. (3.14)

For a blazed grating, the design variable ramp rise H = hGrating determines in which
order of diffraction is the most of the diffracted power concentrates. In this design, I
aim to maximize the grating efficiency at the first diffraction order m = 1. The ramp
rise H can thus be calculated

H = A -tan0fg

Baq
i,

(3.15)
= A -tan
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Using Eq. 3.14, we can write Eq.3.15 as
0
H = A -tan %

arcsin (%) (3.16)
=A-tan | ————~
2
In the proposed blazed grating, the ramp is approximated by a number of N reflective
elements driven by MEMS linear actuators. The ideal height increment & between the
adjacent reflective elements within one grating element shall be

H
h = N_1 (3.17)
For the approximate blazed grating, both design variables the grating period A and
height increment h have constraints. The grating period A can only be the integer
multiple of the reflective element’s width w. The MEMS actuation system determines
the achievable height increment k. In the following subsections, I discuss the perfor-
mance and limitations of the approximate blazed grating that takes these constraints

into account.

3.4.1 Phase ambiguity

The minimum ramp rise Hpin for a blazed grating can be obtained by using the small-
angle approximation x < arcsin(x) for 0 < x < land x < tan(x) for0 < x < 7 in
Eq.3.16,

>l

arcsin ( >
H = A-tan — > A (3.18)
Within one grating element of an ideal blazed grating, a linear phase ramp with a
rise of at least 7t (which corresponds to %) is introduced as the locally incident wave
tirst interacts with the grating element. Note that the diffracted beam experiences the
same phase ramp again when it is diffracted from the grating element. In total, a ideal
blazed grating element introduces a linear phase ramp with a rise of at least 277. The
approximate blazed grating discretizes the linear phase ramp and depending on how

many reflective elements are inside a grating element, a phase ambiguity may occur.
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First, the case is considered where a grating element consists of only two reflective
elements. The height increment /1 between these two reflective elements must be equal
to the ramp rise H to approximate the blazed grating. The linear phase ramp is thus
sampled only at the two ends. With the small-angle approximation, the resulting phase
difference between these two reflective elements is 27t which is equal to 0 phase shift.
The approximate blazed grating with two reflective elements inside a grating element
thus introduces a flat phase profile. As a result, the incident beam is reflected in a
specular manner.

Next, the case is considered where a grating element consists of three reflective ele-
ments. The linear phase ramp is thus sampled at the two ends and in the middle. With
the small-angle approximation, the resulting phase profile by these three reflective ele-
ments is {0, 7r, 27t} that can also be interpreted as {27, 7r,0}. With the phase profile of
{0, 7,27t} the normally incident wave is diffracted on the left hand side of the grating’s
normal vector, whereas the normally incident wave is diffracted on the right hand side
of the grating’s normal vector with the phase profile {27, 7r,0}. As a result, two grating
lobes are formed.

300 O 00 300 O 300 —300 O 300 —30°
—60° 60° —60° 60° —60° 60° —60° 60°
g (@) l 90> 90> (V) 90> —90° (©) w 90° —90° (d)r-&—\ 90°
—40—-20 0 —40—-20 0 —40—-20 0 —40—20 0
Norm. Directivity / dB Norm. Directivity / dB Norm. Directivity / dB Norm. Directivity / dB
Figure 3.6: Calculated radiation pattern of the approximate blazed grating with (a) two re-

flective elements per grating period, (b) three reflective elements per grating period, (c) four
reflective elements per grating period, and (d) five reflective elements per grating period [1].

To investigate the impact of the aforementioned phase ambiguity on the radiation pat-
tern of the approximate blazed grating, I calculate and depict the radiation pattern for a
beam at 0.6 THz diffracted by an approximate blazed grating with varying numbers of
reflective elements: two, three, four, and five. The corresponding figures are presented
in Fig. 3.6 (a), (b), (c), and (d), respectively. As anticipated, the specular reflection dom-
inates for the case where a grating element consists of two reflective elements. Grating
lobes on both sides of grating’s normal vector appear for the case where a grating ele-
ment consists of three reflective elements. Once each grating element has four or more
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reflective elements, we are able to steer the beam in the desired direction and with a
directivity at least 10 dB higher than the sidelobes.

3.4.2 Achievable steering angles

According to the grating equation Eq. 3.14, for the diffraction effect to occur, that grat-
ing period A must be equal to or greater than the wavelength A in free space. In ad-
dition, there must be four reflective elements per grating period to resolve the phase
ambiguity, avoiding the grating lobes. Four reflective elements results in a grating pe-
riod of 1.2 mm which is greater than the wavelength for the frequency range between
0.3THz and 1 THz. Therefore, 1.2 mm is the minimum grating period that determines
the maximum steering angle off the grating’s normal vector. The minimum steering
angle is limited by the displacement resolution /i, of the MEMS actuation system.
Once the height increment /1 between the adjacent reflective elements within one grat-
ing element falls below the hin, the minimum steering angle occurs.
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Figure 3.7: Calculated achievable steering angles of the reconfigurable reflectarray that approx-
imates the blazed gratings with different grating periods at different frequencies [1].

The achievable steering angles for the frequencies between 0.3 THz and 1 THz with a
0.1 THz increment is shown in Fig. 3.7. Note that the same steering angles on the other
side of grating’s normal vector can be achieved by changing the direction of the blazed
arrow. The achievable angles are discrete since the grating element must comprise an
integer multiple of reflective elements. As the frequency increases, the wavelength is
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decreases, leading to a narrower steering range, as predicted by the grating equation
Eq3.14.

3.4.3 Directivity and grating efficiency

To take a closer look at the beam steering performance of the approximate blazed grat-
ing, I calculate its radiation patterns for the maximum and minimum steering angles as
well as the middle of the steering range at the frequencies 0.3 THz, 0.6 THz and 0.9 THz
and show them in Fig. 3.8.
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Figure 3.8: Calculated radiation patterns of the approximate blazed grating configured for (a)
the maximum steering angle at 0.3 THz, (b) the middle of the steering range at 0.3 THz, (c) the
minimum steering angle at 0.3 THz, (d) the maximum steering angle at 0.6 THz, (e) the middle
of the steering range at 0.6 THz, (f) the minimum steering angle at 0.6 THz, (g) the maximum
steering angle at 0.9 THz, (h) the middle of the steering range at 0.9 THz, and (i) the minimum
steering angle at 0.9 THz [1].

In addition to the main lobe in the desired direction and specular reflection at 0°, we
also observe many evident side lobes. The specular reflection at 0° and those side lobes
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Figure 3.9: Directivity of the approximate blazed grating for different grating periods at differ-
ent frequencies (solid points) and theoretical directivity of a uniform linear antenna array with

the same dimension (dashed line) [1].
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Figure 3.10: Grating efficiency of the approximate blazed grating for different grating periods
at different frequencies [1].

worsens the performance of the approximate blazed grating and degrades the grating
efficiency #grating, which is defined as the ratio of the power carried by the diffracted
beam Py, at a certain diffraction order over the incident power Pi,¢igent ON the grating,
expressed as:

Py

Ngrating = P—O (3.19)

incident

To quantify this impact, for each reflectarray configuration corresponding to each achiev-
able steering angle shown in Fig. 3.7, I calculate its maximum directivity and depict in
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Fig.3.9. As the frequency increases, the electrical size of the approximate blazed grat-
ing increases, this subsequently results in a higher directivity. Within the steering range
at one frequency, the maximum directivity remains adequately constant and compara-
ble with the theoretical maximum directivity of a equivalent uniform linear array of
isotropic radiators. The distinct notches appear as the grating efficiency #grating drops,
as shown in Fig. 3.10, owing to the geometric deviation of the approximate blazed grat-
ing from the ideal one.

3.5 Characterization

In order to verify the proposed mathematical model and the functionality of the ap-
proximate blazed grating, I conduct full-wave EM simulations of the designed ap-
proximate blazed grating and carry out proof-of-concept measurements on reflectarray
phantoms. In the first part of this section, a detailed EM simulation setup is described
and a comparison between the simulated and calculated radiation patterns is given. As
for the proof-of-concept measurements, two reflectarray phantoms-reflectarrays with
tixed reflectors, i.e., without MEMS actuation systems are fabricated. They are made
of a silicon wafer whose characteristics are the same as for the reconfigurable reflectar-
ray. Far-field radiation pattern measurements of these two reflectarray phantoms are
performed using both terahertz time-domain and frequency-domain spectroscopy sys-
tems. The second subsection includes the measurement setups and a thorough analysis

of the measurement results.

3.5.1 EM simulation

An FDTD solver Empire XPU is used to conduct the full-wave EM simulations of the
designed approximate blazed grating. Fig.3.11 illustrates the EM simulation setup.
The reflective elements are modelled as the bulky rectangular boxes (in blue) with a
relative permittivity of silicon in the terahertz regime of e, = 11.73. The side of the
rectangular box lying on the yz-plane represents the reflective surfaces. Each reflective
surface has a size of 300 yum x 5000 ym. A plane wave box (in yellow) is used to gener-
ate a plane wave with a propagation direction of —y and a linear polarization parallel
to the z-axis. Fictitious currents flow on the surfaces of the plane wave box such that
both incident and scattered fields are present inside the box, whereas only the scattered
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tield is present outside of the box. The reflectarray under simulation is enclosed in the
plane wave box. The simulation boundary with absorbing boundary conditions is at
a distance from the plane wave box of two times the wavelength of lowest simulation
frequency in all axes. The simulation area is meshed with rectangular meshes based on
the following rules: at least 15 cells per wavelength of the highest simulation frequency
and at least 4 cells per object. The simulation frequency range is between 0.3 THz and
1THz. A far-field monitor is placed at xz-plane to capture the radiation pattern of the
reflectarray under simulation. There are 100 temporal sampling points per period at
the highest simulation frequency.

