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ABSTRACT

ACTIVE METASURFACE DESIGNS FOR TUNABLE SCATTERING
PROPERTIES

Advancing technologies require artificially designed dynamic surfaces with capa-
bilities beyond the natural ones to control electromagnetic wave scattering and properties
for complex applications. This thesis presents a novel method for dynamic control of
propagating waves through surface waves and its implementation to nonreciprocal trans-
mission and reconfigurable radiation problems. This study contributes to the literature by
proposing a design methodology for the analytical model based on phase-conjugate sur-
faces and bianisotropy, and its three-dimensional (3D) realization model in the microwave
domain involving the metasurface concept based on the double-negative index medium.
It begins with analytical solutions supported by numerical simulations, and proceeds with
the designs and simulation results of passive and dynamic 3D models. Impedance-based
characterization is applied to both time-invariant and time-variant unit cell models. It is
followed by developing and constructing the time-domain-based equivalent circuit via
the retrieved impedances, which are employed in the numerical solution of the time-
modulated unit cell. For nonreciprocal transmission, a novel method was introduced
based on time modulation, which is applied to the generated anti-symmetric surface waves
on bianisotropic metasurfaces, depending on the excitation direction. This method is
demonstrated on the penetrable unit cell bounded by a surface cavity incorporating a
variable capacitor. Numerical simulation results show both phase-coherent and phase-
incoherent nonreciprocal transmission via time modulation, which is supported by con-
sistent experimental results. The final chapter explores wavefront manipulation through
phase variations on unit cells of the metasurface by using surface waves for reconfigurable
radiation applications. Specifically, it focuses on steering the radiated beam from the
metasurface, fed by a horn antenna. A novel 3D model based on the proposed method is
introduced, offering a simplified control scheme with variable capacitors placed on etched
slits, which electrically separate columns. A numerical eigenmode analysis is conducted
to examine the excited surface modes under periodic boundary conditions, followed by
simulations of its integration with a horn antenna for beam-steering applications. The
results from both simulations and proof-of-concept experiments demonstrate the steering

of the radiated beam.
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OZET

AYARLANABILIR SACILMA OZELLIKLERI ICIN AKTIF
METAYUZEY TASARIMLARI

Gelisen teknolojiler, elektromanyetik dalgalarin sagilmasini ve 6zelliklerini kon-
trol etmek icin, dogal yapilarin 6tesinde Ozelliklere sahip yapay olarak tasarlanmis di-
namik ylizeylere ihtiya¢c duymaktadir. Bu tez, gecirgen bir metayiizey iizerinde olusturu-
lan yiizey dalgalar1 araciligiyla yayilan dalgalarin dinamik kontrolii i¢in yeni bir yontem
Onererek, bunun karsit olmayan iletim ve yeniden yapilandirilabilir radyasyon problem-
lerine uygulanmasini igcermektedir. Bu calisma, faz eslenik yiizeyler ve bianizotropiye
dayali analitik model i¢in bir tasarim metodolojisi ve ¢ift negatif indeks ortamina dayali
metayiizey kavramini iceren mikrodalga alanindaki iic boyutlu gerceklestirme modeli
Onererek literatiire katkida bulunmaktadir. Tez, ilk olarak sayisal simiilasyonlarla destek-
lenen analitik ¢coziimleri ve ardindan pasif ve dinamik ii¢ boyutlu modellerin tasarimlari
ve simiilasyon sonuglarin1 sunmaktadir. Empedans tabanli karakterizasyon hem zaman
bagimli ve hem de zaman bagimsiz birim hiicre modelleri i¢in uygulanmaktadir. Bunu,
elde edilen empedanslar araciligiyla zamana dayali esdeger devrenin gelistirilmesi ve
olusturulmas: izlemektedir. Gelistirilen bu esdeger devre, zaman modiilasyonlu birim
hiicrenin sayisal ¢oziimiinde kullanilmaktadir. Karsit olmayan iletim i¢in, uyarim yoniine
bagh olarak bianizotropik metayiizey iizerinde iiretilen antisimetrik yiizey dalgalarina
uygulanan zaman modiilasyonuna dayali yeni bir yontem Onerilmistir. Bu yontemin
uygulanabilirligi, degisken bir kapasitor iceren bir yiizey kavitesi ile sinirlanmis gegirgen
birim hiicre iizerinde gosterilmistir. Sayisal simiilasyon sonuclari zaman modiilasyonu
yoluyla hem faz uyumlu hem de faz uyumsuz karsit olmayan iletimi gostermektedir
ve bunlar tutarli deney sonuglariyla desteklenmektedir. Son boliimde, yeniden yapi-
landirilabilir radyasyon uygulamalari icin yiizey dalgalarini kullanarak metayiizeyin birim
hiicrelerindeki faz degisimleri yoluyla dalga cephesi manipiilasyonu arastirilmaktadir.
Ozel olarak, bir korna anten tarafindan beslenen metayiizeyden yayilan hiizmenin acisal
yonlendirilmesine odaklamlmaktadir. Onerdigimiz yonteme dayali yeni bir 3B tasarim
modeli tanitilmaktadir. Bu tasarim ile, kolonlar1 elektriksel olarak ayiran kazinmis yarik-
lara yerlestirilmis degisken kapasitorler ile basitlestirilmis bir kontrol semasi 6nerilmek-
tedir. Periyodik sinir kosullar1 altinda uyarilmis yiizey modlarini incelemek i¢in numerik
0zdeger analizleri, ve ardindan hiizme yonlendirme uygulamasi i¢in korna antenle en-
tegrasyonunun simiilasyonlart gerceklestirilmistir. Simiilasyonlardan ve kavram kaniti

deneylerinden elde edilen sonuglar yayilan hiizmenin yonlendirilmesini gdstermektedir.
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CHAPTER 1

INTRODUCTION

Electromagnetic (EM) waves are fundamental to modern technologies, from RF
and microwave to far-optic regions, particularly in communication systems and remote
energy-based applications. Reshaping free-space waves after being emitted from antennas
or light sources is crucial in developing these technologies. This allows the achievement
of desired wave properties, such as wavefront, direction, polarization, intensity, frequency,
and reflectivity/transmissivity. Advances in material science and EM engineering now
enable precise and sophisticated wave shaping using natural and artificial materials, which
are often designed with thicknesses much smaller than the wavelength, classified as sur-
face.

Throughout history, the initial examples of structures based on natural materials
are for light waves, as predictable—the earliest documented example dates back to the
Sth century BCE. The Aristophanes’ Lens is a famous example of such a transmissive
optical device for focusing or dispersing light beams through the principle of refraction
(Hickie, 2023). Following significant advancements in analytical wave theory, further
developments included Huygens’ Eyepiece and Fresnel’s compact lens, which were con-
structed using concentric annular sections during the 17th and 18th centuries (Pietrow,
2023; Boutry, 1948). During the 19th and 20th centuries, developments extended beyond
light collimation, including controllable polarization and frequency filtering (Shurcliff,
1962). After J. C. Maxwell introduced his renowned equations in 1865 that demonstrated
light is an EM wave, J.C. Bose 1894 presented one of the earliest microwave lenses, which
enhanced antenna directivity (Bose, 1897). This was soon followed by Marconi’s devel-
opment of polarization reflectors in the 1910s (Achouri and Caloz, 2021). Significant
progress in this field occurred in tandem with the advancement of radar technology during
World War 11, extending into the 1950s and 1960s. The developments grew new systems
and technologies, such as a Fresnel zone plate reflector commonly employed in radio
transmitters and operating on the Fresnel lens principle (Buskirk and Hendrix, 1961).
Subsequently, frequency selective surfaces (FSS) and reflectarrays/transmitarrays (RA
and TA) emerged as new technologies. FSS has been utilized as microwave frequency
filters (Munk, 2000), while RAs and TAs, composed of microstrip patch arrays, replicate
the function of traditional parabolic reflectors (B. H. Fong and Sievenpiper, 2010; Mc-



Grath, 1986; Kahrilas, 1968). Beyond space-to-space wave converters, early examples
like near-field plates (Anthony Grbic and Merlin, 2008) and impedance surfaces (D. Berry
and Kennedy, 2010) demonstrated the conversion between free-space and surface waves.
While some of these structures relied solely on natural materials for their wave conversion
properties through geometry or layering, others represented the first passive microwave
surfaces based on artificial media.

In recent decades, research in artificial EM materials (or structures) has expanded
significantly due to the limitations of natural constituent capabilities. They are utilized
to precisely control the wave propagation and scattering (reflection, transmission, ab-
sorption) in progress as well as other wave properties. Designing these structures to
be multi-functional, cost-effective, and readily producible are among the engineering
challenges critical for future technologies. Artificial EM surfaces are typically constructed
by engineering the geometries and compositions of ordinary medium. They generally
consist of periodic or gradient arrays of electrically small (subwavelength) unit cells. The
concept of manipulating EM wave propagation through thin artificial structures has been
explored for over a century. An early example, introduced by Lamb in the late 19th
century, investigated the scattering behavior of a metallic strip array (Lamb, 1897). In
the literature, these structures are referred to by various names depending on the research
area and the wavelength-to-unit-cell size ratio. Common examples include diffraction
gratings, FSS, high impedance surfaces (HIS) (Sievenpiper, 1999), Huygens surfaces,
and metasurfaces (A. Li and Sievenpiper, 2018).

Material
Natural Material Artifical Material
Crystalline  crNeiine  Comporent (L Metamaterial ) "t

Bulk [ Metasurface

Bianisotropic
Metasurface

Figure 1.1. General chart of the EM material research in today (Albooyeh, 2015).

While some classifications overlap, the term *metasurface’ is now commonly used
for homogenizable, electrically thin surfaces with outstanding properties, representing

the two-dimensional counterpart of metamaterials. The prefix meta’ signifies a departure
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from traditional terminology, as metamaterials exhibit EM responses beyond those of con-
ventional materials. Figure 1.1 illustrates a classification chart of EM materials. Further,
dynamic structures can be designed to address complex microwave and optical engineer-
ing challenges by introducing new dimensions to the effective parameters. However, de-
signing dynamic artificial structures presents the challenge of systematically generalizing

analytical expressions to control and determine their effective medium properties.

1.1. Homogenization and Effective Medium Parameters

The homogenization approach helps analyze and design particular complex struc-
tures by effective constitutive parameters, enabling unique properties which cannot be
found in natural materials. This method defines averaged macroscopic quantities by rep-
resenting the effective parameters of periodic or random collections of molecules or unit
cell scatterers, such as split-ring resonators (Smith and Pendry, 2011). It allows for de-
termining the effective electric and magnetic responses of artificial structures on a macro
scale, thereby facilitating wave interaction calculations using effective medium parame-
ters (e.¢r and f.rr) and eliminating the need to analyze each individual in microscale.
The homogenization is an analytical approach and it effectively defines a continuous
artificial medium made from subwavelength-sized unit cells with subwavelength periods.
The accuracy depends on factors such as medium continuity at boundaries, the type of
inclusions (resonant or non-resonant), and spatial dispersion. Classical mixing methods,
like Clausius—Mossotti and Maxwell-Garnett formulas, are limited to specific geometries
and structures (Smith and Pendry, 2006). They may become inaccurate for metama-
terials with conductive, resonant elements, especially when periodicity approaches the
free-space wavelength. Improved techniques, such as quasi-static and dynamic field
averaging, are proposed for such cases (Simovski, 2018). J. B. Pendry and D. R. Smith
have proposed a field averaging technique called by their names for acquiring the effective
medium response of metamaterials (Smith and Pendry, 2006). They use the averaged
electric (£ and D) and magnetic (H and B) field and fluxes or medium impedance (z) and
refractive index (n) from the subwavelength unit cube illustrated in Figure 1.2. Effective
permittivity (¢) and permeability (1) can be calculated using constitutive relations, either
between fluxes and fields or impedance and refractive index.

The averaging of field Free over the volume V = d3 centered at the observation



point R; is given by

— =

F(R;) = %/Vﬁ”“e(é’)dv, (1.1)

where the true refers to the microscopic field and (kd) << 1, where k is the wave
number, and d is the periodicity of the point dipoles, it means that d << % It is called

quasi-static averaging or Ewald’s definition of the mean field (Simovski, 2018).

.
0000,

XX
{0 ¢
X X X)
[0000 e

sseee oy

' !
00000
L)

Figure 1.2. Equivalent homogenization models according to field averaging technique
(Smith and Pendry, 2006).

The averaged electric field and flux density over length (L) and surface are (A,)

defined by
1 L 1 S
(Ey)p = —/ E(7) - ds and (Dyya = A_/ D(r) - dA, (1.2)

where () refers to the mean of the field. D(C/m2) is the electric displacement vector and
E (V/m) is the electric field vector. The effective permittivity for the related principle

axis can be expressed as

(1.3)

For discrete numerical analysis of a two dimensional (2D) surface (e.g., normal to 2), the

average scalar electric and magnetic fields can be expressed as

B3 = Mﬁ > Y Ere(z,y). (1.4)

Y N» Ny

The accuracy of the averaged fields technique depends on the unit cell dimensions (s,



and s, with s, , < \/2), periodicity d (kd << 1), and the number of discrete points (IV,
and N,). The first two are related to the unit cell design, while the third depends on the
resolution of numerical simulations, such as mesh density and data point evaluation.