Figure 3.11: EM simulation setup in the FDTD solver EMPIRE XPU for analysing the radiation

pattern of the reflectarray.

In section 3.4.3, radiation patterns of 9 different approximate blazed gratings are calcu-
lated. For an intuitive comparison between the calculated and simulated radiation pat-
terns, I conduct EM simulations of the same 9 approximate blazed gratings and show
their calculated and simulated radiation patterns in Fig.3.12. For all 9 approximate
blazed gratings, the calculated and simulated radiation pattern exhibit an agreement
both in main lobe at the desired steering angle and in side lobes as well as the sidelobe
levels.
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Figure 3.12: Calculated (in blue) and simulated (in red) radiation patterns of the diffraction
grating configured for (a) the maximum steering angle at 0.3 THz, (b) the middle of the steering
range at 0.3 THz, (c) the minimum steering angle at 0.3 THz, (d) the maximum steering angle
at 0.6 THz, (e) the middle of the steering range at 0.6 THz, (f) the minimum steering angle at
0.6 THz, (g) the maximum steering angle at 0.9 THz, (h) the middle of the steering range at
0.9THz, and (i) the minimum steering angle at 0.9 THz [1].

Due to the finite size of the approximate blazed grating under simulation, the diffracted
electric near-field by the grating under simulation is inherently multiplied by a rectan-
gular function. This rectangular function in the near-field corresponds to a sinc func-
tion in the far-field region that manifests in the excessive side lobes around the main
lobe. According to the theory of antenna arrays and aperture antennas, the directivity
of the first side lobe is about 13.46 dB lower than the directivity of the main lobe. The
calculated radiation patterns are in excellent agreement with this number. To suppress
the sidelobe level while maintaining the main lobe directivity, a tapered amplitude
distribution instead of an uniform amplitude distribution of the feeding beam can be
used. Even with the approximate blazed grating design, we still observe in both calcu-
lated and simulated radiation patterns apparent grating lobes that reduce the radiated
power in the desired direction and can cause interference to other communication and
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radar systems.

3.5.2 Measured radiation characteristics

To further validate the proposed mathematical model and the beam steering capabil-
ity of the designed approximate blazed gratings, I conduct the planar and 3D radi-
ation pattern measurements of two reflectarray phantoms, i.e., reflectarrays without
the MEMS actuation systems. Fig.3.13 displays photographs of the two reflectarray
phantoms. The reflectarray phantom 1 is an approximate blazed grating whose height
profile is designed to have a diffraction angle of 56.4° at 300 GHz. The reflectarray
phantom 2 is an approximate blazed grating whose height profile is designed to have
a diffraction angle of 41.8° at 300 GHz.

(b)

Figure 3.13: (a) Photograph of a reflectarray phantom, an approximate blazed grating with a
designed height profile for a diffraction angle of 56.4°. (b) Photograph of a reflectarray phan-
tom, an approximate blazed grating with a designed height profile for a diffraction angle of
41.8°[3].

Planar radiation pattern measurement with a terahertz TDS system

For the planar radiation pattern measurements, a fiber-coupled terahertz time-domain
spectroscopy (TDS) system TERA K15 from Menlo Systems is used for terahertz gener-
ation and detection. It includes a femtosecond fiber laser at 1550 nm wavelength that
has a repetition rate of 100 MHz and pulse duration of less than 90fs. Its terahertz
spectrum typically has a spectral bandwidth of 5.5 THz and a peak dynamic range of
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95 dB. The optical delay line provides a long scan range of 1600 ps which corresponds
to a spectral resolution of 0.7 GHz.
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Figure 3.14: Photograph of the planar radiation pattern measurement setup with the fiber-

coupled terahertz TDS system [3].

A photograph of the planar radiation pattern measurement setup is shown in Fig. 3.14.
The reflectarray phantom is positioned on a motorized rotation stage, while the tera-
hertz receiver (RX) is placed on an xyz—stage at a fixed distance from the reflectarray
phantom. The transmitted terahertz beam from the terahertz transmitter (TX) is first
collimated by a polymethylpentene (TPX) lens before normally incident on the reflect-
array phantom. The TPX lens is a plano-convex terahertz lens with a diameter of 2 inch
and a long focal length of 250 mm so that the collimated beam can illuminate the entire
reflectarray. To ensure a normal incidence as the reflectarray phantom rotates, the tera-
hertz transmitter (TX), TPX lens, and reflectarray phantom are attached on the same
rail that is mounted on the motorized rotation stage. The rotation range is set between
@ = 15° and ¢ = 65° in steps of 0.2°. To improve the signal-to-noise power ratio, the
averaged terahertz pulse from 1000 measurements is recorded at each angle. The scan
window of the delay line is set to be 200 ps which is sufficient to capture the terahertz
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pulse with the adequate frequency resolution. It takes around 5 hours to measure one

reflectarray phantom.
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Figure 3.15: (a) The averaged terahertz pulse reflected by a reflectarray phantom, obtained by
averaging 1000 measurements. (b)The resulting windowed terahertz pulse after applying a

Tukey window to the pulse shown in (a).

For one reflectarray phantom, 251 averaged terahertz time-domain traces, each cor-
responding to an angle within the rotation range 15° - - - 65°, are obtained. Fig.3.15
depicts the signal processing that is performed on one of the time-domain traces. The
acquired raw data, shown in Fig. 3.15(a), represents the tranimpedance-amplified pho-
tocurrent, which is directly proportional to the terahertz electric field. The observed
decrease in the overall amplitude over time is a result of a slight power variation at
the receiver as the delay line is scanned. This variation leads to a gradual change in
the photocurrent, resulting in this varying offset over the scan window of the delay
line. However, considering that this variation occurs at a relatively slow rate com-
pared to the terahertz signal, offset correction is unnecessary. In the raw trace shown
in Fig.3.15(a), The desired terahertz signal begins around -150 ps and ends around -
80 ps. Alongside the desired signal, echoes and spurious signals are observed. In order
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to eliminate them while preserving the terahertz pulse, the raw time-domain trace is
multiplied by a Tukey window. The resulting windowed time-domain trace is shown
in Fig.3.15(b). The windowed time-domain trace is then zero-padded so that its dura-
tion is the same as the temporal pulse spacing of the laser. Finally, the discrete Fourier
transform is computed and the spectrum of the diffracted terahertz beam is obtained.
The same signal processing steps are performed on all the other time-domain traces.

The calculated and measured radiation patterns for the two reflectarray phantoms at
the frequencies between 200 GHz and 800 GHz are shown in Fig.3.16. The measured
radiation patterns exhibit the excellent agreement with the calculated ones for both
reflectarray phantoms. From these broadband radiation patterns, we observe a fre-
quency dependence of the main beam direction. Take reflectarray phantom 1 as an
example. At the frequencies between 260 GHz to 450 GHz, its main beam approaches
the grating’s normal vector with the increasing frequency. This can be explained by the
grating equation Eq.3.14: with the increasing frequency (decreasing wavelength), the
diffraction angle becomes smaller. The second-order diffraction at frequencies between
520 GHz and 800 GHz occurs by further increasing the frequency.

The agreement observed between the calculated and measured broadband radiation
patterns of these two reflectarray phantoms serves as validation for the applicability
of the proposed mathematical model in calculating the radiation pattern of such reflec-
tarrays.

To assess the beam steering capability of the designed approximate blazed gratings, an
analysis of the radiation patterns at the design frequency of 300 GHz is conducted. As
shown in Fig. 3.17, at the design frequency of 300 GHz, the measured radiation patterns
agree with the calculated ones in terms of the main lobe angle. The maximum angular
offset between the calculated and measured main beam is around 2°. It is worth noting
that several factors within the measurement setup can contribute to the offset. For
example, the transmitted terahertz beam is not incident on the reflectarray phantom
normally but with a small incident angle. However, the measured sidelobe level is
less satisfactory, i.e. higher than the anticipated sidelobe level by the calculation. The
reason is that the terahertz receiver (RX) is placed not quite in the far-field to ensure a
sufficient dynamic range for the measurements.
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Figure 3.16: (a) Measured and (c) calculated radiation patterns of the reflectarray phantom 1 for
the frequencies between 200 GHz and 800 GHz at the angles between 35° and 65°. (b) Measured
and (d) calculated radiation patterns of the reflectarray phantom 2 for the frequencies between
200 GHz and 800 GHz at the angles between 35° and 65° [3].
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Figure 3.17: Measured (in blue) and calculated (in red) radiation pattern of (a) the reflectarray
phantom 1 and (b) the reflectarray phantom 2 for the frequency of 300 GHz at the angles be-
tween 35° and 65° [3].



54

3D radiation pattern measurement with a terahertz FDS system

A motorized spherical measurement system is utilized to measure the 3D radiation
patterns of the reflectarray phantoms as shown in Fig. 3.18. It has a fully hemispherical
coverage: 0° - - -360° in azimuth and 0° - - - 90° in elevation. The reflectarray phantom
is attached on a rail and its center is located at the origin of the spherical measurement
system. The terahertz transmitter (TX) is mounted on the same rail, facing the center of
the reflectarray phantom. The terahertz receiver (RX) is mounted on an arch frame, re-
volving around the center of the reflectarray phantom during the measurement. Com-
pared with the planar radiation pattern measurement setup described in section3.5.2,
the collimating lens is removed for this measurement setup. The reason is that the
lens cannot be accommodated while ensuring that the center of the reflectarray phan-
tom is located at the origin of the spherical measurement setup. Consequently, the
incident terahertz beam illuminating the reflectarray phantom cannot be considered a
strictly plane wave. The measured 3D radiation pattern therefore cannot be interpreted
quantitatively. However, with the measured 3D radiation patterns of the reflectarray
phantoms, we can still observe the grating lobes locating at the opposing site of the
grating’s normal vector and the relative difference between the azimuth and elevation
beam widths.

To cover as much hemisphere as possible without the collisions between the compo-
nents, the elevation angle 6 is set between 15° and 65°, and the azimuth angle ¢ is set
between —130° and 130°. The radiation pattern of the reflectarray has a stronger an-
gular dependence in elevation than in azimuth. Therefore, I choose a fine step size of
0.25° in elevation and a sparse step size of 2° in azimuth. This gives in total 26000 an-
gular points to measure. The measurement duration for a single reflectarray phantom
would be around 35 days if the terahertz TDS system utilized in the planar radiation
pattern measurement was used. Here, I employ a terahertz frequency-domain spec-
troscopy (FDS) system TeraScan 1550 from TOPTICA PHOTONICS for the terahertz
generation and detection, operating in the sampling mode at the design frequency of
300 GHz, to drastically reduce the measurement time.

The measured 3D radiation patterns of the two reflectarray phantoms at the design fre-
quency of 300 GHz are shown in Fig.3.19. Both reflectarray phantoms exhibit strong
reflections between 6 = 15°---35°. This is caused by the specular reflection of the



3.5. CHARACTERIZATION 55

Figure 3.18: Photograph of the 3D radiation pattern measurement setup with the terahertz FDS

system (gray shaded area is not measured) [3].

divergent terahertz beam on the 3 inch silicon wafer on which the reflectarray phan-
tom is adhered. At ¢ = 0°, the polarizations of the terahertz transmitter (TX) and
receiver (RX) are orthogonal. This leads to a total polarization mismatch, a null around
¢ = 0° is therefore observed for both reflectarray phantoms. In addition to the main
beams at the designed diffraction angles of 56.4° for phantom 1 and 41.8° for phan-
tom 2, the grating lobes on the opposing side (¢ = —90°) of the grating’s normal vec-
tor appear as expected. The measured 3 dB beam widths in elevation and azimuth
are around 5° and 12°, respectively. The reflectarray phantoms have a narrower 3dB
beam width in elevation than in azimuth which is consistent with the expectation. This
is due to the reflectarray having a larger electrical size in the elevation plane than in
the azimuth plane.
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Figure 3.19: Measured 3D radiation pattern of (a) the reflectarray phantom 1 and (b) the reflec-
tarray phantom 2 for the elevation angle 8 between 15° and 65° and azimuth angle ¢ between
—130° and 130° [3].



CHAPTER

FOUR

MEMS-BASED REFLECTARRAY CONFIGURED BY A
GENETIC ALGORITHM FOR TERAHERTZ BEAM
STEERING

In the previous chapter, I demonstrated the feasibility of using an approximate blazed
grating for terahertz beam steering. This is a simple configuration of a reflectarray, and
the shape of the approximate blazed grating can be easily determined from the grating
equation with the knowledge of the predefined steering angle. However, deploying
such approximate blazed gratings in beam steering systems still encounters some lim-
itations and drawbacks, such as limited steering range, inability to steer continuously,
and the appearance of grating lobes. Therefore, it is desirable to explore other config-
urations of the reflectarray.

Let us first review the situation we are facing here. The reflectarray comprises 80 re-
flective elements. Each reflective element is actuated with an independent MEMS ac-
tuation systems and can settle on 2° vertical positions. In total, the reflectarray has 2%
possible configurations. For such a large search space, an optimization algorithm can

be used to find a feasible optimal solution.

Here, I configure the MEMS-based reflectarray using a genetic algorithm (GA). A GA
is one of the evolution algorithms that mimic the evolution process in the nature. It

57
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starts by choosing an initial population with random chromosomes in the search pool.
The offspring is then produced by the process of crossover, mutation, and migration.
The GA follows the basic evolution rule “survival of the fittest”. The fittest is defined
and assessed by a so-called fitness function which describes the objective of an opti-

mization.

In this chapter, I first discuss a single-objective optimization problem with three dif-
ferent objectives, each of which corresponds to one of the desired characteristics of the
reflectarray’s radiation pattern: maximizing the directivity at a given angle, minimiz-
ing the sidelobe level, and nulling in a specific direction. Based on the results of the
single-objective optimizations, I further analyze the trade-off between the above ob-
jectives and illustrate the results in the form of a Pareto front. Finally, a comparison
between the approximate blazed grating and the reflectarray optimized by a GA is
carried out by studying their measured radiation patterns.

4.1 Single-objective optimization

In general, a single-objective optimization without constraints can be mathematically
formulated as follows:

Minimize: f (). 4.1)

Ina GA, f (x) is the fitness function that evaluates each individual within the popula-
tion for every iteration (generation). « is the vector of design variables, x = [hy, hy, - - - , hy],
where N is the total number of the design variables.

In this optimization problem, the design variables are the heights of 80 reflective ele-
ments. Therefore, the vector of design variables can be written as © = [hy, hy, - - -, hgo].
Each reflective element is driven by an independent 5-bit MEMS-actuation system in
the range of 0 - - - 600 ym. This imposes two constraints on the design variables: a dis-
crete constraint and a bound constraint. For simplicity, I first consider the optimization
problem as a continuous optimization and then round the results to the nearest feasible
discrete position. Later in this section, I demonstrate with an example, that rounding
the results has no noticeable impact on the radiation pattern of the reflectarray. Thus,
it is only necessary to consider the bound constraint imposed on the design variables,
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Table 4.1: Options for the single-objective GA [3].

Size of the population 200
Creation of the initial population The initial population is created with a
uniform distribution
Maximum number of generations 8000
Number of elite 10
Mutation option Adaptive
Crossover option Scattered
Crossover fraction 0.8
Stopping criteria Average cumulative change in value of

the fitness function over 50 generations is
less than 10°

which can be formulated as:

Opum < h; <600um, i=1,2,---,80. (4.2)

In this work, single-objective optimizations using a GA implemented in Matlab are car-
ried out. The options employed for the single-objective GA are outlined in Table 4.1.
The generation-to-generation evolution, as depicted in Fig. 4.1, is used illustrate oper-
ational mechanism of the GA under the specific options.

1,1 LTm—1,1 Lm,1
T2 Tm—1,2 Lm,2
B — — B
] ] .

1,199 Tm—1,199 Tm,199
1,200 Tm—1,200 Tm,200

15t (m—1)t™ mth

Generation Generation Generation

Figure 4.1: Generation-to-generation evolution within a GA.

Each generation, as determined by the ”size of the population” specified in Table 4.1,

consists of 200 individuals. Within the m™ generation, 10 individuals are elite off-

th

spring, i.e., they are the direct replication from the (m — 1)™" generation without any

changes, as described by the equation:
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Tmn — Tm—1n- (4-3)

As specified by the “crossover fraction” outlined in Table 4.1, the 80% of the remaining
population in the m™ generation, which is (200 — 10) - 0.8 = 152 individuals, is gen-
erated through the crossover operation. The specific crossover technique employed
here is the scattered crossover. Fig.4.2 visually represents the creation of a crossover

offspring. For this process, two individuals from the (m — 1)t

generation are selected
as parent 1 and parent 2. Additionally, a random binary vector of 80 elements, denoted
as ¢, is generated. The resulting offspring inherits the genes from parent 1 when the

corresponding vector element is 1, and from parent 2 when the element is 0.

Parent 1 Tm—1,i = [hm—l,i,la hm—l,i,Qa hm—l,i,37 Tty hm—l,i,797 hm—l,i,SO]
Parent 2 Tm-1,j = [Am—1,4,1, Am—1,4,2 Pm—1,4,3, "= hn—1,5,79, Bm—1,j,80]
Binary vector €m; = [1,1,0,---,0,1]

OffSpring Lm,i = [hmfl,i,l ) hmfl,i,27 h’??l*Lj,Ib Ty /1’1717]“7',79-, hmfl,i,SO]

Figure 4.2: Illustration of a crossover offspring generated through the scattered crossover op-

eration.

The remaining 38 individuals in the m™ generation are mutation offspring. Given
the existence of the bound constraints, an adaptive mutation strategy is implemented.
The resulting mutation offspring is generated by adding the parent vector to a scaled
direction vector, as expressed by:

Tk = Ty—1xT1Od. (4.4)

Here, the [ is the step length vector, representing the mutation magnitude, and d de-
notes the mutation direction. The adaptability of the mutation depends on the perfor-
mance of the previous generation. If an individual from the previous generation has
a successful performance, the mutation is kept minimal to explore the surrounding
area. Conversely, in case of suboptimal performance, a larger mutation is applied to
facilitate exploration.

For most of the terahertz beam steering applications, at least one of the following fea-
tures is desirable:
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e being able to steer the main beam in an arbitrary direction with a high directivity
and narrow beam width in order to compensate for the low transmit power of the
terahertz system, the large free space loss, and the high atmospheric absorption
of the terahertz radiation,

e a low sidelobe level,

e and a steerable null to mitigate an interferer while maintaining the main beam
direction.