An alternative method for determining effective parameters uses reflection and
transmission coefficients. This approach calculates the complex coefficients for a unit
cell and compares them with analytical formulas for a homogeneous slab of the same
thickness. Applicable to simulated and measured S-parameter data, this technique allows
practical measurement of the medium’s scattering response. While straightforward, it may
lack deeper insights into artificial materials, as the coefficients analyzed in S-parameter
data do not always align with analytical homogenization theories based on local-field
and current distributions. The impedance and phase terms are calculated as outlined by
(Lubkowski, 2009; Onder Y1lmaz and Yaman, 2022)

1 2 _ Q2 )
. f511>2_5221 and el = X £ jV1- X2, (1.5)
(1—=5u)* =55

where

1

X = .

(1.6)

1.2. Metamaterial Concept and Metasurfaces

Metamaterials are engineered structures inspired by atomic arrangements to obtain
desired macroscopic electric and/or magnetic properties. These structures consist of pe-
riodic or gradual arrangements of inclusions, known as *meta-atoms’ or ’unit cells’. The
unit cell size and period must be subwavelength, typically < Aq/2 (Achouri and Caloz,
2021). Itis often designed smaller than \q /10 to minimize spatial dispersion. Studies span
metamaterials, metasurfaces (electrically thin 2D counterparts), and meta-atoms (unit
cells) and include across frequencies from microwave to optical. Each frequency range
requires specific design methods influenced by factors such as electrical surface currents
and the influence of magnetic fields. Material properties and fabrication complexity
present additional challenges, especially at nanometer wavelengths. In the microwave

region, unit cells typically consist of metallic inclusions within a dielectric host.



Natural Material Metamaterial

Equivalent Circuit

2 X
I

Atoms Meta-Atoms

Figure 1.3. Illustration of analogy between natural material with atomic structures and
metamaterial with meta-atoms (Vardaxoglou, 2017).

Figure 1.3 illustrates the analogy between natural material and meta-atoms in
metamaterials. Although V. G. Veselago outlined the theoretical foundations of the left-
handed metamaterial in the 1960s (Veselago, 1968), their physical realization did not
emerge until the late 1990s and early 2000s (J. B. Pendry and Youngs, 1996; J. B. Pendry
and Stewart, 1999; D. R. Smith and Schultz, 2000). Indeed, early examples date back
before, with chiral (Bose, 1898), dielectric (Lindman, 1920), and magnetic materials

(Schelkunoff and Friis, 1952) introduced in the 1890s, 1910s, and 1940s, respectively.
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Figure 1.4. Example applications of (a) metamaterial concepts for today and future

directions, (b) today’s research on time-varying metasurfaces (Shaltout
etal., 2019).

Initial research focused on passive, time-invariant structures, but since the early
2010s, interest has shifted to dynamic, time-varying designs. Dynamic control enhances
flexibility and introduces new variables into modeling. Simultaneously, electrically thin
metasurfaces have gained attention due to their ease of production and the demands of

modern communication technologies. Current research primarily focuses on Huygens’



surfaces, hyperbolic, gradient, and bianisotropic metasurfaces, as well as their time-
varying and nonlinear variations. Figure 1.4a outlines current and future engineering
applications and academic research directions. Figure 1.4b highlights specific dynamic
metasurface applications, such as nonreciprocity and beam steering, which are the appli-
cation objectives of the thesis. A comprehensive classification of metamaterial and meta-
surface concepts is crucial for developing a theoretical framework. Figure 1.5 provides

an overview of these classifications.
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Figure 1.5. Types of classifications for metamaterial concept: based on (a) effective
parameters, (b) method of realization (Vehmas, 2015). ENG, MNG, ENZ,
and MNZ are electric and magnetic negative, and near-zero abbreviations,
respectively.

1.3. Spatial Dispersion and Bianisotropy

Metamaterials, like crystals, are inevitably anisotropic unless unit cells are ran-
domly mixed, as their response depends on the direction of the excitation field (Sihvola,
2007; Onder Yilmaz and Yaman, 2022). In anisotropic media, permittivity (€) and perme-
ability (1) are represented as 3 x 3 tensors (Balanis, 1989). The constitutive relation and

corresponding tensors are given as follows

o]l
I
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=

E and (1.7)
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A medium can exhibit both electrical and magnetic anisotropy. Expanding Equation 1.7
for a general medium with both electric and magnetic polarizations, the macroscopic

constitutive relation is expressed as

D = eFE + P,
(1.9)
E = :u0<[—‘_i + M)?

where D(C/m?2) and B(Wb/m?) are, respectively, the electric displacement vector and
the magnetic flux density vector, E (V/m) and H (A/m) are, respectively, electric field
vector and the magnetic field vector. P(C/m?) and M(A/m) are, respectively, the
electric polarization density vector and the magnetic polarization density vector. ¢, and

4o are permittivity and permeability of the vacuum, respectively.

Figure 1.6. An illustrated example of spatial dispersion effect by a loop of metal wire
illuminated by a plane wave (Asadchy, 2017).

The metamaterial concept is closely linked to spatial dispersion. When the unit
cell’s inclusion size and periodicity approach the wavelength, the structure’s polarization
responses become non-local and cannot be fully described by effective permittivity and
permeability. For instance, if the wavelength equals the double loop diameter as in
Figure 1.6, the electric fields at opposite sides oscillate out of phase, it will generate
circulating currents and magnetic polarization. In contrast, if the wavelength is much

larger, the electric field is uniform across the loop, and spatial dispersion can be ignored



(A. Serdyukov and Sihvola, 2001; Asadchy, 2017). In this case, the local electric field
cannot independently induce a dipole moment; the entire field within the inclusion is
required. Understanding spatial dispersion, including the electric field and its spatial
derivatives, is essential to studying bianisotropy. We now review the literature to in-
vestigate spatial dispersion and its relation with bianisotropy (Asadchy, 2017). Taylor’s

series expansion of the electric field at the center (79) is given by

—

— — ]_ —
E(F+ 77'0) = E('FO) + VjE(FO)Tj + ivijE(Fo)rjm + ... (1.10)

where V; represents the spatial derivative with respect to r;. If the local field at 7}
throughout the scatterer can be approximated such as with a plane wave incident, the
second and higher-order terms are of the order of (a/\)E(7), (a/\)2E(7), ... ). For the
nonmagnetic material, the relation between P (or 5) and F is non-local. The expressions
of electric displacement and magnetic field for spatially dispersive anisotropic medium

under monochromatic excitation are given respectively as

D; = (605Z'j + Xij)Ej + Xijk(VkEj) + xijkl(VleEj) + ..., (1.11)
and
1
H, = —B;, (1.12)
Mo

where ¢ is the Cartesian coordinates, 9;; is the Kronecker delta, x;;, Xijk, and X;;u are
the susceptibility tensors. When the first two terms cannot be neglected, it indicates first-
order spatial dispersion. In this case, the relation can be described by called bianisotropic

constitutive relations and expressed as

D=¢E — jt.B,
(1.13)
N 1 = = =
Ho

where € and § represent the permittivity and reciprocal coupling tensors for bianisotropic



medium, respectively. In first-order spatial dispersion, electric polarization is not directly
induced by the magnetic field B ; rather, it arises from the circulating electric field.
While second-order spatial dispersion is weaker than first-order, it can dominate
in certain engineered inclusions, such as the double split-ring resonator. Considering only
the first two derivatives and assuming the medium is isotropic, the constitutive relation is

given by

D =¢E — j¢B + BVV.E,

(1.14)

Here, €, &, [, and y are scalar parameters determining the strength of the polarization
effects. The second-order derivative terms are SVV - E, representing electric quadrupole
polarization, which is very weak and thus neglected, and {(1 — w?u0y)/po} B, corre-
sponding to magnetic dipole moments that create artificial magnetic materials. For isotropic
materials with negligible quadrupole polarization, considering only second-order spatial

dispersion and artificial magnetism, the constitutive relation simplifies to

D= eS.E — jw/eo,uoffﬁ,
(1.15)

B = Hﬁ+j\/€0/i0/iﬁ,

where €, = e+p&? (, denotes spatial dispersion), i = po/(1—w?puyy), and x = £/ /oo

is the chirality parameter. First-and second-order spatial dispersion, also called weak spa-
tial dispersion, occurs when electromagnetic (or magnetoelectric) coupling coefficients
are weaker than the local polarization response. The general expression for a bianisotropic

medium is given by

D=¢E+EH,
(1.16)
B=CE+pH
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¢ and ( are called magnetoelectric (or magneto-optic) and electromagnetic coupling ten-
sors, respectively. In the most general case, these are complex and expressed explicitly

as

Rl
=N

£=0—jR and C=0+] (1.17)
The new dyadics  and v are related with reciprocal (or nonreciprocal) behavior in bian-

isotropic medium. They are respectively expressed by

I
|

]
~

X
I

and

(1.18)

Four bianisotropic coupling phenomena are classified based on reciprocity/nonreciprocity
and symmetry/asymmetry of the coupling dyadic: chiral, omega, Tellegen, and moving

medium coupling, as shown in Figure 1.7.

Chiral Omega ()
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Figure 1.7. Example particles for types of bianisotropic media according to being
reciprocal: metal wire loop for chiral particle, and a metal wire for
omega (£2) particle, or nonreciprocal: a metal wire with ferrite particle
for Tellegen particle, and metal wire with chirality and ferrite particles for
moving medium (Asadchy et al., 2018).

A bianisotropic medium can be classified based on the nonreciprocal coupling
dyadic v. If v is zero, reciprocal bianisotropic coupling can be either chiral or omega

() type. Chiral coupling occurs when the reciprocal coupling dyadic < is symmetric
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(k = k1), while omega coupling occurs when & is anti-symmetric (£ = —k?). Chirality
results from specific geometric structures with mirror-asymmetry causing polarization
rotation, while omega media are realized with asymmetric metallic inclusions and direc-
tional asymmetry, resulting in direction-dependent asymmetric properties.

By enhanced design flexibility and field transformation capabilities, bianisotropic
metasurfaces are suitable for the application goals discussed in this thesis. Their ability to
incorporate time-varying features allows for flexible manipulation of wave characteristics,
including beam-forming, beam-steering, and control over reflectivity, transmission, ab-
sorption, polarization, and phase (Quevedo-Teruel, 2019; Asadchy et al., 2018; Ataloglou
et al., 2021; Taravati and Eleftheriades, 2022). In the thesis, we study the bianisotropic
metasurface to achieve field transformations and integrate time-varying attributes. As
a preliminary work, we numerically and experimentally analyzed the double negative
(DNG) index metamaterial slab, examining its anisotropic and bianisotropic properties
due to the excitation dependence of its principal axis components (Onder Yilmaz and
Yaman, 2022).

1.4. Wave Transformation on Metasurface

Metasurfaces provide comprehensive control over reflection, transmission, and
surface waves. The surface wave is transverse waves that propagate along an interface and
decay exponentially away from it. A characterization matrix can be used to determine the
surface impedance necessary for achieving desired field transformations on both sides.

In the literature, most research has concentrated on impenetrable metasurfaces.
They are typically designed to manipulate propagating waves by engineering surface
impedances, often within a parallel-plate waveguide configuration, where one wall is a
metasurface and the other a perfect conductor. They focus on controlling reflected waves
through coupled surface waves by tuning or modulating surface impedance. They are
also employed to control leaky wave radiation through direct excitation of surface waves.
Recent studies (Tcvetkova et al., 2018; Epstein and Eleftheriades, 2016; Popov et al.,
2019; Tcvetkova et al., 2019; V. Popov, 2016) have explored the generation of surface
waves under specific conditions. They open routes for controlling both transmission and
reflection via surface waves. This thesis proposes replacing the perfect conductor wall
with a phase-conjugate surface of the other to create a penetrable surface capable of
supporting surface waves. A suitable solution to satisfy these requirements is utilizing

bianisotropic constitutive relations based on an impedance model. The initial objective
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of this thesis is to contribute to the literature by proposing a surface wave-supported
penetrable metasurface through analytical and numerical solutions in 2D, as illustrated
in Figure 1.8 (Yilmaz and Yaman, 2024).

s
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Figure 1.8. Illustration of penetrable metasurface supporting surface wave generation
(Yilmaz and Yaman, 2024).

1.4.1. Dynamic Control of Metasurface

While metasurfaces can be designed with various functionalities, their properties
remain stationary in real-time operation. Introducing active components into the unit cells
(meta-atoms) can enable dynamic field transformation. In the microwave and millimeter-
wave spectrum, tunable active components include semiconductors (e.g., diodes, transis-
tors), graphene, vanadium oxide (V505), liquid crystals, phase-change materials (PCM),
micro and nano electro mechanical systems (MEMS/NEMS) (Shao and Zhu, 2021; A. Li
and Sievenpiper, 2018).

The main difficulty lies in modeling slow or fast time-varying active components.
While slow variations (e.g., with DC) can often be solved using three dimensional (3D)
numerical methods, fast time-varying systems (e.g., time modulation) lack ready-to-use
3D simulation techniques. This thesis addresses this by developing numerical solutions
using the impedance transfer-matrix method (ITMM) and harmonic balance (HB), which
are applied to impedance-based equivalent circuits. We present constructing the equiva-
lent circuit model through the proposed 3D unit cell which converts incident waves into
transmission and surface waves manipulated by time-varying components (Y1lmaz and

Yaman, 2024).
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1.5. Electromagnetic Nonreciprocity

Reciprocity is a fundamental principle in various branches of physics for passive
systems. In EM, it refers to a principle that states the electrical current at a particular
point due to a source at another point is equal to the current at the second point due to the
same source placed at the first point. So, nonreciprocity refers to a system that exhibits
different transmission ratios depending on the wave propagation direction. It is often
referred to as asymmetric transmission, but not all media with asymmetric transmission
are nonreciprocal (Kord et al., 2020; V. S. Asadchy and Tretyakov, 2020). Figure 1.9

illustrates nonreciprocal transmission as one-way, which is called isolation.

E,H, E;, H,

E—— Nonreciprocal e
% ‘ System | —— ---r

E3 Hj

Figure 1.9. lllustration of example nonreciprocal transmission: isolator on system
model and surface (Christophe Caloz and Deck-Leger, 2018).

Lorentz analytically expresses the reciprocity theorem by (Balanis, 2005)
—V(El X ]‘72 — EQ X ﬁl) = El<f2 + ﬁg.Ml — .E_jgji — ﬁl.Mg, (119)

where ELQ and H 1,2 are the field radiated by the set of current fm and MLQ. In other

words, a system is nonreciprocal if it is asymmetric under time-reversal, as Maxwell’s

equations are time-symmetric (Kord et al., 2020; Christophe Caloz and Deck-Leger, 2018).

In terms of medium parameters, reciprocity requires € = €/ and /i = fi’ in the anisotropic
case, and E = —§:T for the bianisotropic case (Asadchy, 2017).

Many microwave-to-optical systems demand nonreciprocity at fundamental or
subharmonic/inter-harmonic frequencies for applications such as unidirectional transmis-
sion (isolation), asymmetric wave amplification/attenuation, and anomalous reflections
(Tianshuo Qiu and Qu, 2020; Taravati and Eleftheriades, 2021; Zang et al., 2019; Cardin
et al., 2020; Mikheeva et al., 2022). Historically, ferrite materials have been used to con-
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struct nonreciprocal devices such as isolator, circulator, and phase shifter. For instance,

an isolator is a two-port device with unidirectional transmission, and its ideal scattering

0 0
] ) (1.20)

matrix is given by

51= 10

which indicates that both ports are matched, but transmission occurs only from port 1 to
port 2. The [S] matrix is non-unitary and asymmetric because the isolator must be lossy
and is non-reciprocal (Pozar, 2012). Nonreciprocal systems, whether with gain or loss,
are called non-Hermitian systems (V. S. Asadchy and Tretyakov, 2020).

The classical approach to nonreciprocity uses the Faraday effect in ferrite ma-
terials biased with magnetic fields. However, ferrites require large magnetic fields and
are bulky, expensive, prone to interference, and incompatible with modern fabrication.
Newer methodologies offer significant potential to overcome these limitations, provid-
ing enhanced performance for applications such as full-duplex communication, radar
systems, and quantum computing (Taravati and Eleftheriades, 2020; Kord et al., 2020;
Nagulu and Krishnaswamy, 2021; Bardin et al., 2021). These methods can be categorized

into three main approaches:

* Time-odd biasing (mimicking ferrite behavior) (Ra’di and Grbic, 2016; Ra’di and
Alu, 2020; Kodera et al., 2013),

* Nonlinearity-based systems (Mahmoud et al., 2015; Cotrufo et al., 2021; Sounas
and Alu, 2018),

* Space-time modulation (Zang et al., 2019; Wang et al., 2020; Ptitcyn et al., 2019;
Taravati and Kishk, 2020; Taravati and Eleftheriades, 2022).

Time-odd biasing, such as active-biased transistor-based surfaces, uses the anti-symmetric
behavior of circulating currents but suffers from high noise, limiting its use in low-noise
radar and communication systems. Despite this, it offers low cost, simplicity, and ease
of fabrication. Nonlinear-based methods create passive nonreciprocal systems, as the
medium’s nonlinearity depends on incident energy but is limited by incident power range
and power losses. "Dynamic reciprocity” limits the performance as nonlinearity-based
systems cannot achieve nonreciprocity for simultaneously opposing excitation (Shi and
Fan, 2015). These systems are promising for the optics domain, where the implementa-
tion of other techniques is challenging. Inspired by parametric modulation in low-noise
amplifiers (LNAs), space-time modulation (or spatiotemporal) can enable isolation in one

direction and amplification in another. It offers tunable isolation and low-noise operation,
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making it ideal for communication and radar systems, but is challenging to implement
due to the complexity of modulating the medium’s components. Typical techniques in
RF/microwave involve permittivity modulation via varactor diodes (Bahamonde, 2020)
and conductance modulation via transistors (Reiskarimian, 2020), both of which suffer
from high power consumption.

Space-time modulation stands out for its design flexibility, offering tunable char-
acteristics, strong isolation, and low-noise behavior, even extending to the optical regime
(Mikheeva et al., 2022). It has the ability to break reciprocity at both fundamental and
subharmonic frequencies and its applications outside electromagnetics, including acous-
tics (Shen et al., 2019). However, practical implementation requires complex modulation
schemes and precise synchronization, making it a challenging technique. In the study
by X. Wang et al. (Wang et al., 2020; Ptitcyn, 2021), they propose using uniform time
modulation in a linear bianisotropic system to achieve nonreciprocal transmission for
a penetrable metasurface. Asymmetric phase and amplitude responses raised by space
modulation are provided by an asymmetric response of an {2-type bianisotropic medium.
Their work is based on numerical impedance-matrix solutions and remains theoretical
in terms of establishing the individual feeding and equivalent functions for time-varying
circuit elements.

This thesis introduces a novel method for achieving nonreciprocal transmission.
The method is based on using time modulation on a penetrable metasurface, which gener-
ates m-phase delayed surface waves based on excitation direction. Nonreciprocal behavior
under solely time modulation requires a time delay between opposing waves. A m-phase
delay between forward and backward waves with equal amplitudes is optimal for iso-
lation and amplification through constructive or destructive interference. Our approach
involves using surface waves to interact with time-modulated elements. It enables dis-
tinct modeling of time-invariant and time-varying components through impedance-based
characterization, and so the numerical solutions by the ITMM and HB. The use of 7-
phase delayed surface waves on a penetrable surface presents a novel contribution to the

literature (Y1lmaz and Yaman, 2024).

1.6. Space-Time and Time Modulated Metasurfaces

This section reviews analytical solutions for space-time and time-modulated ho-
mogeneous media. Before the analyses, we need to look at the Floquet analysis, which

is a crucial mathematical tool for solving time-periodic systems. Floquet analysis is
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employed for ordinary differential equations with periodic functions (Wang et al., 2020;

Koutserimpas and Fleury, 2018). For a basic differential equation given as

x(t) = A(t)x(t), (1.21)

if time dependence is periodic,

A(t+7) = A1), (1.22)

the solution coefficient will have the same periodicity indicated as

x(t) = P(t)e™® where P(t) =P(t+ 7). (1.23)

P(t) can be expanded in Fourier series to obtain Floquet harmonics (modes).

1.6.1. Time-Modulated Metasurface

The permittivity of the medium is assumed to have periodically time-modulated
with a sinusoidal signal given by (Taravati and Kishk, 2020; Jorge R. Zurita-Sanchez and
Cervantes-Gonzélez, 2009)

€(t) = €av + €m cOs(wit). (1.24)

The incident monochromatic plane wave propagating through the time-modulated medium

is expressed as

Ei(z,t) = jjEye 9 koz=wot) (1.25)

Figure 1.10 illustrates such a scenario for given coordinates. The solution of the wave
equations for such a problem results in all Floquet harmonics, wy + nw,,, are introduced,

where n is an integer. Here, F represents the amplitude of the incident wave, and the
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Figure 1.10. Illustration of wave propagation through time-modulated medium
(Taravati and Kishk, 2020).

propagation constant of free space is ko = woy/1p. The phase velocity of the medium is

vy = c//€-. After the solution, the total fields on the medium is expressed by

En(z.t) =9 Y (Ahe 757 4 A7 el z)edlotnomlt (1.26)

n,p=—00

where n represents the number of space-time harmonics. Each integer number of [, (wy)
represents a mode of the medium. There is possible to exist an infinite number of space-
time harmonics corresponding to modes at other frequencies since each harmonic is a
solution of the given wave equation. The final expression for transmitted electric field is
found as

Er(z,t) = Z B e Itkonz—(wotnwmn)t] (1.27)

n=—oo

y
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Figure 1.11. [llustration of realization of time-modulated transmission line with
varactor diodes (Taravati and Kishk, 2020).

For example, in microwave systems, time-varying permittivity in the medium can
be achieved by using varactor capacitors distributed with subwavelength separation and

connected to the transmission line, as illustrated in Figure 1.11. In the transmission line
18



(TL) equivalence, fields are represented by voltage (V') and current (I), with material
parameters modeled as lumped elements as capacitance and inductance. Equation 1.28 ex-
presses the modulation voltage and the corresponding capacitance function of the varactor

under negative bias, assuming it operates in the linear region of the C-V characteristic.
V(t) = Vae + Vipncos(wpt) and  C(t) = Cpy + Ccos(wpnt). (1.28)

The modulation depth is defined as the ratio of the maximum amplitude of the sinusoidal
part to the average, i.e. DC part, expressed as M = C,,,/C,,.

Conversely, commercially available, ready-to-use products designed explicitly for
permeability modulation are not yet available, and this remains a subject of ongoing

research (Kodama et al., 2023).

1.6.2. Space-Time Modulated Metasurface

In the space-time-modulated scenario, the permittivity of the slab medium is mod-
ulated both spatially and temporally expressed as (Taravati and Kishk, 2020; Sajjad Tara-
vati and Caloz, 2017)

€(z,t) = €40 + €m COS(Bimz — wit). (1.29)

By considering wave propagation through both sides of the medium (+z and —z propa-

gation), the incident field is expressed by

—

E; = jEge™kozmwol), (1.30)

Figure 1.12 illustrates this scenario for the given configuration. The total electric field on

the medium is calculated as

Enlzt) =9 > (Afe itz A otiC-nim=)itotnenlt (131

n,p=—0o0

The total transmitted electric field outside the slab for the forward (+2) and backward — 2

illuminations are given by
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—

Er(z,t) =4 Y EypeTlons(cotnen)i] (1.32)

n=—oo
where + and — denote forward and backward illumination, respectively. Here, we ob-
serve that phase-coherent nonreciprocal transmissions can be enabled in a space-time-

modulated medium for forward and backward illuminations.

Figure 1.12. [llustration of the wave propagating through space-time modulated
medium (Taravati and Kishk, 2020).

Figure 1.13 illustrates an example of a space-time-modulated transmission line

using varactor diodes.

y
f ) f
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wo M—» MMV\F' wo & nwm,

wo £ MWy,
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Figure 1.13. Illustration of realization of space-time modulated transmission line with
varactor diodes (Taravati and Kishk, 2020).

Equation 1.32 confirms the discussions on asymmetric transmission for forward
and backward illuminations, as detailed in Section 1.5. It shows that an asymmetric
response to waves propagating in opposite directions through the medium is necessary.
Thus, if the medium produces an asymmetric response to incoming waves from both sides,

time modulation alone is sufficient. This can be accomplished using phase-conjugate
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surfaces with ()-type bianisotropy through phase-delayed surface waves on the medium
(Yi1lmaz and Yaman, 2024).

1.7. Varactor Diode Modeling

The varactor diode can be employed to realize the time-varying feature of the
proposed medium. A varactor is a p-n junction diode that exhibits voltage-dependent
capacitance when reverse-biased. The general representation and energy-band diagram of
the p-n junction are shown in Figure 1.14. This section reviews the analytical expressions

derived for the capacitance function of the p-n junction (Bahamonde, 2020; Golio, 2008).
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Figure 1.14. (a) Illustration of p-n junction and (b) energy band diagram in thermal
equilibrium and under reverse bias (Bahamonde, 2020).