With the help of the proposed mathematical model, these features can be formulated
mathematically by defining the fitness function f (x). In this section, one or more fit-
ness functions f () are formulated to describe three different objectives mentioned
above. If more than one fitness function are applied to the same objective, their perfor-
mances are compared.

4.1.1 Maximizing the directivity at a given angle

The first feature mentioned above can be treated as an optimization problem involving
maximizing the directivity at a given angle. For this objective, three different fitness
functions are proposed.

Note that the GA implemented in Matlab finds the minimum of the fitness function.
Therefore, the first proposed fitness function for the objective of maximizing the di-
rectivity at a given angle is simply the reciprocal of the directivity at the target angle

D(9 - 9target)

o1 = 1
Pl D(9 - Qtarget) ‘

(4.5)
This fitness function guides the GA to maximize the directivity at the target angle with-
out satisfying any predefined value.

Now, I take the directivity of a uniform linear array of the isotropic radiators at the
target angle as a reference. The properties of the uniform linear array are as follows:

o the length of the linear array of the isotropic radiators is the same as the reflectar-
ray, which is I = 300 ym - 80 = 24 mm,
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e the element spacing between the adjacent radiators is smaller than half of the
wavelength at the operating frequency.

The following two fitness functions guide the GA to bring the directivity of the reflec-
tarray at the target angle D(6 = Otarget) close to this reference directivity Dypa (6 =

Gtarget)-
fp2 = (D(9 = 9target) — Dyra(0 = Gtarget))z and (4.6)
2
o (D(9 - Gtarget) - DULA(G - Qtarget))
fpz=1—exp <— > 2102 : (4.7)

The fitness functions fp, and fp 3 reach the minimum, i.e., 0, when the directivity of
the reflectarray at the target angle D(6 = Gtarget) is equal to the reference directivity

D ULA (9 - Qtarget) .

Before presenting and comparing the optimization results of these three fitness func-
tions. I first demonstrate through an optimization example that applying a discrete
constraint is not necessary. A continuous GA optimization is performed with the ob-
jective of maximizing the directivity of the refelctarray at 45° at 300 GHz using the
fitness function fp ;. The radiation pattern of the reflectarray, where the heights of the
80 reflective elements are the direct output of the continuous optimization, is shown in
blue in Fig. 4.3. The radiation pattern of the reflectarray, where the heights of the 80 re-
flective element take the next feasible values by rounding the output of the continuous
optimization, is shown in red in Fig. 4.3. As observed, there are almost no variations in
the two radiation patterns in terms of the main lobe and side lobes positions, with only
slight directivity variations that can be neglected. Therefore, in the following chapter,
optimizations are carried out without the discrete constraint for the simplicity.

Now, I present an optimization instance using these three fitness functions. The opti-
mization objective is to maximize the directivity of the reflectarray in the direction of
45° at the frequency of 300 GHz. Three independent runs of GA with the fitness func-
tion fp1, fpp, and fp3 are carried out. The calculated and EM simulated radiation
patterns of the three reflectarrays, each of which is obtained by the GA with one of
the three fitness functions, are shown in Fig.4.4. All three obtained reflectarrays suc-
cessfully steer the beam in the target direction of 45° with a directivity approximately
16.7 dBi and sidelobe level of around -13 dB.
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Figure 4.3: Radiation pattern of the reflectarray at 300 GHz, illustrating the comparison be-
tween two scenarios: one where the heights of the 80 reflective element are the direct output
of a continuous optimization (in blue) and the other where these heights take the next feasible
values by rounding the output of a continuous optimization (in red).
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Figure 4.4: Radiation pattern of the reflectarray at 300 GHz, showing the comparison between
calculated (in blue) and EM simulated (in red) results. The reflectarray’s height profile is op-
timized using a GA to maximize the directivity in the direction of 45°. Three different fitness
functions are employed: (a) fp1, (b) fp,2, and (c) fp3 [3].

Note that for each execution, the GA returns a slightly different optimization result
despite using the same machine, fitness function, algorithm’s settings. This is because
of its intrinsic randomness. For a fair comparison of the optimization performances
for these three fitness functions, 20 runs of the GA for each fitness function are con-
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Table 4.2: Averaged directivity Dayg, sidelobe level SLLayg, 3dB beam width 6345, runtime t,yg,
and standard deviation ¢ of the 20 resulting directivities over 20 optimization runs using the

enlisted fitness functions [3].

fpa fpa /b3
Davg 16.78 dBi 16.82 dBi 16.67 dBi
SLLavg -12.96 dB -13.10dB -12.79dB
348 2.97° 2.98° 2.97°
tavg 7 min 126 min 3 min
o 0.066 dB 0.044dB 0.063 dB

ducted. The average maximum directivity Daysg, sidelobe level SLLan, 3dB beam
width 034p avg, runtime fayg, and the standard deviation ¢ of the 20 resulting direc-
tivities are summarized in Table 4.2. In terms of the directivity, sidelobe level, and 3 dB
beam width, there are no distinct differences between those three fithess functions.
The fitness function fp, gives a slightly better directivity, but at the cost of a drastic
increase in runtime.

4.1.2 Minimizing the sidelobe level

Another desired feature in the radiation pattern of an antenna array: a low sidelobe
level, can be formulated as an optimization problem with the objective of finding the
minimum sidelobe level.

The sidelobe level is defined as a ratio of the directivity at the peak of the main lobe
fmr to the directivity at the peak of the highest sidelobe 05 highest

D (9 = GSL,highest)

YSLL = D (6 = Oy ) (4.8)

The first proposed fitness function for the objective of minimizing the sidelobe level is
simply the definition of the sidelobe level fs;1 1 = s r. This fitness function guides
the GA to minimize the sidelobe level without satisfying any predefined value.

To test the optimization performance of the fitness function fs 1, I run the GA opti-
mization with this fitness function 20 times, calculate the average sidelobe level and
list it in Table 4.3. Comparing to the average sidelobe level in the previous section, this
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titness function is able to achieve the optimization goal by suppressing the sidelobe
level of around 1 dB. However, this change is not very significant. To further suppress
the sidelobe level, I introduce two additional fitness functions.

Dnorm ‘ _>| Gmb |<_ D A
Dnorm (92]>:: ------------ . T
: Mup(9
Dnorm(el )-- R 4 QHPBW / p( )
0.5 : T
2T : M. own(e T
) ) M,(0)
5 5 o M
SLLt : Dt,sl _>| |‘_ /
: A I = I / - >
(a) 04 05 etarget 9/ — (b) Qtarget 9/ -

Figure 4.5: Illustration of masks employing in the fitness function (a) fsy 12 and (b) fsrr3 [3]-

The second fitness function fsi1 » for the objective of minimizing the sidelobe level
is defined by the mask-based method proposed by Sheikholeslami and Atlasbaf[109].

This fitness function guides the GA to restrict the normalized radiation pattern Dporm (6) =
D(9)

D (Qtarget)

lower mask Myown(6) as illustrated in Fig.4.5(a). We can change the shapes of the

masks and subsequently obtain the desired radiation pattern by setting the following

parameters

of the reflectarray to the region bounded by the upper mask M, (0) and the

o Otarget defines the angle at the peak of the main lobe,

¢ 0., defines the angle difference between the diametrically opposed nulls around
the peak of the main lobe,

e Opppw defines the half-power beam width of the main lobe,
e and SLL; determines the target sidelobe level

The fitness function is defined as follows

M

fSLL,Z = Z ( (Mup(el) — Drnorm (61)> ) (Mdown(el) — Drnorm (91))
1=0 (4.9)

+ ‘Mup (91) - Dnorm (91)| ' |Md0wn(91) - Dnorm (91)| >
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To understand the functionality of fitness function fg1 », two arbitrary points shown
in Fig. 4.5(a) are considered: one at (61, Dnorm (61)) is positioned above the upper mask
Myp (01), leading to Dnorm (1) > Muyp(61) > Mgown(61). Under this condition, Eq. 4.9
is further simplified as:

) = Drorm (81)] - [Maown (61) ~ Dorm (61)] )
- |Mu (91) Dnorm (9 )} T ’Mdown(el) — Dnorm (91)’
+ }MUP (91) — Dnorm (61)‘ |Mdown(91) — Dnorm (61)|

=2 ‘Mup(el) - Dnorm (91)| : ‘Mdown(el) - Dnorm (91)| > 0.

4 | M (6
[Map (0 (4.10)
p

Meanwhile, the other point (65, Dnorm (02)) locates between the upper mask Myp(65)
and lower mask Mggwn (62), resulting in Myp(62) > Drnorm (62) > Mgown(62). Under
this condition, Eq. 4.9 is further simplified as:

(4.11)
- |Mup(92) — Pnorm (92)| T |Mdown(92) — Dnorm (92)|

D
+ }MUP (92) — Dnorm (92)‘ ’ |Mdown(92) — Dnorm (92)|

A more general conclusion can be drawn from these two observations: for all points
positioned above the upper mask, fsi1 » yields a positive value, while points between
the upper and lower masks result in fg;1 » returning 0. This implies that once the
normalized radiation pattern Dnorm (6) completely lies in the region bounded by the
masks, the fitness function fgy; » reaches its minimum, i.e., 0.

The third fitness function fgr1 3 is similar to the fgry . Instead of defining a sidelobe
level as in the fgry, an absolute directivity Dy (6y) to the sidelobes is assigned as
illustrated in Fig. 4.5(b). In addition, a gap with a width of 8, is introduced to exclude
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the characteristic of the main lobe. The fitness function is defined as follows:

M
Jous = 1;) < (Mﬁp(Gl) -D (91)) * (Mown(61) =D (1))
+ | M (6) = D (8))| - Mo (61) = D (61)] )
(4.12)
N+M
+ 1 ((Mip() =D (81)) - (Maoua(®) = D (@)

+ )M&p(el) -D (91)‘ ’ ‘M::lown(el) -D (91)| )

Here the first summation covers all the discrete angles from 0° to Otarget — e%b, and the
second summation covers all the discrete angles from from Otarget + G%b to 7t.

I now present an optimization example using these three fitness functions for the ob-
jective of minimizing the sidelobe level. A plane wave with the frequency of 300 GHz
is normally incident on the reflectarray and the following values are assigned to the
parameters of the masks used in the fitness functions fs;1 » and fgr1,3

e 0, =6°

o Ouppw = 3°

o Otarget = 45°

e SLL; = —18dB
e D,y = —3dBi.

By independent GA optimizations the fitness function fsr1, 1, fsir 2, and fsr 3 are min-
imized. The calculated and EM simulated radiation patterns of the obtained reflectar-
rays are shown in Fig. 4.6. An evident side lobe suppression is observed from all three
radiation patterns. To have a quantitative comparison among those three fitness func-
tions, 20 GA optimization runs for each fitness function are performed. The average
maximum directivity Davg, sidelobe level SLLan, 3dB beam width 03d3,avg, runtime
tavg, and the standard deviation ¢ of the 20 resulting directivities are summarized in
Table 4.3. Comparing Table 4.3 to Table 4.2, all three fitness functions fs1y 1, fsr1,2, and
fsLL 3 are able to suppress the sidelobe level but at the expense of a directivity degra-
dation at the target angle. The fitness function fgry 3 exhibits the best optimization
performance by having the lowest sidelobe level, but requires the most runtime.
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Figure 4.6: Radiation pattern of the reflectarray at 300 GHz, showing the comparison between
calculated (in blue) and EM simulated (in red) results. The reflectarray’s height profile is opti-
mized using a GA to minimize the sidelobe level as the main beam points in the direction of
45°. Three different fitness functions are employed: (a) fsvr 1, (b) fsiL2, and (c) fspr 3 [3].

Table 4.3: Averaged directivity Dayg, sidelobe level SLLayg, 3dB beam width 654p, execution
time t,yg, and standard deviation ¢ of the resulting directivities over 20 simulation runs carried

out by a GA using the enlisted fitness functions [3].

fsLL1 fsLL2 fsLL3
Davg 14.44 dBi 15.83 dBi 15.71 dBi
SLLan -14.08 dB -17.51dB -18.4dB
Oaan 3.15° 3.08° 3.1°
tavg 12 min 40 min 130 min
o 0.97dB 0.26dB 0.2dB

4.1.3 Nulling in a specific direction

For situations where the coexistence with other communication or radar systems shar-
ing the same frequency band are unavoidable, it is useful to be able to synthesize a
radiation pattern with a steerable null to mitigate the inference while maintaining the
main beam in the target direction. This comprises two optimization objectives: maxi-
mizing the directivity at the target angle and minimizing the directivity in the direction
of the interferer. In order to convert the two-objective into a single objective optimiza-
tion, I use the equally weighted sum method and define the fitness function as follows

1
fnull - D (9 - etarget)

+D (6 = Bnylling) - (4.13)
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Here, I use the fitness function f,,,;; for two optimization instances. In both cases, I
consider a plane wave with the frequency of 300 GHz normally incident on the reflect-
array. The main beam shall point at 45°, while a null shall be placed at 20° for the first
instance and at 30° for the second instance. Two independent GA runs for these two
examples are carried out. As depicted in Fig.4.7, both calculated and EM simulated
radiation patterns of the two obtained reflectarrays show that the null is successfully
steered from 20° to 30°, while the main beam remains at 45°.
90° 90°
Calculated

120 60 EM Simulated 120 60

150° 30° 150° 30°
20°
180° 0°180°
a ; >
(a) an ng;
D »

Figure 4.7: Radiation pattern of the reflectarray at 300 GHz, showing the comparison between
calculated (in blue) and EM simulated (in red) results. The reflectarray’s height profile is op-
timized using a GA to perform a nulling at the angle of (a)20° and (b) 30° as the main beam
points in the direction of 45° [3].

4.2 Multi-objective optimization

By looking at the optimization results of maximizing the directivity and minimizing
the sidelobe level shown in the previous section, we can see the trade-off between
these two objectives: optimization of one objective cannot be achieved without degrad-
ing the other objective. In contrast to single-objective optimization, this multi-objective
optimization with conflicting objectives can have multiple optimal solutions that form
a Pareto front. Note that all solutions on the Pareto front are equivalent optimal solu-
tions. However, we usually need only one solution, which can be obtained by adding
some practical considerations.

An unconstrained multi-objective optimization that has 2 objectives can be mathemat-
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ically formulated as follows:

Minimize: (f (), f2 (x)). (4.14)

In single-objective optimization, there is usually only one optimal solution x. In multi-
objective optimization, this single solution may not exist due to the trade-off nature
among the objectives. Instead, there are multiple non-dominated points. To be able
to understand what are the non-dominated points, we first need to understand the
domination for any two solutions. A solution ; dominates another solution x», if

Vi e {1,2} fi (xl) < fz (XZ) and
Ji € {1,2} fi (x1) < fi (x2) .

In the graphical representation provided in Fig.4.8(a), it is evident that solution x;

(4.15)

dominates solution x;. This is supported by the observation that the conditions f1 (1) <
fi(xz) and fo(x1) = fo(x2) are met, fulfilling the first statement. Furthermore, the sec-
ond statement is satisfied as well, given that there exists at least one fitness function,
in this case, f1 for which f1(xz1) < fi(x2).

Non-dominated points are the points that are not dominated by any other solution in
the feasible region. The values of the fitness functions at the non-dominated points
form a frontier, which is called the Pareto front.
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Figure 4.8: Illustrative example of three distinct non-domination classes.

The multi-objective GA implemented in MATLAB uses the non-dominated sorting ge-
netic algorithm II (NSGA-II) proposed by Kalyanmoy Deb et.al.[110]. Here, I briefly
describe the procedure of this algorithm. In any generation, the offspring population
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is first created by performing genetic operations (selection, crossover, mutation) on the
parents, just like a general GA. Thereafter, the population of the offspring and the pop-
ulation of the parents are merged and divided into different non-domination classes.

Fig.4.8(b) presents an illustrative example of three non-domination classes. Based on
the conditions given in Eq.4.15, it is evident that non-domination class one encom-
passes all non-dominated points. After removing all points from non-domination class
one, only points from classes two and three remain. Applying the conditions speci-
tied in Eq.4.15 again, non-domination class two emerges as the set of non-dominated
points. Similarly, upon eliminating all points from both non-domination classes one
and two, non-domination class three includes the remaining non-dominated points.

Once the merged population of parents and offspring is categorized into different non-
domination classes, a new generation is formed by populating it with individuals from
the merged population. The population is filled subsequentially, starting with the in-
dividuals from the non-domination class one, followed by class two, and so on, until
the capacity of the new generation is reached. As the merged population comprises
both parents and offspring, the size of the merged population is twice the size of a
new generation. Therefore, half of the individuals from the merged population will be
rejected during this process. It is worth mentioning that in this algorithm, the two ob-
jectives are not merged or converted into a single objective by a parametric scalarizing
approach.

In the following, I present a multi-objective optimization example that considers two
conflicting objectives, namely maximizing the directivity at the angle of 45° and mini-
mizing the sidelobe level. As in other optimization instances, I consider a plane wave
with a frequency of 300 GHz that is normally incident on the reflectarray. I choose fp ;
and fgr1,1 as the fitness functions for maximizing the directivity and minimizing the
sidelobe level objectives, respectively. The parameters of the fitness function fsi1 3 are
the same as those mentioned in section4.1.2. After trying different initial populations
for the multi-objective GA, I find that the algorithm outputs the best results when I use
the results of single-objective GA as the initial population.

Two different multi-objective GA optimizations with two different initial populations
are carried out and their resulting Pareto fronts are shown in Fig.4.9. Fig.4.9(a) dis-
plays the Pareto front obtained from the multi-objective GA with the initial population
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Figure 4.9: Pareto front resulting from a multi-objective GA, where the initial population is gen-
erated through a single-objective optimization GA using fitness function: (a) fp for directivity
optimization and (b) fs; 1, 3 for side-lobe level optimization [3].

given by the output of the single-objective GA whose objective is to maximize the di-
rectivity. Fig. 4.9(b) displays the Pareto front obtained from a multi-objective GA with
the initial population given by the output of the single-objective GA whose objective
is to minimize the sidelobe level. The Pareto front in Fig.4.9(a) gives a better directiv-
ity, while the Pareto front in Fig. 4.9(b) outputs a better sidelobe level. We can conclude
that the initial population dominates the optimization focus in the multi-objective opti-
mization. As mentioned at the beginning of this section, all solutions of the Pareto front
are equally optimal, and here I choose one solution and compare its results with the
results obtained in the single-objective optimization. The tagged element in Fig. 4.9(a)
has a directivity of 16.76 dBi and a sidelobe level of -14.2 dB. It achieves the same
directivity level as the single-objective optimization, and suppresses the sidelobe level
better than the single-objective optimization for maximizing the directivity. The tagged
element in Fig. 4.9(b) has a directivity of 16.19 dBi and a sidelobe level of -18.59 dB. In
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the previous section, the single-objective optimization aimed at minimizing the side-
lobe level utilizing the fitness function fgy 3 effectively reduces the sidelobe level to
-18.4 dB while achieving a directivity of 15.71dBi at the target angle. This improve-
ment in directivity while maintaining the same sidelobe level confirms the advantage

of the multi-objective optimization.