The charge density along the medium can be written as a function of position in

one dimension (1D) by

—qNa, —xpg>x >0
po(r) =~ : (1.33)
qNp, 0>z > xng

where ¢ represents the charge of an electron, N4 and N are the acceptor and donor
concentrations, respectively, and xpy and zy represent the depletion width extending

into the p-side and n-side. The principle of charge conservation indicates that

[L’poNA == NDLEN(). (134)
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The solution of Poisson’s equation in thermal equilibrium gives

d>d
i g = %l’Po[(po —ng) + (Np — Na)J, (1.35)

where @ represents the potential between the junctions, and py and ny denote the intrinsic
carrier concentrations of the semiconductor. As the depletion region is the area of interest,

where py = ng = 0, the integration result in

NyN
ACID—q AND

_ 4 Nalip 2 1.36
2 Ny 4 N\, 0 T o) (1.36)

Total depletion width is W = x, + x ¢ defined by

2¢ NA i ND
W= ——AP, (1.37)
\/q NANp

where AP = Vi + @y and P, is the potential at thermal equilibrium given by

kT . NaNp
= In(

q NoPo

Dy (1.38)

where kp is the Boltzmann constant and 7' is temperature. When an external negative
bias is applied (Vp < 0 V), the depletion region expands, increasing the energy barrier
between the p and n regions and thus the depletion region’s volume. The capacitance of
the depletion region is related as

C; = (1.39)

s

W

where €g is the permittivity of semiconductor material.
To verify the C' — V' characteristic of the diode (Skyworks SMV2019) used in our

simulations and experiments, we simulated its SPICE model using Keysight ADS: HB

simulation software. Figure 1.15 shows the varactor diode circuit model. The junction

capacitance C'; of the varactor diode is determined by the applied reverse DC voltage V5,

zero-bias junction capacitance C(, grading coefficient M, and junction potential V/;. The
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relationship is given by

(1.40)

Diode_Model

DIODEM1  Nbv=1
Is=1e-14A  Ibvi=0

Varactor Diode
—k—

\l
Al

Ibv=0.001A Eg=1.11

(a) (b)

Figure 1.15. Circuit schematic for varactor diode, (a) equivalent circuit model, (b)
SPICE varactor diode models for Skyworks SMV2019

The total capacitance is the parallel combination of C'; and the package capaci-

tance C):

Cr(Vi) = Cs(Vg) + C,. (1.41)

We calculate the capacitor value based on a basic circuit based on the change in resonance

frequency under the negative DC' bias of the diode. The resonance frequency is given by

Wy = ———. (1.42)

Here, wg = 27 fy, with L remaining constant while C' varies with voltage. The calculated
capacitance (C') as a function of the bias voltage is shown in Figures-1.16. This C' — V/

characteristic well-matches the values provided in the data sheet.
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Figure 1.16. Calculated capacitance value versus negative D' bias for varactor diode
of Skyworks SMV2019

1.8. Numerical Solution Techniques

In this thesis, we employ different numerical techniques to address both time-
invariant and time-varying problems, including 2D analytical solutions, a proposed 3D
structure model, and a time-varying transmission line (TL) equivalent circuit. For time-
invariant cases in 2D and 3D, we use the Finite Difference Time Domain (FDTD) method,
the Finite Element Method (FEM), and the Eigensolver (E-Solver). The FDTD method
provides the most promising solution for wave propagation through complex media. The
FDTD in the free and open-source MEEP library is implemented for the 2D problem in
Section 2 (A. Oskooi and Johnson, 2010). For 3D models, we use the FEM in commercial
software CST Microwave Studio, which excels in analyzing complex geometries and
multi-resonances in metasurfaces. The FEM, effective for intricate designs, divides the
problem space into finite elements, such as tetrahedrons, for precise analysis. In addition,
the Eigensolver in CST Microwave Studio is employed throughout the thesis, which
provides a specialized solution for determining resonant frequencies and mode shapes,
which are essential for designing waveguides and cavities.

For time-varying problems where standard solutions are not available, we de-
velop a numerical solution using the ITMM, rooted in Floquet analysis (Li et al., 2019;
Alvarez-Melcon et al., 2019; Wang et al., 2020). We also use HB simulation in Keysight
ADS software (ADS, 2019) to account for realistic scenarios. The HB method combines
time and frequency domain analysis to simulate nonlinear effects and harmonic mixing in
microwave circuits, incorporating real semiconductor models like varactor diodes. These

methods are detailed in Chapters 5 and 6.
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1.9. Thesis Motivation and Scope

The recent advancement in metasurface technology has enabled superior control
over EM waves. Bianisotropy has significantly enhanced metasurface design flexibility by
introducing coupling parameters for versatile field transformation capabilities, which are
essential for many applications, including those addressed in this thesis. Time variance
in metasurfaces further expands their potential in practical scenarios by dynamically
controlling wave characteristics such as beam-forming, steering, and tunable reflectiv-
ity, transmission, and absorption. This thesis aims to develop a novel methodology for
dynamic transmission control on penetrable metasurfaces through surface waves. Then,
it is employed for improving performances while offering solutions for complexity and
difficulties in nonreciprocity and beam-steering applications, which are validated by nu-
merical simulations and experimental results. The scope of the thesis includes designing
a penetrable bianisotropic metasurface that enables desired field transformations between
incident and transmitted fields through surface waves. It involves the implementation
of nonreciprocity and electronically reconfigurable radiation through, respectively, fast
(time-modulation) and slow time variations. It further includes the impedance-based
characterization for an equivalent circuit, then its modeling with time-domain-based com-
ponents, and the development of numerical solutions for time modulation on the model.
Experimental results have been conducted to confirm the theoretical and numerical results
founded on the proposed methods and the models.

The thesis is structured as follows: Chapter 2 presents the theoretical and nu-
merical analysis of a penetrable metasurface supporting surface-wave generation in 2D.
Chapter 3 outlines the design procedure for the 3D model and its simulation results and
it includes the retrieval of bianisotropy couplings and impedance-based characterization
used to construct a TL equivalent circuit model. Chapter 4 introduces a 3D design where
variable capacitance interacts with excited surface waves on the unit cell-in-cavity model,
and its equivalent circuit model incorporating variable capacitance. The consistency of
this equivalent model is demonstrated through comparisons with full-wave simulations.
In Chapter 5, numerical analyses for the equivalent circuit model with time-varying capac-
itance are developed. Here, results of nonreciprocal transmission achieved through ITMM
and HB simulation techniques are presented. Chapter 6 firstly revisits the 3D simulation
and the numerical solution for the time-modulated circuit for the case of incorporating all
losses and utilizing a real waveguide. Then, experiment setups to observe nonreciprocal

transmission via time modulation are given, and measured results are compared with
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simulations and numerical techniques. Chapter 7 analyzes eigenmode solutions for the
infinite periodic proposed metasurface, focusing on slow time-varying changes with only
DC. It presents an electronically reconfigurable wavefront application through surface
waves on a metasurface fed by a horn antenna. The metasurface is applied to the aperture
of a 3D-printed compact horn antenna for beam-steering applications of the directive ra-
diation. The chapter involves 3D designs, simulations, and proof-of-concept experiments

for the proposed goals.
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CHAPTER 2

ANALYTICAL SOLUTION OF SURFACE WAVE
SUPPORTED METASURFACE IN 2D

This chapter begins with an overview of the analytical background of DNG ma-
terials, perfect lensing phenomena, phase conjugate surfaces, and surface-wave converter
metasurfaces. An analytical solution is developed for the penetrable metasurface, which
supports anti-symmetric surface waves based on conjugate bianisotropic surfaces. We
demonstrate the control of transmission coefficients by manipulating the surface wave
that is coupled to the incident and propagating waves. 2D numerical simulations are

presented to verify the analytical solutions.

2.1. Double Negative Index Medium

When a medium exhibits negative values for both permittivity (¢) and permeabil-
ity (u), it is termed a DNG or left-handed medium (LHM). This concept was initially
theoretically studied by V. G. Veselago (Veselago, 1968). This section reviews the elec-
tromagnetic wave solutions for the case of effective negative parameters. We start the
analysis with Maxwell’s equations, which show the relation of electric and magnetic field

quantities. They are expressed as follow (Cheng, 1983)

. 0B - ,
E=-2" - M, .D=p.
V X BT \Y p
2.1
. . 0D .
VXH:J8+§7 VB:p’n%

where, J, and M, are, respectively, electric (4/m?) and magnetic (V//m?) current density
vectors, and p. and p,, are, respectively, scalar electric (C'/ m?3) and magnetic Wb/ m?)

charge densities. V and % are, respectively, spatial and temporal differentiation operators.
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Constitutive relations in an isotropic medium are given as
D =¢E and B = uH. (2.2)

The wave equation is derived from Maxwell’s equations as

O

V) — el = 0, (2.3)

where 1) represents either E or H. The term eu is not effected by changes of signs of €
and 4 at the same time due to squared of refractive index (n?/c3 = ep, ¢ is the speed of
light in vacuum). In the phasor domain, the relations between electric and magnetic fields

for the lossless and source-free case, are expressed as

VxE-= —jw,uﬁ,
(2.4)
Vx H= jweE,

where 7 = +/—1 and plane wave with space and time dependence is ; E = Eye(~ Rjut)
and H = Hye(-k73%t) | where £ is the propagation vector. The relations can be written

in complex domain as

(2.5)

These solutions are different in a DNG medium, as discussed in the literature (Ziolkowski
and Heyman, 2001; Ricardo Marques and Sorolla, 2008). In a medium where both
permittivity (e) and permeability (u) are positive, it is referred to as a "right-handed"
vector system. However, when both € and p are negative, and the equations are becomes

as
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kx E=—w|ulH, (2.6)

kx H=uwle|E. 2.7)

This vector system is termed "left-handed" or "backward" media due to the existence of
backward wave propagation. The real part of the Poynting vector specifies the direction of
the time-averaged energy flux. It is not affected by a simultaneous change of signs of € and
(4, as indicated in Equation 2.8. In a so-called left-handed medium, energy and wavefront
propagate in opposite directions (Ricardo Marques and Sorolla, 2008; Nader Engheta,
2006).

(2.8)

where (x) denotes the complex conjugate Poynting vector. The vector representations of

right and left-handed medium are given in Figure 2.1.

(a) RHM (b) LHM
Figure 2.1. [llustration of vector system for EM waves.

When losses are introduced to a finite region of left-handed medium without
sources, the power flow is calculated by taking the divergence of the complex Poynting

vectors, given as

—
*

V- {E x H*} = jw(E - D*— B - H*), (2.9)

and the statement for the net power flow can be expressed by integral form using diver-
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gence theorem as follows (Ricardo Marques and Sorolla, 2008)

m{yﬁﬁxﬁ*-ﬁds}:w%{/@\ﬁﬁ —e*]ﬁ|2dV)}<0, (2.10)

which indicates

Im(e) < 0 and Im(p) < 0. (2.11)

A plane wave propagating in a lossy left-handed medium with R(e < 0) and R(u < 0)

has a propagating constant squared as k* = w? ¢, and Equation 2.11 indicates Im(k?) > 0,

implying
{?R(k;) >0 and (k) > 0} or {?R(k) <0 and S(k) < O}. (2.12)

This implies that waves amplify in the direction of the wavefront propagation, aligning
with the previously mentioned backward-wave propagation. The time-averaged energy

density for a transparent, non-dispersive medium can be expressed as follows
1 712 712
Undzz{e\E| +u | H|*}. (2.13)

If both € and i are negative as in given medium, Equation 2.13 results in a negative
energy density, which is non-physical. Any real physical medsum exhibits some degree
of dispersion, except for a vacuum. The energy density for a dispersive medium can be

expressed as

1 Owe) | =12, Olwp) | =
U—4{ R | E|° + B | H | } (2.14)

Hence, the condition of a positive energy density implies,

Owe) > 0 and S

o 5 >0, (2.15)

and this aligns with ¢ < 0 and ¢ < 0 with Oe/Ow > |e|/w and Ou/Ow > |u|/w,

as suggested by the low-loss Drude-Lorentz model for € and p, in a highly dispersive
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medium, just above the resonance frequency, ¢ and/or p can become negative. This
is consistent with the concept that a left-handed medium must exhibit high levels of
dispersion. The propagation in backward media is described by opposite signs of phase
and group velocities as

Ok? ok w

— =2k—=2 2.16
Ow Ow Vply (2.16)

where v, = w/k and v, = Ow/0k represent the phase and group velocities, respectively.

From k? = w?eu and Equation 2.15, the following equations are derived

Ok? d(wp) d(we)

= < 0. 2.17
w7 w wp ow @17)
By equations 2.16 and 2.17, we can write as
vpry < 0. (2.18)

The phase and group velocities propagate reversely, indicating backward wave propaga-

tion for a medium with negative € and .

2.2. Negative Refraction and Perfect Lensing

The refraction at the interface of a left-handed medium (n, < 0) when an optical
ray comes from an ordinary right-handed medium (n; > 0) is illustrated in Figure 2.2.
The applying EM boundary conditions at the interface through phase matching is called
Snell’s law of reflection and which is expressed by (Ricardo Marques and Sorolla, 2008)

_ Pl _ M2 (2.19)
ny

Such a medium is also called negative refractive index media. This implies that the
refraction is anomalous, with the refracted angle on the same interface side normal as
the incident angle. The wave vectors and Poynting vectors resulting from the oblique

scattering problem are given in the following (Nader Engheta, 2006)
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Kine = k1 [cos(01)Z + sin(6y)7],
ks = ki [— cos(6)Z + sin(6;) ], (2.20)

ky = ky [cos(02) 2 + sin(6,)7] |

= L|E

nc — 01)z in(6,)z s
2 [cos(61)z + sin(6;)7]
- 1|T Eol? r R
Srefi = Y d [— cos(6)2 + sin(0,)7], (2.21)
m
= 1 |7'E[)|2

[cos(f2)Z + sin(6,) 7] ,

trans —

2 m

where 7, o are the characteristic impedance of the media, I' and 7" are the reflection and

transmission coefficients, respectively.

Figure 2.2. Negative refraction between right-handed (n;) and left-handed (n5)
medium. S » and k; » are Poynting and propagation vectors of medium, o,
respectively (Onder Y1lmaz, 2018).

The Poynting and wave vectors align if the transmitted wave propagates in a DPS

medium. However, for a transmitted wave in a DNG medium, where the index is less than
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zero, expressions become as

e (JJ A . A
ko = —]n2|z [cos(|02])2 — sin(|62])Z] ,
(2.22)
- 1|7 Eyl? . . .
rans = 51 0L cos([63])2 — sin([6,)2].
2

The wave and Poynting vectors point in opposite directions, with the Poynting vector
directed causally away from the interface.