4.3 GA-configured reflectarray vs. diffraction grating

So far, I have only shown the radiation patterns of the reflectarray optimized by the
GA. In this section, I study the output of the GA optimization, i.e., the shape of the

resulting reflectarray.

In section4.1.1, I present an optimization example that employs the fitness function
fpp. Fig.4.10(a) displays the outcome of this optimization example, i.e., the height
profile of the resulting reflectarray. It exhibits a periodic pattern to some extent. How-
ever, if we look closely, the number of reflectors per cycle is different. In order to detect
the presence of a periodic pattern in this structure, I perform a Fourier transform of the
resulting structure and depict its spatial frequency representation in Fig. 4.10(b).
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Figure 4.10: (a) Height profile of the reflectarray optimized using a GA with an objective of
maximizing the directivity 45° away from the reflectarray axis. (b) Spatial frequency represen-
tation of the height profile depicted in (a) [3].

There is a dominant spatial frequency component at 708.333 m ™!, which corresponds

1

708335 =T — 1-412mm. Putting this value into the grating

to the spatial period of A =
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A
equation, we get the diffraction angle of the first diffraction order 6 = arcsin (K) =

1mm
i e —— = . O. 1 1 — o __ 4 . o _
arcsin ( 140 mm) 45.09°. The complement of this angle is ¢ = 90 5.09

44.9°, which is very close to our target angle of 45°. This explains how such a reflectar-
ray works: it is basically a concealed diffraction grating structure with a non-perfect

period.
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Figure 4.11: (a)Radiation pattern of the reflectarray at 300 GHz. The reflectarray’s height pro-
file is optimized using a GA to maximize the directivity in the direction of 58.5°. (b) Fourier
transform of the height profile of the resulting reflectarray.

Since the reflectarray has a finite length of | = 80 - 300 yum=24mm, the spatial fre-

quency components of the structure are discrete and can only be the integer multiples
1 1

of the fundamental spatial frequency ¢ = 7= mm = 41.7m™ L. It means that the
achievable spatial periods inside the reflectarray structure are also discrete. This arises
the question: are the steering angles that can be achieved also discrete? Table 4.4 lists
all the spatial frequency components & between 500m~! - --708.3m~! and their corre-
sponding spatial periods A, diffraction angles 6, and complementary angles ¢. Now I
run the GA with the objective of maximizing the directivity at the angle between the
listed complementary angles ¢ above, let us say 58.5°. Fig.4.11(a) is the radiation pat-
tern of the resulting reflectarray. The main beam is successfully steered in the direction
of 58.5°. The spatial frequency representation of the resulting structure, as depicted in
Fig.4.11(b) has three dominant components that correspond to the three complemen-

tary angles listed in Table 4.4 adjacent to 58.5°. This indicates that a continuous beam
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Table 4.4: Achievable spatial frequency components ¢ of the reflectarray, spanning from
500m ! to 708.3m ™. For each &, the corresponding spatial period A, diffraction angle 6, and

complementary angle ¢ are provided.

¢ (mfl) 500 541.7 583.3 625 666.7 708.3
A(mm) 2 1.846 1.714 1.6 1.5 1.412
0 30° 32.8° 35.7° 38.7° 41.8° 45.09°
[ 60° 57.2° 54.3° 51.3° 48.2° 44.91°

steering is possible.
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Figure 4.12: Radiation pattern of the GA-configured reflectarray (in blue). The GA aims to
maximize the directivity of the reflectarray in the direction of 33.6° at the frequency of 300 GHz.
Radiation pattern of the approximate blazed grating (in red), where its main beam is directed
toward the angle 33.6° at the frequency of 300 GHz [3].

By analyzing the shape of the reflectarray configured by the GA, we learn that it works
similar to a diffraction grating. However, the absence of the grating lobes in its radi-
ation pattern indicates the difference between these two structures. I hereby perform
an in-depth comparison. I run the GA with the objective of maximizing the directiv-
ity at the angle that can be achieved by the proposed approximate blazed grating, e.g.
33.6°. As shown in Fig.4.12, both main beams are successfully steered at the target
angle and the radiation pattern of the reflectarray configured by the GA has no grat-
ing lobes as expected. Fig.4.13 displays the spatial frequency representations of the
height profiles for the GA-configured reflectarray and the approximate blazed grating.
The dominant component in the spatial frequency domain of the approximate blazed
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Figure 4.13: Spatial frequency representation of the height profile for (a) the GA-configured
reflectarray and (b) the approximate blazed grating.

grating has a much higher amplitude, while the dominant component in the spatial
frequency domain of the reflectarray configured by the GA is moderately distinct from
other components. This weakened spatial frequency component characteristic makes
the grating lobes absent, thus making the reflectarray configured by the GA superior
to the conventional diffraction grating.

4.4 Measured radiation characteristics

In order to verify the beam steering capability of the reflectarray optimized by a GA
and the absence of the grating lobes in its radiation pattern, we fabricate two reflec-
tarray phantoms whose height profiles are determined by a GA. The photographs of
the reflectarray phantoms are shown in Fig. 4.14. These two phantoms are designed to
have the same steering angles as the approximate blazed grating phantoms outlined in
section 3.4, namely, 56.4° and 41.8° at 300 GHz. The planar and 3D radiation patterns
of the reflectarray phantoms are measured using the same measurement setups in sec-
tion 3.5.2. To facilitate comparison, I show the measured radiation patterns for both the
GA-configured reflectarray phantoms and the approximate blazed grating phantoms.

As depicted in Fig. 4.15, the broadband radiation patterns of the reflectarray phantoms
configured by the GA and the approximate blazed grating phantoms exhibit similar
characteristics. The main beam comes close to the grating” normal vector with increas-
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Figure 4.14: (a) Photograph of reflectarray phantom, whose height profile optimized by a GA.
The objective of the GA is to maximize the directivity in the direction of 56.4° at 300 GHz.
(b) Photograph of reflectarray phantom, whose height profile optimized by a GA. The objective
of the GA is to maximize the directivity in the direction of 41.8° at 300 GHz.

ing frequency, verifying that the GA-configured reflectarray works similarly to a grat-
ing structure. Observing the radiation patterns at 300 GHz, as depicted in Fig.4.16,
these two GA-configured reflectarray phantoms successfully steer the main beam to
the target angles, demonstrating their beam steering capability. Furthermore, the 3D
radiation patterns in Fig.4.17 clearly show that the GA-optimized reflectarray phan-
toms have no grating lobes, which is a result of the weakened periodicity that elimi-
nates the grating lobes, making them superior to conventional diffraction gratings.
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Figure 4.15: (a) Measured and (b) calculated radiation pattern of the reflectarray obtained by
a GA phantom 1 for the frequencies between 200 GHz and 800 GHz at the angles between 35°
and 65°. (c) Measured and (d) calculated radiation pattern of the reflectarray obtained by a GA
phantom 2 for the frequencies between 200 GHz and 800 GHz at the angles between 35° and
65°. (e) Measured and (f) calculated radiation pattern of the approximate blazed grating phan-
tom 1 for the frequencies between 200 GHz and 800 GHz at the angles between 35° and 65°.
(g) Measured and (h) calculated radiation pattern of the approximate blazed grating phantom
2 for the frequencies between 200 GHz and 800 GHz at the angles between 35° and 65°.

Normalized amplitude / dB
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Figure 4.16: Measured radiation pattern (in blue) and calculated radiation pattern (in red) at
300 GHz of (a) the reflectarray obtained by a GA phantom 1, (b) the reflectarray obtained by a
GA phantom 2, (c) the approximate blazed grating 1, and (d) the approximate blazed grating
2.
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Figure 4.17: Measured 3D radiation pattern at the design frequency of 300 GHz of (a) the reflec-
tarray obtained by a GA phantom 1, (b) the reflectarray obtained by a GA phantom 2, (c) the
approximate blazed grating phantom 1, and (d) the approximate blazed grating phantom 2 for
the elevation range between 15° and 65° and azimuth range between —130° and 130°.
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CHAPTER

FIVE

ANALYSIS OF THE PERFORMANCE OF THE
REFLECTARRAY IN BROADBAND APPLICATIONS

The reflected angle from the approximate blazed grating and the GA-generated struc-
ture that exhibits non-perfect periodicity, varies with changes in frequency as predicted
by the grating equation. This phenomenon is commonly referred to as beam squint.
To obtain broadband information at one spatial location, it is necessary to adaptively
adjust the reflectarray as the frequency sweeps. However, those structures are not suit-
able for applications that require simultaneous bandwidth coverage, such as commu-
nications. In this section, I will examine the bandwidth limitations of the reflectarray
and explore potential configurations that can enhance their bandwidth.

To comprehend the bandwidth limitation of the reflectarray, it is necessary to have
a understanding of the phase shift mechanism employed by the reflective elements
present in the array. The position of the reflective element can be adjusted vertically,
causing a local change in the travel distance of the incident wave before it is reflected,
resulting in a corresponding phase shift.

To steer the beam away from the reflectarray normal by an angle of ag, the most

straightforward configuration is to arrange the reflectarray in such a way that it ap-
o

proximates a large mirror with a tilting angle of EO' as dictated by the law of reflection.
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This can also be justified from the array’s perspective, as illustrated in Fig.5.1. The
phase reference point P is chosen where the reflected wave, just about to leave Py,
possesses a phase of 0, represented by the phasor notation e’. Consider an arbitrary
point P; on the reflectarray’s surface positioned at a height i above the reference point
Py. The phase of the reflected wave at P; leads that of the reflected wave at the reference
point Py by hkg, where kj is the wave number in free space. Its phasor can be expressed
as ek et P, denote the intersection of the wavenumber vector of the reflected beam
across the point P; and the wave front of the reflected beam across Py. As the reflected
wave travels from point P; to P,, it undergoes a phase retardation of lkg, resulting in

hko—1ko)

a phasor of e at P,. Based on the geometric configuration, it is evident that

h = I, implying that the P, shares the same phase as F,.

This mirror configuration is equivalent to an array employing true time delays, which
enables the reflectarray to exhibit broadband performance by maintaining a constant
angle of reflection regardless of the frequency of the incident wave.

Incident
Beam

Reflected

Beam

/_—
= ao/2 i

Py

Figure 5.1: Geometry for a plane wave incident normally on the surface of the reflectarray

approximating a large mirror.

Consider the reflectarray discussed in this work. Within the reflectarray, the maximum
phase shift ¢max that is required to reflect the beam away from the reflectarray normal
by an angle of ay, is determined by the two reflective elements positioned at the op-
posite ends, separated by the reflectarray length of 24 mm. Mathematically, this can
be expressed as: @max = 24mm - tan (%) - ko. As depicted in Fig.5.2, the required
maximum phase shift pmax rapidly exceeds 27t as g increases, and at ap = 90°, it ap-
proaches nearly 257t. The MEMS actuator offers a maximum vertical displacement of
600 um, equivalent to a phase shift of 1.27t at 300 GHz. It is obvious that for most values
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Figure 5.2: Maximum required phase shift gmax (#9) within the reflectarray as a function of the
variable angle ag. The length of the reflectarray is 24 mm. A normally incident plane wave at
the frequency of 300 GHz is considered.

of xg, the required phase shift surpasses the capability of the MEMS actuation system.
However, we can leverage the periodicity of phase for harmonic waves to overcome
this limitation. Instead of relying on the time delay to steer the beam, a phase shift

¢ = mod (lkg,27) (5.1)
can be created within a confined 27t range. Using ¢ = hkg gives

hky = mod (lko,27), (5.2)
which can be rewritten as

lko = N - 27t + hkg, N € IN. (5.3)

When N = 0, Eq. 5.3 reduces to I = h. This represents the true time delay scenario dis-
cussed earlier. Notably, the frequency-dependent variable kj is absent in the equation,
reaffirming the inherent broadband nature of this configuration.

For fixed non-zero values of N, [, and h, Eq.5.3 is valid only for a specific frequency

0= @ with wavelength Ag = 2—7T As we tune the frequency by Af, correspondin
o7 & k q y by p &

0
to a change in wavelength of AA, the left-hand side of Eq. 5.3 is increased by

2T on A (5.4)

l'AO—AA_ Ao Ao - (Ag— AA)’




84

while the right hand side of the equation is increased by

2Ty 2 _pon A (5.5)

he—22 = .
Ao — DA Ao Ao (Ag — AN)

This introduce a phase error @err of

AN
Ao (Ao — AA)

Perr = (I —h) - 277 (5.6)

resulting in beam squint.

To demonstrate the impact of phase errors caused by changes in frequency, let us con-
sider a broadband signal with a bandwidth of 20 GHz centered at 300 GHz. Fig. 5.3(a)
illustrates the required maximum phase shifts gmax for the center frequency of 300 GHz
and end frequencies of 290 GHz and 310 GHz. With an increase in the steering angle
g, the required phase shifts for different frequencies exhibit a more pronounced dis-
tinction. Fig. 5.3(b) presents the same phase shifts as in Fig. 5.3(a), but wrapped within
a range of 27t. I now utilize the wrapped phase at 300 GHz to derive a correspond-
ing height profile h|r_3pgH, of the reflective elements, employing the relationship
mod (Pmax|f=300GHz, 277)

kol f=300GHz
h|f—300GHz is depicted in Fig.5.3(c). Fig.5.3(d) showcases the resulting phase shifts

hlf—s00GH, = . The representation of the height profile

Presulting = Ko - 11 | #=300GH Obtained from the height profile | F=300GH for the three dif-
ferent frequencies. An evident disparity is observed between the expected phase shifts
in Fig.5.3(b) and the resulting phase shifts ¢resyiting Obtained from the height profile
displayed in Fig. 5.3(d). This discrepancy represents the phase error, which exhibits an
increasing trend as the angle xp becomes larger.

In the preceding chapter, it is established that the GA-configured reflectarray operates
as a concealed diffraction grating. Its height profile induces a wrapped phase pattern
upon the incident wave. Consequently, the presence of the phase error @e, is antic-
ipated to affect the radiation pattern of the GA-configured reflectarray. To confirm
this hypothesis, I exam two specific steering angles, namely 10° and 70°. For each an-
gle, I utilize the reflectarray obtained through the GA optimization process discussed
in the previous chapter. The reflectarrays are optimized to maximize the directivity
at 300 GHz at 10° and 70°, respectively. I then analyze the radiation patterns at the
frequencies 290 GHz, 300 GHz, and 310 GHz. As anticipated, when the main beam is
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Figure 5.3: (a) Maximum required phase shift ¢max (¢) within the reflectarray as a function of
the variable angle ag. The length of the reflectarray is 24 mm. A normally incident plane wave
at three different frequencies of 290 GHz (in blue), 300 GHz (in red), and 310 GHz (in yellow)
is considered. (b)Wrapped phase of the maximum required phase shift @max (ag) within the
reflectarray, that is depicted in Fig.5.3(a), as a function of the variable angle «y. (c) Height
mod  (@max| f=300GHz, 277)

kol f=300 GHz
(d) Resulting maximum phase shift @resuiting = ko - h| f=300GHz Obtained from the height profile

for the frequencies 290 GHz (in blue), 300 GHz (in red), and 310 GHz (in yellow).

profile h|¢—_3p0cH, = derived by the wrapped phase at 300 GHz.
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steered towards 10° at 300 GHz, the radiation patterns of the reflectarray at the three
different frequencies exhibit a consistent main beam direction as depicted in Fig. 5.4(a).
In contrast, at the steering angle of 70° shown in Fig. 5.4(b), we observe a distinct beam
squint: a variation in the main beam direction as the frequency changes.
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Figure 5.4: (a) Radiation patterns of the reflectarray at three different frequencies of 290 GHz (in
blue), 300 GHz (in red), and 310 GHz (in yellow). The reflectarray is optimized using a GA
for the maximum directivity in the direction of 10°, primarily at the frequency of 300 GHz.
(b) Radiation patterns of the reflectarray at three different frequencies of 290 GHz (in blue),
300 GHz (in red), and 310 GHz (in yellow). The reflectarray is optimized using a GA for the
maximum directivity in the direction of 70°, primarily at the frequency of 300 GHz.

To further analysis the performance of the designed reflectarray in broadband appli-
cations, I calculate the resulting reflectarray’s beam squint, denoted as Ax, and the
directivity variation in the target direction over the whole bandwidth, denoted as AD,
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considering a broadband signal with a bandwidth of 20 GHz centered at 300 GHz. The
results in Fig. 5.5 demonstrate that for a 3 dB gain bandwidth of 20 GHz, the main beam
can be steered within +30° around the reflectarray normal. This represents a relatively
large steering range for a reflectarray. As the bandwidth decreases, for example, to
10 GHz, the gain variation remains below 3 dB for nearly the entire elevation coverage.
Thus, there exists a trade-off between the steering range and the 3 dB gain bandwidth
of the reflectarray, which must be carefully considered based on the specific application

scenario.
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Figure 5.5: Resulting (a) beam squint Ax and (b) directivity variation AD in the target direction
as a function of the variable angle ag. A broadband signal with a bandwidth B = 10 GHz (in
blue) and B = 20 GHz (in red) centered at 300 GHz is considered here.
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Figure 5.6: Resulting (a)beam squint Aa and (b) directivity variation in the target direction
AD as a function of the variable angle «( for 4 different maximum actuation displacements. A
broadband signal with a bandwidth of 20 GHz centered at 300 GHz is considered here.

Based on Eq. 5.6, the phase error is directly proportional to the difference between the
travel length in free space I and the vertical displacement / of the reflective element.
In order to reduce the phase error and enhance the bandwidth, one straightforward
approach is to increase the vertical displacement /i of the MEMS reflective element.
Without considering the technological feasibility of the MEMS reflective element at
this stage, I demonstrate this improvement through numerical analysis. Specifically,
I employ a GA to evaluate three additional maximum actuation displacements of the
reflective element apart from 600 ym: 700 ym, 1500 ym, and 3000 pm.