When the €, = —1 and p, = —1 simultaneously, the extraordinary properties
of left-handed media arise. As a breakthrough, J. B. Pendry demonstrated that negative
refraction could create a perfect lens (Pendry, 2000). For an infinitesimal dipole in front
of a lens with w frequency radiating wave, A 2D Fourier expansion that gives the electric

component of the field can be written by

E(rt)= Y Ep(ky,ky)eh=stikeatiby=iot (2.23)
0,kz,ky

where o denotes the spatial harmonics of the electric field. Considering normal propaga-

tion in the z—axis, Maxwell’s equations and dispersion relation indicate that

k, = +\/w20*2 — k2 — k2 and wic > k24 k. (2.24)

The lens corrects the phase of each Fourier component so that they converge at a distance,
forming an image of the dipole source. For larger transverse wave numbers, the evanes-
cent waves decay exponentially with z, and there is possible phase correction to restore
their exact amplitude. The dispersion for the component of propagating direction is given

as

k, = _|_\/k326 — ]{;5 — w2c2 and wie? < ki + k; (2.25)

They are effectively excluded from the image and only contribute to propagating waves.

The resolution of the image cannot surpass this limit, as determined by the confinement
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of propagating waves within k2 + k2 < w?c™?,

A= =— =\ (2.26)

This holds true regardless of the perfection of the lens or the size of the aperture. A
unique alternative to a lens is a material exhibiting a negative refractive index, capable
of focusing light even in the form of a parallel-sided (flat) slab. Figure 2.3 depicts the
focusing behavior of such a slab, assuming a refractive index of n = —1. Light is bent
at a negative angle to the surface, which is normal in a medium with a negative refractive
index. Consequently, light diverging from a point source is reversed and converges back

to a point. Upon exiting the slab medium, the light achieves focus once again.

/V\/&
\

Figure 2.3. Illustration of negative refraction between DNG slab with n = —1 and free
spaces.

In addition to negative refraction, a notable characteristic is the double-focusing
effect depicted in a straightforward ray diagram. Light passing through a slab of thickness
do, situated at a distance d; from the source, converges to a second focus when z = dy—d;.
Here, the critical factor is the negative values of the dielectric permittivity, €, and the
magnetic permeability, . In the scenario of chosen € = —1 and ;1 = —1, the refractive
index is equivalent to that of vacuum, given by n = /€. A negative square root must be

chosen for n. The medium impedance is given by

; (2.27)

€€p

which keeps its positive sign so the medium perfectly matches free space by eliminating
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reflections at interfaces. At the far boundary, another impedance match enables transpar-
ent light transmission into the vacuum. All energy transmission into the medium in the

+z direction can be shown in calculations given as

K = —\/w20_2 — k2 — k2. (2.28)

The transmission coefficient is found as
! i 2.—2_12_12
T — ejkzd —e Jy/wec k2 kyd7 (229)

where d is the slab thickness. The negative phase arising from the wave vector choice
is due to causality. This allows the medium to refocus light by canceling the phase
acquired during propagation. The medium can negate the decay of evanescent waves.
But, evanescent waves diminish in amplitude rather than phase as they propagate. Thus,
amplification, not phase correction, is necessary for focusing. Across the slab, evanescent
waves emerge from the far side and are amplified without violating energy conservation
as they transport no energy. Transmission and reflection coefficients for the y—polarized

wave in vacuum and the z—polarized evanescent wave are expressed as following

! .
lim T = e IFd = g=dh=d
e,n——1

(2.30)
lim I'=0.

e,u——1

The medium amplifies evanescent waves. In this way, both propagating and evanescent

waves contribute to the overall image resolution.

2.3. Perfect Lens with Phase Conjugate Sheets

Phase conjugate surfaces have been proposed as an alternative solution for perfect
lensing instead of bulky DNG slabs (Maslovski and Tretyakov, 2012; Alu and Engheta,

2006). Negative refraction occurs only at the interfaces of the DNG slab rather than inside.
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A parallel conjugate pair of surfaces can effectively mimic the operation of a perfect lens
having negative refraction. If the surfaces support surface modes in the condition of
k: > ko, impinging evanescent waves will resonate across the sheets and be tunneled
through the lens with amplified amplitude. This effect arises from the electromagnetic
coupling between surface modes excited on the sheets. This mechanism resembles a

DNG slab with a coupled surface wave (Alu and Engheta, 2006).

L—»z +Z=jX -Z =-jX
3

NN
N\

€0, Uo €r, Uy €0, Ho

Figure 2.4. Illustration of perfect lens phenomena through phase conjugate surfaces.

Figure 2.4 illustrates the equivalent mechanism shown in Figure 2.3 for the DNG
slab. The propagating plane wave is negatively refracted at the interfaces, and the evanes-
cent modes are boosted due to the excitation of coupled surface plasmon-polariton pairs
(surface waves). We review the analytical expressions presented in the literature for the
problem (Maslovski and Tretyakov, 2012). For such a scenario, the tangential fields on

the boundaries are assumed as
Ey 3 = Ef ). (2.31)

The complex-conjugate surfaces hold symmetric properties on both sides. Under ideal
refraction conditions, the field amplitudes should remain unchanged across the sheets.
Consider a single phase-conjugating surface at z = 0; the tangential electric and magnetic

fields on both sides of the surface can be decomposed into plane waves as follows
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1 o, ,
Et(xay)‘z:io = W / / Et(k'x, ky)‘Z:ioe_J(kng_kyy)dl{xdky,

(2.32)
Ht(xa y)|z::t0 = To.\2 //Ht(kxv k:y)|Z::|:06_](kwm+kyy)dkwdky-
(27)
The boundary conditions imply those
Et(kw> ky)’2=+0 = E:(_kxu _ky)‘2=*0’
(2.33)

—

Ht<k$7 ky)|Z=+0 = ﬁ:(_km _ky)’2=*0’

At the conjugating interface, propagating modes undergo negative refraction due to the
reversal of the tangential component of the wave vector ke = kad + kyy. In contrast,
negative refraction occurs in the DNG slab when the wave vector’s normal component
(k) reverses the sign.

For each of the phase-conjugating surfaces illuminated by an obliquely incident

plane wave in free space, the tangential fields on both sides satisfy the following relation
E}(ky, ky) =20 = —Zrarrp? X Hy(ky, ky)|-=to, (2.34)

where

T = Mo~ o — i d Trp = Ko
™ = UOT an TE = Uo\/ﬁ>

(2.35)

and ko = w/c is the free-space wavenumber, 79 = +/pio/€o and k7 = kI + k. At the

same time, according to the boundary condition, the tangential fields are expressed by

E,, = Er and H,, = H; . (2.36)
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This leads to

—

Ey(key ky)|=—0 = _Z;’M,TE'% X ﬁ:(_km —ky)|2=40 = _Z;“M,TEg X ﬁt(kma Ky)lo=+o-
(2.37)

When a wave incident the sheet, it interacts with the surface impedance which is the

complex conjugate of the free space impedance. The reflection coefficient is expressed by

3
TM,TE — ZTM,TE

Urvre = (2.38)

Ziyre + ZrMmrE

Conjugate surfaces can excite surface waves coupled to the incident free-space wave for
both transverse and normal wave vectors. For a propagating wave (k; = \/m <
ko), the wave impedance is real and it is leading to zero reflection and negative refrac-
tion without reflection. For an evanescent wave (k; > ky), where the wave number is
imaginary, so becoming the wave impedances purely imaginary, it results in an infinite
reflection coefficient as given by Equation 2.38. Similarly, the transmission coefficient
becomes infinite due to the boundary condition in Equation 2.36. Note that this applies
only to the evanescent wave, which does not transport real power. The characteristic
impedance of the 7'M evanescent wave is capacitive, while it appears inductive from the
other side of the interface.

We can observe the equivalent characteristic for the interfaces of the DNG slab
and DPS media (Alu and Engheta, 2006). Inside the DNG slab, evanescent waves ex-
perience growth rather than decay. When an evanescent wave propagates, the transverse
impedances of the two regions become complex conjugates, resulting in infinite Fresnel
reflection and transmission coefficients. This scenario does not contradict physical laws,
as these coefficients illustrate the interaction between incident and reflected/transmitted
evanescent waves, which do not carry real power. Instead, a surface wave propagates
infinitely along the interface and decays exponentially away from surfaces. An equivalent
circuit can be represented by phase conjugate reactances, which compensate each other
by resonating at the same or near frequency. The ideal phase-conjugating surface should
induce both electric and magnetic polarization currents. This implies the solution is to be

a metasurface with magnetoelectric (or electromagnetic) coupling, so {2— bianisotropy.
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2.4. Surface-Wave Supported Penetrable Metasurface

In this section, we derive the analytical expression for the penetrable metasurface
capable of generating surface waves. We will establish the design procedure and solutions
based on the DNG and phase-conjugation surfaces. The electric and magnetic surface
polarization currents and the surface impedance matrix are derived for the metasurface
having the desired wave transformation. Our analysis begins by reviewing bianisotropic

metasurfaces capable of near-perfect conversion between space and surface waves.

2.4.1. Bianisotropic Metasurface for Surface Wave Generation

Bianisotropic multilayered sheets have been analyzed in the literature to achieve
near-perfect conversion of free-space propagating waves into surface waves (Epstein and
Eleftheriades, 2016; Tcvetkova et al., 2018; Popov et al., 2019). V. Popov et al. used aux-
iliary surface waves to determine parameters for an {2 bianisotropic metasurface capable
of splitting a normally incident plane wave into two equally propagating 7'E waves with

opposite angles, such as 6 and —6 (V. Popov, 2016).

v

@ Ox, /HX

f

Figure 2.5. Illustration of wave transformation between normal plane wave to surface-
wave (Popov et al., 2019).

Similarly, A. Epstein and G.V. Eleftheriades investigated arbitrary field transformations
between two regions separated by a bianisotropic metasurface (Epstein and Eleftheriades,
2016). Their approach involves determining an impedance matrix for a passive, lossless,

and reciprocal metasurface that transforms between the incident and desired fields. In



subsequent years, S. N. Tcvetkova et al. examined the near-perfect conversion between
incident plane waves and surface waves on impenetrable metasurfaces, providing exact
solutions (Tcvetkova, 2019; Tcvetkova et al., 2018, 2019). In a related study, V. Popov
et al. demonstrate numerically that bianisotropic metasurfaces can efficiently convert
inhomogeneous plane waves into concentrated surface waves along the metasurface to a
near-perfect degree as illustrated in Figure 2.5 (Popov et al., 2019). They consider a small
growth condition that enables them to treat inhomogeneous plane waves as approximately
uniform and homogeneous. Their findings on the impedance matrix in Equation 2.44

indicate the metasurface must exhibit (2-coupling bianisotropy.

2.4.2. Two Conjugate Surface-Wave Converters

This section presents analytical and numerical solutions in 2D for a continuous
penetrable surface that supports the generation of surface waves. We explore field trans-
formations involving slightly inhomogeneous plane waves propagating on both sides and

concentrated 7'M surface waves on the metasurface (Yilmaz and Yaman, 2024).

Perfect Match Layer (PML)

. Port-1 A
Z 4 Z
h, } surface, JL,, J. L

y=0<{ < | — 22 """ >l Yy
e 2. surface, J2,, J2. s
1 -
y 2L Ay = E!
Port-2 '
t’x ,,,,, o - _____ \

Figure 2.6. Schematic configuration for analytical solution and simulation setup in 2D
(Yi1lmaz and Yaman, 2024).

We start by introducing a second surface that separates the desired fields in each
region from the others. The separation distance between these surfaces is much smaller
than the wavelength, A << )\, allowing the entire structure to be effectively considered

a metasurface. We express the fields for each region given in Equation 2.39 for the
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configuration illustrated in Figure 2.6 for x € [—L,/2, L,/2].
Hoy = oo, v e h/2, L,/2),

H.y = Teltoss, yel=h/2, —L,/2,

H,y = Agpel®v780)yplae—ife)z ye[-h/2, h/2],
By = "Ok—f;’ejﬁéﬁw, ye[n/2, L,/2], =
Eu3 = TZ—ZB;W@W”, y € [~h/2, —L,/2],
F, = _J.Asuﬂ?o(ay +jﬁy)e(aﬁjﬁy)ye(am—jﬁm)w y € [~h/2, h/2],

ko ’

where A, and T" are the complex surface wave amplitude and transmission coefficient, &
and 1) are the free-space wavenumber and impedance, F refers to the k; < kg or k; > ko,
and the subscripts 1, o, 3 refer to the region of y > h/2, h/2 >y > —h/2and y < —h/2,
respectively. The first surface is at y = h/2 and the second one is at y = —h/2. All the

parameters of « and [ are positive. The dispersion relation is given as

(ay + jﬂy)Q + (o — ]5x)2 = —kg,

2

ar —f, = —k. (2.40)

The coefficients o, and «, are responsible for the attenuation and gain of the surface
wave as it moves away from and along the surface. At the boundaries of the surfaces, the
effective electric and magnetic surface currents leading to discontinuities in the tangential

fields are expressed by

—

Jo(x) =§ x AHy(z) and  M,(x) = —jj x AE(). (2.41)
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where AE,(z) = E; (z) — E; () and AH,(z) = H;" (z) — H; (). * and ~ refer to the
first and second regions at each boundary with respect to the normal vector. The surface
electric and magnetic polarization currents for each surface, respectively, are given in

Equation 2.42 and Equation 2.43.

T _ A az+jBz)x Qg T
Jesq1 = x(Aswe( iBe)e _ o ),

(2.42)
Toon = H(Te™®) — (A uelotifny
T 1 Asw , 4 —nB
ko k_o

(2.43)

" —Tnp, JnA
Jms 2 Y agxr SW
2 < ( kO € kO

For forward excitation, the expressions for field transformation by surface impedance

matrix are given for the first and second surfaces in equations 2.44-2.47.