The resulting beam squint Ax and directivity variation AD in Fig.5.6, do not decrease
with the increasing maximum actuation displacement, contrary to expectations. To
understand this observation, I show one resulting height profile of the reflectarray with
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the maximum actuation displacement & = 3000 ym. The travel length [ in free space
exhibits a linear increase (or decrease) across the array, whereas the height profile of
the reflectarray depicted in Fig. 5.7 displays discontinuities that introduce disruptions
in the continuous phase profile, leading to consequent phase errors.
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Figure 5.7: Height profile of the reflectarray optimized using a GA with an objective of maxi-
mizing the directivity 15°. A maximum actuation displacement of 3000 ym is considered here.
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Figure 5.8: (a) Radiation patterns of the reflectarray. The reflectarray is optimized using a GA
for the maximum directivity in the direction of 15°, primarily at the frequency of 300 GHz.
(b) Radiation patterns of the reflectarray that configured to approximate a mirror. For both

reflectarrays, a maximum actuation displacement of 3000 ym is considered.
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For large actuation displacement to contribute to bandwidth enhancement, it is crucial
for the height profile to demonstrate a continuous increase (or decrease) across the ar-
ray. This consistent variation creates a mirror configuration, aligning with the concept
mentioned earlier in this chapter: a mirror is analogous to a true time delay phased
array, providing a broad bandwidth and mitigating the beam squint effect. To validate
this, I compare the radiation pattern of the reflectarray with the height profile shown
in Fig. 5.7 to that of the reflectarray approximating a large mirror. It is evident that the
mirror configuration completely eliminates beam squint that is observed in the reflec-
tarray with discontinuities in its height profile.
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SIX

CONCLUSION AND OUTLOOK

6.1 Conclusion

In this work, I have provided a comprehensive overview of five different terahertz
beam steering and beamforming techniques, along with their state-of-the-art imple-
mentations. Among these techniques, the terahertz phased array stands out as a promis-
ing approach to achieve a compact and lightweight beam steering system, as it is al-
lows for monolithic integration of the beam steering network at both the transmit-
ter and receiver sides. A major challenge lies in the lack of efficient terahertz phase
shifters, leading to the current realization of the beam steering network in the RF and
infrared domain, where conversion efficiency remains a significant concern. On the
other hand, the leaky wave antenna presents an attractive feature of not requiring
phase shifters. It operates by leveraging the progressive phase change along a wave-
guide or transmission line. Nevertheless, beam steering using this technique relies on
frequency tuning, resulting in bandwidth limitations that make it unsuitable for appli-
cations involving spectroscopy and broadband communication.

The remaining three terahertz beam steering and beamforming techniques require
rather bulky and discrete systems. The beam steering technique accomplished by tilt-
ing the laser source, which illuminates the non-linear crystal for terahertz generation,
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is limited to its implementation in a free-space optoelectronic terahertz system. On
the other hand, the terahertz free space-coupled terahertz beam steering and beam-
forming devices offer greater flexibility as they can be employed in any terahertz free
space path, regardless of the terahertz generation methods. Additionally, their ease
of fabrication makes them highly accessible to use. However, it is worth noting that
beam steering techniques using these devices often results in discrete steering angles
and slower beam steering speed due to the involvement of mechanical movement. In
contrast, the terahertz reflectarray exhibits the advantage of being employable in any
terahertz free space path, along with a fast and continuous beam steering capability
due to its nature as an array.

In my thesis, I presented a design for a reconfigurable 1D terahertz reflectarray. The re-
flectarray comprises 80 reflective elements, each with dimensions of 300 ym x 5000 ym.
The reflective elements are arranged next to each other on their longer side. These
reflective elements are individually driven by 5-bit MEMS actuators, allowing for a
maximum vertical displacement of 600 ym. The function of the MEMS driven reflec-
tive elements is to spatially modulate the phase of the local terahertz wave. As the
conventional array factor cannot be applied to calculate the radiation pattern of the
reflectarray, a novel mathematical model based on the Huygens-Fresnel principle is
proposed.

To enable beam steering, the reflectarray is initially configured to approximate a blazed
grating. The beam steering capability of this configuration is evaluated across a fre-
quency range of 0.3THz to 1THz and verified through consistent results obtained
from EM simulations and the proposed mathematical model. At the lower frequency
of 0.3 THz, a maximum steering angle of £56.4° from the grating normal is achieved.
However, the steering range decreases with increasing frequency, reaching a maximum
steering range of only +11.5° from the grating normal at 1 THz. Despite the decreas-
ing steering range, the approximate blazed grating maintains a high grating efficiency
above 0.8 for most of the achievable steering angles. This allows the reflectarray to
achieve a directivity comparable to an equivalent uniform linear array of isotropic ra-
diators of the same length as the reflectarray. The numerical analysis also reveals some
limitations of the approximate blazed grating, such as discrete achievable steering an-
gles and the appearance of grating lobes due to poor grating efficiency caused by the
finite steps of the actuators.
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In order to overcome these limitations and enhance the beam steering performance
of the reflectarray, I used a GA to customize and tailor its radiation pattern. The GA
successfully optimized three key features in the radiation pattern of the reflectarray, as
demonstrated by both EM simulations and calculations. Firstly, the GA can maximize
the directivity at a specific angle, resulting in an impressive directivity of 16.82 dBi
at 0.3 THz, slightly surpassing the directivity of an equivalent uniform linear array of
isotropic radiators with the same array length. Secondly, the GA can minimize the side-
lobe level, achieving a sidelobe level of -18.4 dB, which is 5 dB lower than the innermost
sidelobe level of -13.5 dB achieved by a linear array with a linearly increasing phase
profile. Thirdly, the GA can insert nulls at specific angles in the radiation pattern while
maintaining the main beam direction, allowing the reflectarray to mitigate an inter-
ferer. Furthermore, a trade-off behaviour between the objective of maximizing directiv-
ity and the objective of minimizing sidelobe levels is observed. A multi-objective GA
is therefore employed to identify a set of optimal solutions, known as the Pareto front.
An analysis of the reflectarray optimized by the GA through Fourier-transforming its
height profile reveals that it exhibits as a quasi-grating with non-perfect periodicity,
resulting in the absence of grating lobes in the radiation pattern.

Four different reflectarray phantoms, all without MEMS actuation systems, are fabri-
cated, and their planar and 3D radiation patterns are measured. Among these four,
two are designed as approximate blazed grating with diffraction angle of 56.4° and
41.8° at 0.3 THz, respectively. The other two reflectarrays are optimized by the GA
to have the same main beam direction as the two approximate blazed gratings. The
measured radiation patterns of the all four reflectarray phantoms closely align with
the predictions of the mathematical model, showing a maximum deviation of only 2°
in terms of the main beam direction. This validation strongly emphasizes the accuracy
and reliability of the proposed mathematical model. The measured 3D radiation pat-
tern of the reflectarray phantoms optimized by the GA demonstrates the absence of
grating lobes, while the approximate blazed grating phantoms exhibit grating lobes.
This observation aligns with the analysis, indicating that the non-perfect periodicity
within the GA-optimized reflectarray effectively eliminates grating lobes.

Both the proposed configuration, namely the approximate blazed grating and the GA-
optimized reflectarray, exhibit potential for specific broadband applications, such as
frequency domain spectroscopy involving frequency sweeps. In these applications, it
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is essential to adjust the height profile of the reflectarray to maintain the main beam
in a fixed direction as the frequency changes. However, for applications requiring si-
multaneous bandwidth coverage, such as broadband communication, a phenomenon
known as beam squint occurs, where different components are steered in varying di-
rections. The bandwidth performance of the reflectarray is limited by the achievable
throw of the reflective elements. In this study, a maximum throw of 600 ym is con-
sidered, corresponding to a phase shift of 1.27r at 300 GHz. This implies that terahertz
wave can only be phase shifted by the reflective element, rather than true time delayed,
which typically allows for phase shifting over multiples of 27r. For a 3dB gain band-
width of 10 GHz, the reflectarray can be utilized for an entire elevation coverage. How-
ever, as the gain bandwidth is increased to 20 GHz, the usable range of the reflectarray
is reduced to +30° around the reflectarray normal. When configuring the reflectarray
for particular applications that demand simultaneous bandwidth, like communication,
this limitation should be thoroughly considered in the design process.

6.2 Outlook

The MEMS-based reflectarray, complemented by the proposed mathematical model
and GA, exhibits potential for developing highly versatile radiation patterns. The re-
flectarray can achieve sophisticated radiation patterns, including multiple beams and
flat top profile. These features empower the reflectarray to be utilized in a diverse
range of applications. Moreover, the reflectarray offers the capability of not only beam
steering but also beamforming, allowing it to to focus and collimate the terahertz wave.

The optimization method and fitness functions proposed in this work can be readily
adapted for designing other types of terahertz reflectarray that employ diverse phase
shifting mechanisms. Additionally, they can be applied to terahertz antenna arrays to
optimize their geometrical arrangement, as well as phase and amplitude distributions
for improved performance.

Despite the highly promising results obtained through the GA optimization in this
work, one significant drawback remains in the form of the lengthy optimization time.
To achieve real-time beam steering, a pre-emptive execution of the GA followed by
loading all configurations corresponding to different frequencies and directions into a
look-up table is necessary, resulting in considerable computational effort. An alterna-
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tive approach to address this issue is to explore the use of artificial neural networks. By
training an artificial neural network to output the reflectarray configuration based on
the desired angle and frequency inputs, the need for a look-up table can be eliminated.
This has the potential to enable real-time configuration of the reflectarray, offering a
more efficient and practical solution for rapid beam steering.
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