Em?(xao) _ lel(x) 2112(‘%) _Hz2(x70) : (2.44)
En(z,0)]  [Z31(x) Zap(w)] [+Ha(x,0)
_jAsk_u(z)WO (ay + jiBy el —Ihe)e [lell XL Aswe(azjﬁz)x] ”
00, =1 . N (2.45)
—(;C Lot 3 X5 3 Xo —e
0
E (2,0 Z? VAL +H5(x,0
2(00)] _ |Z3(@) Z(o)] | +Hala >]7 2.46)
Es(x,0)] [ Z3i(z) Z5(x)] [—H:a(x,0)
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'Asw ~ Olz—' x )T .
—j k077_0 (Ocy + jﬁy)e( Bz) [ijl ]X122 _Aswe(ax—jﬁm)z

TUO/BI ) )
k—ye JX221 ]X222
0

] . (2.47)

Teos

Since the surfaces are lossless, the impedance matrix is purely imaginary and
given by Z, = jX,. The reactance matrix for the first surface is expressed in Equation
2.48. Being inherently passive, it must exhibit reciprocity, meaning 215 = Z5;, which
leads to Ay, = /3,/B,. These impedance matrices align with the findings of V. Popov
et al., who analyzed the near-perfect conversion of incident waves into surface waves

(Popov et al., 2019).

Moy ToPy cot(Boz) — Mo AswBy
= k’o k‘o “ ]{30 sm(ﬁxa:)
Xi(x) = 7706/ 7705/ (2.48)
_ Y _ Yy
Agpkosin(f,x) ko cot(fzz)

We derive the impedance matrix for the second surface by considering the opposite
normal vectors for Equation 2.44 and Equation 2.46. The result reveals that the second

surface is the complex conjugate of the first one, i.e., Zo(x) = Z(x). We can express as

Zy = —j X, as given in Equation 2.49 for the lossless case.
A
_770043,, + 77052,/ COt(ﬂIZE) 770. swﬁy
- ko ko ko sin(f5,x)
Xo(z) = ' ' (2.49)
Uoﬁy Uoﬁy cot(Bez)
Ak sin(f,x) ko *

By applying the conservation of averaged power flow across the rectangular en-
closure around the surfaces, the relation between surface wave amplitude (A,,) and
transmission ratio (7") can be derived. The time-averaged power flow density vector is
defined by

1 -
Suw = GR(E x H"). (2.50)

For the first region, power density is found as
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St = %?R{ {"2—5@’&5;%%%] x [eﬂ'ﬁ;“azxéu 2.51)
0

and we found the expression for first region as

/

St = (- %620‘”)@ (2.52)

Similarly, it is calculated for the third region as

- 1 T v 1 o
oo Laf [ o] o). sy
0

then, we found the expression as

—

T|?8.
Sav,S = ( — Meﬁxwx)g.

2.54
o (2.54)

For the second region, we write the expression for power density through the metasurface

as

gav,2 :%éﬁ{ |::F jAswUO(C]zy + .]/621) e(aerjﬁy)ye(azfjﬁz)xi_
0

_i_‘m(a _j/B )€i(ay+jﬁy)ye(azjﬁz)wg:| X |:A e(ayjﬂy)ye(az+jﬂz)m2:|}
k‘o x x Sw J

(2.55)
and it is simplified to

o Asw 2 A Agw 2 x A
SCLU,Q — ( — M€2a'gy62az$)y + (Me2ayy€2azx)x (2.56)
e 2
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The total power over the rectangular enclosure is calculated by integration as

# S...dsS. (2.57)
S

For each port (see Figure 2.6), we found the expressions for the total average power of

incoming and outgoing waves are respectively as

T omp, o,
2 0 0
P — o Yy 2azmd — Y 2oyy(,0cle  —azlg 258
| /QI o e x —4k0ame (e e ), (2.58)
Lo / /
= TP T2 [108, 1
P — - Yy 2aza:d i Yy 20yy ( ,Qz Lz —og Ly 259
3 /_éx TR e T BT e“*Y(e e ), (2.59)
h
2 nO‘AswPﬁx 2 200 UO‘AswPﬁx 200, ha, —h
P, _ avye2ase gy — M1 Zswl e 2ase(chay _ o=hayy 2.60
2 /h Qko o ¢ - 4k’oOéy ° (8 ¢ ) ( )

2

The principle of power conservation implies that P, = P, + P5. Considering the limita-

tions i, L < 1 and ayh < 1, and employing Maclaurin’s expansion, we have

inf
x? a8

=ltr gt 2.61)

n=0

and approximating expressions by the followings

e¥le g7l 20, L,
(2.62)

eOvh — el o 2ah.

After evaluating the average power flow around the surfaces, we obtain relations for the

transmission coefficient (7'), surface wave amplitude A,,, surface length (L,), and the
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distance between surfaces (h), as follows

L
and Ay = (1—1T2). (2.63)

2.4.3. Results of 2D Numerical Simulations

For numerical solutions, we employed the MEEP software package using the
FDTD method to solve for the surfaces defined by induced currents. Figure 2.6 shows
the simulation configuration and boundaries. Initially, we simulated for non-imaginary
propagation constant k; < ko stated in Section 2.3, aiming to observe negative refraction
without surface wave excitation. Figure 2.7 shows the negative refraction of normalized

tangential magnetic field (H,) distribution for the cases: (i) B, = 0.4k, (ii) B, = 0.7k.

Normalized Colourbar (arb. units)

\\\\\\\51»»»»

!

Figure 2.7. 2D MEEP simulation results for negative refraction without surface wave
excitation when k; < kg: tangential component of magnetic field (H,)
distribution for continuous source simulation (a) B, = 0.4kq, (b) B, =
0.7ko. For both simulations, h = \/300, L, = 3.75\g, |T]*> = 1 and
a, = 0.002kq.

Then, we simulated the situation of imaginary propagation wavenumber, k; > k.
We first apply the Gaussian source having feenier = ¢/ Aoy fwiath = 0.01 feenser for power
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flow calculations. Figure 2.8 shows the normalized power flows in each port for forward
and backward illumination cases. The results are obtained for |T'|? values ranging from
low to high by the tangential propagation constants «, and [, while maintaining fixed

values for h and L,. The conditions ar given as 0 < |T \2 <1l,h< Xdand a,L, < 1.

IT|2= 0.9 [TI?= 0.5
G;J 1.0 ——Port-1 g 1.0
Sos s 008
Port-4
T06 06
N =
=04 g 04
o2 Eoz
) (]
Z00| oot <00
Ao
(a)
IT|>= 0.1
g 1.0 e Port A g, 1.0 ——Port-1
Port-2 —e— Port-2
508 e Ports L08 e Port3
Port-4 o) Fort-4
8 0.6 = 0.6
=04 04
%0.2 €02
= B M - 2 - M
) — — O R— :
Ao Ao
(c) (d)

Figure 2.8. 2D MEEP simulation results of average power flows through each port
when k; > kg for a Gaussian source (feenter = ¢/Ao» fwidath = 0.01 feenter):
(a)-(c) forward, (d) backward. For all simulations, h = \q/300 and L, =
3.75X. (@) [T)> = 0.9, a, = 0.005ky, B, = 1.3ko. (b) |T|> = 0.5,
a, = 0.002ky, B, = 1.4ko. (c) and (d): |T]* = 0.1, a, = 0.001k,
B, = 1.5ky (Yi1lmaz and Yaman, 2024).

After, we re-simulated the same configuration for a continuous sinusoidal source
(fo = ¢/ o). Figure 2.9 displays the normalized tangential electric field (F,) distributions
at steady-state for forward and backward incidences. These results demonstrate surface
wave excitation and its coupling with the transmitting wave, allowing effective control
over transmission, reflection, and absorption coefficients by adjusting the surface wave
wavenumber (i.e., varying medium constituents). Figures 2.9e and 2.9f show the normal-

ized tangential magnetic field (H.) distribution for |T'|* = 0.5 under both forward and
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backward illuminations in the same configuration.

Focusing on backward excitation (Port-2 as the source, see Figure 2.6), the odd-
symmetry of the magnetic field causes the excited surface wave to have a w-phase delay
compared to forward excitation (Port-1 as the source) while maintaining D = kW,
Applying the backward incident field in Equation 2.64 to the impedance matrix of the
second surface (Z(?)) leads to fields as given in Equation 2.66 and Equation 2.67:

Hy = —e dhwtess, (2.64)
Tty 77063/ ﬂoAswﬁy
_y | TPy () —elewPy
?52 _ ko ko (Ba) ko sin(G,x) H?, 2.65)
ko © : COt(ﬁxx) :
Agpko sin(f.x) ko
Hi’2 e _Aswe—(ay+jﬁy)ye(am—jﬁx)’ (266)
Egéb = :l:‘]n(;{;—sw(am _ j/Bm)ei(ay+.7ﬁy)ye(az*]ﬁz)x_ (2.67)
0

Here, the indices  and ® refer to forward and backward illuminations. Figure 2.8d shows
the power flow for |T'|> = 0.1 under backward illumination, consistent with the forward
case in Figure 2.8c.

Figure 2.10 presents the normalized normal electric field (£,) components for
both forward and backward illuminations in the same configuration, ranging from low
to high transmission coefficients, as in previous simulations. The results confirm that
the concentrated T'M surface wave exhibits a precise m-phase difference with identical
amplitude, indicating anti-symmetric surface wave generation. This allows asymmetric
control of the transmission coefficient through fast time-scale manipulation, such as time

modulation, allowing for potential nonreciprocal transmission.
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Normalized Colourbar (arb. units)

(a) Forward, |T2| = 0.9 (b) Forward, |T?| = 0.5
R(E,) R(E:)

(c) Forward, |T?| = 0.1 (d) Backward, |T?| = 0.1
R(H.) R(H.)

(e) Forward, |T?| = 0.5 (f) Backward, |T%| = 0.5

Figure 2.9. 2D MEEP simulation results of tangential fields (a)-(d) electric field £,
(e), (f) magnetic field H, distributions for continuous sinusoidal source
when k; > kq: (a)-(c), (e) forward, (d), (f) backward illumination. For all
simulations, h = \y/300 and L, = 3.75X,. (a) |T|> = 0.9, a,, = 0.005k,
Be = 1.3kg. (b), (), (f) |T|? = 0.5, ap, = 0.002ky, B, = 1.4kg. (c), (d):

IT)? = 0.1, a, = 0.001kg, B, = 1.5k (Y1lmaz and Yaman (2024)).
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Normalized Colourbar (arb. units)
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Figure 2.10. 2D MEEP simulation results of electric field normal component (£,)
distributions for continuous sinusoidal source when k; > ko (a), (c),
(e) forward, (b), (d), (f) backward illumination. (a), (b) T|2 = 0.1,
a, = 0.001ko, B, = 1.5kq. (¢), (d) |T|* = 0.5, ap, = 0.002ky, 3, = 1.4k.
), O |T]* = 0.9, a, = 0.005kg, B, = 1.3ky. For all simulations,
h = X\o/300 and L, = 3.75\o (Y1lmaz and Yaman, 2024).




CHAPTER 3

DESIGN AND CHARACTERIZATION OF
BIANISOTROPIC PENETRABLE METASURFACE

Metasurfaces are characterized by effective polarizability, susceptibility, and sur-
face impedance obtained through homogenization. This provides a practical design method-
ology using wave transformation matrices. Metasurfaces provide a comprehensive frame-
work for wave engineering by extending the capabilities of the earlier artificial surfaces
such as diffraction gratings, reflectarrays, frequency-selective surfaces (FSSs), and high
impedance surfaces (HISs). Figure 3.1 shows a chart of artificial surfaces in terms of

being homogenizable and resonant or non-resonant inclusion type (Wang, 2020; Achouri
and Caloz, 2021).

Homogenizable Inhomogenizable

4
A

Diffraction gratings

Natural materials T CASULEACES

Ed N =

0.7 1 2 D/Xop
| | | |
I I | I >
SO
<< 3 Diffraction gratings with
‘g“.. resonant inclusions

Frequency Selective
Surfaces

High Impedance Surfaces

Figure 3.1. Classification of artificial thin planar structures (surfaces) by the ratio of

size and wavelength and being resonance or non-resonance type (Wang,
2020).

We start with a review of the electromagnetic properties of bianisotropic metasur-
faces and explore the conditions under which homogenization is possible. We then ex-
amine the boundary conditions known as generalized sheet boundary conditions (GSTCs)
developed for bianisotropic surfaces. We study the impedance-based equivalent model

via averaged fields and reflection/transmission coefficients. Subsequent sections present
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the simulation results and equivalent circuit model for the proposed 3D model designed

based on the analytical findings in Chapter 2.

3.1. Electromagnetic Properties of Metasurface

Figure 3.2 shows an example design of an electrically thin metamaterial slab called
a metasurface in a d << A condition. It can be electromagnetically characterized by
susceptibility (), polarizability (o), and impedance (Z) based models. They define the
metasurface from different analytical and modeling perspectives and can be transformed
into one another. For the most general bianisotropic case, they are represented by x, &

and Z tensors.

Figure 3.2. An example for illustration of metasurface in free-space with characteriza-
tion matrices.

For a bianisotropic medium, the electric and magnetic polarization vectors in
Equation 1.9 can be written in terms of polarizability (Tretyakov-Simovski model) and

susceptibility tensors, respectively, given as (Achouri and Caloz, 2021; Albooyeh, 2015)

(3.1)
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(3.2)

where ¢g = 1/ Veéoko, Mo = \/,uo—/eg, 02466, éem’ o%me, and émm are called electric,
magnetoelectric, electromagnetic, and magnetic collective polarizability tensors, respec-
tively. Here,  denotes the incident wave and the hat (a) denotes the collective term,
which establish the relationship between the incident fields and the surface polarizations.

Substituting Equation 3.2 into Equation 1.9, the constitutive relation is expressed as

— = =_ — 1 _ —
D:€0<I+[>Zee) 'E+C_>_<em'H7
0
3.3)
1

EZ MO([:+I:>:(mm) i ﬁ"’ C_ime y Fja
0

where I is the unity dyadic tensor. This relation can be represented in a more compact

form as

D=¢ E+¢-H,
(3.4)
B=C-E+p-H,

where € (F//m), i (H/m), 3 (s/m) and C (s/m) are the permittivity, permeability, mag-
netoelectric coupling and electromagnetic coupling tensors, respectively. Each contains
3 X 3 = 9 susceptibility components, so there are a total of 4 x 9 = 36 susceptibili-
ties. If temporal dispersion (or time-varying) is considered, they can be mathematically
expressed, for example, in the case of simple isotropic materials, as (Achouri and Caloz,

2021)

T

’

D(t)—eoé’(t)—i—/ )-E(t/)+ci>2€m(t—t')~’H(t/))dt', 3.5)

—0o0

o
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B(t) :uo”H(tH/ (Mof(mm(t—t/)'/H(t/)—i-if(me(t—t/) ~£(t'))dt/, (3.6)

o Co

where D(t), B(t), £(t) and H(t) are time-domain forms of the electric and magnetic
flux densities and fields, respectively. These expression implies the convolution of the

susceptibilities over the fields themselves, as given by the following

D(t) = €€ (t) + €oXee(t) * E(t) + C—loxem(t) * H(1), 3.7
mw:uﬂuw+mﬁwdw*%@y+%%m@*g@. (3.8)

In the absence of external bias, Lorentz reciprocity conditions ensure the following (Asad-
chy, 2017)

e=¢, p=p" and &=, (3.9)
and similarly in terms of susceptibilities can be written as
>:<ee = )ZCZ;’ imm = ;gm and )ZCme = _izm (3.10)

According to causality and the Kramers-Kronig Relation, in the case of a lossless and
passive medium (without gain), the self susceptibilities are purely real, while the coupling

susceptibilities are purely imaginary, indicated as

S(Xeemm) =0 and R(Xme,em) = 0. (3.11)

We introduced the four types of bianisotropy in Chapter 1. Those are chiral () and
omega (1) coupling for reciprocal, and Tellegen and moving-media for nonreciprocal
medium. We concluded in Chapter 2 with the necessity of {2-type bianisotropy to design
a metasurface with proposed functionalities. We now review that condition detailed
in the literature (Achouri and Caloz, 2021; Asadchy, 2017). The magnetoelectric and

electromagnetic coupling terms of the susceptibility tensor, X,, and Y., can be split into
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tensors as

—jR and Xme = (7 + jR)T, (3.12)

NI

)ZCem =

where v and k are respectively related to nonreciprocity and chirality. The arbitrary tensor
U may represent the either & (reciprocal medium) or 7 (nonreciprocal medium), can be

decomposed as

U —

wll

+ N (3.13)

Here, D represents the diagonal tensor, and N is a traceless tensor that can be decomposed

into symmetric and anti-symmetric components given by

N - NT
== (3.14)

=

Qi
N

and

+ NT
2

and so the tensor U can be expressed by

d
Il
ol
+
il
+
N

(3.15)

Ifthe D = 0,5 =0and A # 0, coupling type is called as €2-type. One of the fundamental
attributes of an {2-bianisotropic medium is the giving of different reflection responses for

the opposite incident waves.

3.2. Periodic Structures and Bloch-Floquet Modes

This section reviews the expressions for homogenizing metasurfaces and the as-
sociated conditions using the Bloch-Floquet analysis (Achouri and Caloz, 2021). Meta-
material/metasurface phenomena mainly are based on the homogeneity theory of EM
medium. While viewing an array of scattering particles (e.g., gratings) as a spatially
varying refractive index structure, there are restrictions in treating a periodic arrangement

as fully homogenized. In an example in literature (Achouri and Caloz, 2021), they
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consider the one-dimensional (1D) periodic structure shown in Figure 3.3, consisting
of a unit cell of length L,., with two segments having refractive indices n, and ny,

respectively.

Figure 3.3. Illustration of 1D periodic scattering array with period L., (Achouri and
Caloz, 2021).

Based on the Bloch-Floquet theorem, the wave W(x) interacting with this structure

must satisfy the translation symmetry condition expressed by

U(2x 4 Lper) V(24 2Lper) J U(z +pLlper) o (3.16)
U(x) Y(z + Lper) U(z+(p—Dlper) '
Here, p is an integer (i.e., - --—2,—1,0,1,2,...), and C represents a complex coefficient

with unit magnitude. The field at a given point in neighboring cells can differ solely by a

phase factor, such as

C = ¢ Hkaler (3.17)

where k, is the x component of the wavenumber. Equation 3.16 now can be expressed as

U(z + pLper) = CU[z + (p — 1) Lper] = C{CU [z + (p — 2)Lper] } = - - = CPY(x).
(3.18)

The function ¥(z) is associated with a periodic function A(z) given by

A(z) = 7" (). (3.19)
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Further A(x) can be expressed as a Fourier series expansion given as

+o0
Alw) = Y Ape’ter”, (3.20)

Substituting this expansion into Equation 3.19, the wave function is written as

+oo
| 2
V()= Y Ane ot where  kpn = ko + (3.21)

’ L per

m=—00

This represents the final expression of the Bloch-Floquet Theorem by a combination of
plane waves, where the propagation constant &, ,, is associated with the periodicity L.,
of the structure. For subwavelength-thin (d << \) gratings positioned between media
with lossless refractive indexes n; and no, respectively, in case of obliquely incident, the

scattering of both the reflected and transmitted waves at y = 0 are expressed in following

+oo
qu(aj, O) — Z Ar,me_jkz,mit’

m=—00

(3.22)

400
\Ijt(x70): Z Atm@_jkl’mx.

m=—00

The normal component of propagation constants (k,) for the reflected and transmitted

diffraction orders is expressed as

fry = =7/ Ki — k2, and by = —\/ k3 — K2,.,, (3.23)

where k; = kony, ko = kono and k, refers to the tangential wavenumber of the incident
wave U;. These formulas can help consider if the diffraction orders are propagating
(kym € R) or evanescent (k, ,,, € ) in the z-direction.

We continue the review with the conditions for homogenizing the metasurface
into a thin, uniform layer described by effective parameters. To achieve homogeneity,

only waves corresponding to m = 0 should propagate into the far field, while all other
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waves must remain confined as surface waves. This establishes a relationship between the

array period and the wavelength of the incident wave.

R I IR

Qcell

=z ]== (== R e fr— o

% %

(a) Metasurface (b) Homogenized Medium

X
4

(c) Zero Thickness Model

y
4

X

Figure 3.4. [llustrations of representative steps for the metasurface homogenization
concept: (a) an example metasurface composed of a subwavelength
periodic array of split-ring resonators, (b) a slab with homogenized
effective material parameters corresponding to the metasurface, (c) a
zero-thickness sheet model characterized by effective parameters (Achouri
and Caloz, 2021).

In one-dimensional (1D) cases, this relationship is given by

/kQ_k%m:\/kQ_(kx—}—2mﬂ—)2, (3.24)
’ Lper

where k represents either k; or ky. To prevent nonzero diffraction orders, the term inside
the square root must be negative for m # 0. This is achieved if the following condition

holds true,

2
tk < ky 4 2T (3.25)
Lper

To suppress the diffraction orders associated with m # 0, it is necessary to limit the value
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of L., sufficiently so that Equation 3.25 is satisfied for |m| = 1. This condition ensures

Equation 3.25 for |m| > 1, suppressing all nonzero diffraction orders, such as,

27

Lyer <57

. (3.26)

For the incident wave coming from medium n; at an angle 6, where k, = kj sin(6;),

setting #; = 90° as the upper bound results in

(3.27)

where average of wavelength is defined as \,, = 2)\o/(n, + np). An important point is
if the incident wave is perpendicular to the array (6; = 0), then the requirement becomes
Lper < Agp. This implies that homogenization of the metasurface is more feasible for
near-normal incidences than grazing angles.

We reviewed the analysis that an electromagnetically thin periodic array with a
subwavelength period can be homogenized into a thin slab exhibiting effective material
parameters, as illustrated in Figure 3.4a and Figure 3.4b. It is necessary to develop an ap-
propriate theoretical model to derive its effective medium parameters. Given its electrical
thickness (d/A — 0), the spatial variations of the fields across it are negligible. Hence, it
can be represented as a zero-thickness sheet, as depicted in Figure 3.4c. Mathematically,

this representation can be expressed by

oV (z,y)

9 ~ 0 for y=[—d/2,d/2], (3.28)

where U (z, z) refers to the total field through the metasurface.

3.3. Generalized Sheet Transition Conditions

Bianisotropic surfaces can induce electric and magnetic polarizations, as shown
in Figure 3.5. In this part, we review the boundary conditions called GSTCs developed
for such a medium (Albooyeh, 2015; Holloway and Kuester, 2016). Assume that the

elements of the unit cell are embedded in a host medium characterized by the permittivity
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(e) and permeability (x). Metasurface is situated at the interface of two half-spaces with

characteristic impedances 7; = +/p1/€; and 9y = /2 /€.

b Hl)%kz n
1
|

t
7=0-- <_®/'? metasurface JT/}'\@_. q E--»X

By, H
2 2%,{2

Figure 3.5. Equivalent boundary model for the bianisotropic metasurface with electric
and magnetic polarizations.

Ne---

The phasor forms of Maxwell’s equations are written in Equation 3.30 considering

the bulk electric and magnetic polarizations within the homogeneous slab of thickness d.

— — M = — ﬁ
V x E = —juu(H + =), V x H = jwe(E+ —),
u €
(3.29)
V.(¢E + P) =0, V.(uH + M) =0,

where P and M represent the electric and magnetic bulk polarizations inside the slab.
They are averaged over the unit cell area. Further, decomposing fields and polarizations
into normal (denoted by subscript ,,) and transverse (denoted by subscript ;) components
allows to establish the relationship between the tangential electric and magnetic fields on
the two sides of the slab (Albooyeh, 2015; Wang, 2020). The fields and polarizations can

be rewritten as

E = E, +nE, and H=H,+ nH,, (3.30)
P=DP +nP, and M = M, + i H,, (3.31)

60



and similarly for the V operator, i.e.,

V=V,;+ gﬁ (3.32)
0z

Here, the normal direction is along the z-axis. After substitution into Maxwell’s equa-

tions, two sets of equations are obtained. The tangential components are given by

a — — —
Vt X ﬁEn + —(ﬁ X Et) = —j(JJILLHt - jCL)Mt,

0z
(3.33)
R J,. = ==
V. x nH, + E(n X H;) = jwpFEy + jwh,
and transversal parts are given by
1 - P,
flEn = _—Vt X Ht — ﬁ—,
Jwe €
(3.34)
1 ~ M,
nH, = ———V; X By — h—.

JWh

The incident fields can be assumed to be uniform over the subwavelength inclusions (unit
cell). The total fields on the metasurface plane may change rapidly and dramatically due
to magnetic and electric polarization induced by the incident fields. The effective values

can be obtained by using averaged quantities described as
. 1 4 . d
Etave = p / Edz and Hige = = | Hydz. (3.35)
0

Equations 3.33-3.34 are integrated over the surface thickness, considering that the field
distributions inside the slab are locally quasi-static in the normal direction z. This as-
sumption remains valid when the thickness of the slab is electrically significantly smaller

than the wavelength. The surface polarization densities are averaged by

q 1[5 - 1[4
P == / Pdz and Mype = — / Mdz, (3.36)
d 0 d 0
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and effective surface polarizations are found by

— ~

P=P,.d and M = M,,.d. (3.37)

Continuous electric and/or magnetic current sheets can replace finite-size inclusions by
employing the equivalence theorem. The expressions for the electric and magnetic surface
currents as a time-derivation of effective polarization surface densities P and M, are given

in the following

- P g M
Je = 8— and Im = u%—t, (3.38)

and these can be decomposed into their tangential and normal components given as
P =P+ 4P, and M = M, + 2 M,. (3.39)

The equations 3.33-3.34 now can be written explicitly considering the field on both sides.
Taking the limit as the slab thickness tends to zero (d — 0), the GSTCs equations can be
written as (Albooyeh, 2015; Achouri and Caloz, 2021)

P -

i x (B2 — BEY) = jwpen x M, — V=2, A (B2—E)=-V.-L
€o €0
(3.40)
A x (H? — HY) = jwB, — 7 x V,M,, A (H? — HY) = -V - M,

The discontinuity of the fields refers to the effective total electric and magnetic currents

defined as

(F2—EYxna=M, and  #ax(H-H)=1J. (3.41)

A relationship between the effective currents and the averaged field can be established via

the tensors Zse and Y sm, which are defined as surface electric impedance and surface
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magnetic admittance, respectively, and expressed as (Chen, 2021)
Et,ave = Zsej; and [—_jt,ave = zmMs (342)

In the literature, GSTCs can defined based on the susceptibility model expressed by
(Budhu and Grbic, 2021; Albooyeh, 2015)

(3.43)

Here, )% indicates effective surface susceptibility tensors which are defined as, )%ee =

€0 X ees )%em = /H0€0Xems )%me = 1/;—%)ZM and )%mm = Xmm-. The averaged fields are
calculated in terms of incident, reflected, and transmitted fields as

T Al and Hypp = L1 r T2 (3.44)

Note that all these fields are surface averaged over unit cell areas, so only propagating
Floquet harmonics contribute to these equations, and they are taken at the metasurface
plane (z = 0).

The bianisotropic surface can also be characterized with the surface impedance-
based model. It provides a relationship between the tangential fields and surface currents
(J; and MS, respectively) induced on the magnetodielectric surface. When normal surface
polarization and magnetization densities are neglected, i.e., Ps,, = 0 and M, = 0, the

GSTCs can be expressed in terms of surface impedances and bianisotropic couplings as

73 X Eave - Zse : [2 X Aﬁave] + [?me . [2 X Aﬁave]7
(3.45)
Z X ﬁave = [:(em : [2 X A}[ave] + }:/tsm [2 X AEave];

where K me, K em, ZZSe and Y:m are, respectively related to the inverses of the electro-
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magnetic couplings ():( ), magnetoelectric couplings (7), electric surface admittance (}:/se)
and magnetic surface impedance (Zsp) tensors, which are expressed in dimensionless

form respectively as

X = (jw\/EO,UO>>?ema ¥ = (jw\/ EOMO)imEv
(3.46)

}/;e = jw%)?ee, ésm = jwlﬁ(ﬂ:(mm-

Finally, the impedance boundary condition (IBC) for bianisotropic surface can be ex-

pressed in the following form as set of equations;

(3.47)

3.4. Equivalent Circuit Model For (2—Bianisotropic Metasurface

In the previous section, we reviewed the derivation for the tensor relation of
GSTCs through the averaged fields and impedance-based parameters for ¢2-bianisotropic
metasurface. The general expression is for an anisotropic medium in Cartesian coor-
dinates involving 3 x 1 field vectors and 3 x 3 electric and magnetic impedance (or
admittance) and coupling matrices. In this section, we consider the fixed orientation
and particular excitation fields while constructing the equivalent transmission-line (TL)
circuit model. It is typically represented as a two-wire line for transverse EM (T'EM)
wave propagation (Pozar, 2012).

The impedance-based model of GSTCs is written in Equation 3.48 along the
surface as a function of x for T'E/ M waves propagating in the z direction, which is normal

to the surface, as shown in Figure 3.6a.

Et,ave(x> - Zse(x)j;(x) - Kem(l’) |:

IS
X
=
&

(3.48)

Frae(2) = Yo ()M () = Ko () |

N>
X
@
—
S
S—
—_
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(a) (b)

Figure 3.6. Representation of metasurface model for T'TEM wave incident, (a)
illustration of metasurface with equivalent surface currents and tangential
fields, (b) equivalent TL T'-circuit model. Vi, refer to the Et1 ’2,
respectively, and [ refers to 1 x Ht1 2,

The surface is passive and lossless when both the impedance and admittance
are purely reactive, along with the magnetoelectric coefficient being purely real, i.e.,
R(Zse) = R(Ysm) = S(Kem) = 0. Accordingly, these quantities are calculated using
the equations 3.49-3.51 (Epstein and Eleftheriades, 2016) for the given problem.

%{E;H;* 4 E;H;*}

1
Kem:§ , (3.49)
%{(E; B )(H Hy*>}
1 H+ H- HF— H-
_ 4 Zcx Y Y _ Cx Y Yy
T = ]<2“{E;—Ex} Kem“{E;—Ex})’ 220
1 Ef+ E- Ef — E-
7 — il g x z K. < z z . S1
c({EE [ EE ) s

For the normal incidence of a T'"E' M wave, the TL equivalent circuit of the metasurface
can be represented as a 2-port T’ circuit model (or Y —matrix for II—Circuit) which is
illustrated in Figure 3.6b. For an ()-type structure, the asymmetric reflection depending
on the illumination direction implies that Zy; # Zs. The quantity Ay = Zg — Zgp
quantifies the strength of the €2 coupling. The asymmetric phase response approaches the

ideal m-phase delay when this coupling is sufficiently strong and dominant. The general
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representation of the two-port Z matrix of the 7'-circuit, which relates the tangential fields
across the medium, is given as (Pozar, 2012)

Ex,l
Ex,Q

T T
le ZlQ

T T
Z21 ZQQ

H
vl ] : (3.52)
_H

Y,2

where elements of the impedance matrix are expressed in equations 3.53-3.55 in terms of
the derived surface impedances.

I lee + l[(em - Kemee
7l = Zye + 2 v , (3.53)

= %Kme - %Kem F— Kemee

54
Y. ; (3.54)

I

ZN 7. i

1 2 Kme Kem 4Keme€
7L =78 = 7, — = ( +4Y)+ . (3.55)

For a reciprocal medium, the magnetoelectric coupling coefficient is K.

- _Kem
Finally, we can calculate the impedance matrix by
T T 1 1 !
AYRRAT _ |2~ Kem 5+ Kem Zse Zse ’ (3.56)
Zyy Zs ~Yan  Yim L Ky 34 Ko
where the determinant (Ag4.;) is found as
1 1
Adet = §Y;m + KemY:sm + Eyjsm - YZSmKem = Yi@m (357)

Then, the impedance matrix is found as
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T T
le ZlQ

T T
Z21 ZQQ

Zse Zse
1 1
) + Kme B + Kme

(3.58)

Y;m _% - Kem
- Kem

1
2

The series and parallel impedances of the equivalent circuit in Figure 3.6b are calculated
by

1 1
Zsl = §Z8m + Kestnm Zs2 = §Zsm + Kmezsmy Zp = Z1T2 = Z2Tl (359)

3.4.1. Retrieval From Reflection/Transmission Coefficients

This section reviews the S-parameter retrieval method for the equivalent impedance
model (Albooyeh et al., 2015). Figure 3.7 illustrates the problem’s frame by a circuit

model representing reflection (I') and transmission coefficients (7) on the metasurface for

forward and backward excitation.

Fl Q ;;FZ

Tl «—— ——» T2

Uhn 72

X

l
metasurface
L> y

L----- >—Z1—|—Z2—
Y

Figure 3.7. Representation of metasurface as an infinite thin homogeneous sheet
model with reflection and transmission coefficients and I'—circuit
equivalent (Albooyeh et al., 2015).

The transmission matrix [7],;, representing the relation between voltage and
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current at input and output ports, is given as

i
Vaa
i
]2,1

1+ ZQJY 2271 + ZLQ + ZQJZLQY
Y 1+ Z1,Y

o
Vi

(0]
]2,1

, (3.60)

where the subscript 5 ; indicate forward and backward illumination, respectively. The
following equations express the reflection and transmission coefficients in terms of circuit

parameters,

71,2 Z2,1 Z2,1 71,2
n2(1+ m—g) —n21(1 — 7,2—1) —namY (1 — ,72—1)(1 + m_Q) (3.61)

Z Z Z Z
L+ 22) + m(l+ 2) + Y (1 + 2)(1 + 22)

roq1 =

2771,2
Z Z Z Z1\
ma(l 4 22) +m(l + 24) +nemY (1 + 22)(1 4 24)

(3.62)

tr1 =

Reciprocity states the relation as t5/1; = t;/79, and assume t5; /712 = t. Now, the

effective surface impedances and admittance can be obtained by

Z 1 — t
21 _ +1ro1 —ag1l21 ’ (3.63)
M1 Q1 — QT2+ 12
1-— —t
Y = 22 (3.64)
(1+ m)tm

where a1 = (1 — 791 — t12)/(1 — r12 — t2,1), and 791, t2; represent the reflection
and transmission coefficients, respectively. Electric and magnetic surface impedances are

now calculated via the following equations,

1 Zn
Im =Y ' =12y+ 7, and Ze=Y t= v~ ZaKZ2,,  (3.65)
and couplings as
Zy— 74
Ko = —Kipe = = - . (366)

2Zm
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3.5. 3D Model Design and Characterization

In Chapter 2, we examined that conjugate reactances with €2-coupling bianisotropy
can be used to design a penetrable metasurface that achieves high transmission and sup-
ports propagating surface waves. Under certain conditions, DNG slabs and phase con-
jugating surfaces exhibit equivalent field transformation, as seen in phenomena like the
perfect lens, and can excite surface waves depending on k; and k,,. The analytically
investigated metasurface can be realized in 3D with a DNG slab, where one side is
designed with an effective e-negative (ENG) medium and the other with an effective
p-negative (MNG) medium. ENG and MNG unit cells are typically composed of electric
and magnetic resonance structures, and they exhibit negative medium properties near
resonance with complex conjugate impedances (Zpng = £y ne = JX).

A single negative medium has an imaginary wavenumber and infinite reflection
for evanescent waves coupled with surface modes. By combining electric and magnetic
negative structures closely (<< )\g), transmission becomes infinite for evanescent waves.
This behavior is equivalent to the response when an evanescent wave excites a conjugating

surface, triggering surface wave propagation along the interface (Alu and Engheta, 2003).

Top Face Bottom Face
?
AT t I
0, [U: '
A L! |
. vJ Q) r Lyer
|
EC(L‘C I I
; v !
HSJJC +
- - - - - - - -»>

Figure 3.8. Unit cell design for the proposed bianisotropic metasurface. €, = 2.98,
and dimensions are respectively, g = 0.6mm, w = Imm, s = 1lmm,
a = 16mm, r = 1.6mm, L., = 16mm.

The proposed 3D model is designed through a concept of a DNG slab combined
with ENG and MNG structures (D. R. Smith and Schultz, 2000; Asadchy et al., 2018;
Onder Yilmaz and Yaman, 2022). This combination forms a magnetodielectric medium
that induces electric and magnetic polarization currents similar to the analytical solutions
for each conjugate surface (see Equations 2.42-2.43) (R. Marqués and Rafii-El-Idrissi,

2002). Split-ring resonators provide artificial magnetism with negative p and strong



(2-type bianisotropy (J. B. Pendry and Stewart, 1999; Smith et al., 2006; R. Marqués
and Rafii-El-Idrissi, 2002; Albooyeh, 2015), while arrays of electrically thin wires create
artificial dielectric media (J. B. Pendry and Youngs, 1996). By combining complemen-
tary ENG and MNG structures on each face of the DNG slab, we leverage their strong
Q) bianisotropy couplings (Falcone et al., 2004; Smith et al., 2000; Onder Yilmaz and
Yaman, 2022). The geometries of inclusions on each face on a thin substrate (h << A,
e, = 2.98) are given in Figure 3.8. The sizes are optimized to overlap the resonances
within the operating frequency range (=~ 2.5 — 3 GHZ).

The simulation setup in Figure 3.9 obtains the scattering and field distribution
of the unit cell placed precisely in the middle. Here, the T'E/M plane wave is exited
separately by Port — 1 (forward illumination) and Port — 2 (backward illumination). For
such an impedance-matched two-port system, S-parameters refer to the reflections (S,

and Sy;) and transmission (S3; and Si2).

§ walls are PMC packward excitation

ward excitation

Z for

Figure 3.9. Simulation setup for unit cell in 7T"E'M waveguide (Yilmaz and Yaman,
2024).

A metasurface is constructed by periodically placing identical unit cell structures,
except for the gradient ones. We stated that both the spatial period and the maximum size
of the unit cell must be subwavelength ()\,,). When the boundary conditions are prop-
erly adjusted via Bloch-Floquet analysis in Section 3.2, the complete structure exhibits
approximately equal EM properties of its unit cell. There are primarily three numerical
solution approaches for the metasurface model in 3D which are: (i) exact structure with
n X n unit cells, (ii) unit cell in unit cell boundary condition (UBC), which is a type
of periodic boundary condition where the fields at the transverse boundaries reproduce

themselves periodically, and (iii) unit cell in a rectangular waveguide.
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Figure 3.10. Proposed metasurface model formed by 7 x 7 unit cells.
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Figure 3.11. Simulation model of unit cell in unit boundary condition.

Figure 3.10 and Figure 3.11 show the metasurface model comprised of 7 x 7
cells, and its unit cell in the UBC configuration, respectively. The design parameters are
optimized by using the FEM solver in the simulation package CST: Microwave Studio.
For the UBC approach, the simulation only solves for a single cell in the solution domain
(boundary box) and applies the periodic boundary conditions on its transverse plane. In
all cases, the incident wave propagates in the Fz direction and impinges normally on the
plane. We first focus on simulations in UBC setup in Figure 3.11. As clarified in Section
3.2, for larger values of Ly, /o, i.e., higher frequencies when L,., is fixed, higher order
Bloch-Floquet modes are excited, and the medium becomes inhomogenizable. To analyze
the influence of the period on both fundamental and higher modes, we simulated the

unit cell within UBC for various L,.,. Figure 3.12 shows the magnitude of transmission
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coefficients (in dB). As intended, the higher propagating modes are suppressed for L., =

20 mm and L,., = 22 mm. Note that the fundamental mode (around ~ 2.5 — 3 GHz)

does not depend on the period (see Equation 3.21). Although the UBC approach is

very practical for analyzing a complete metasurface, one should remember that it is a

mathematical solution that assumes the transverse plane goes to infinity on the plane.

Tranmission Coef. (dB)

—L_ =18mm —L __=24mm
per per

-80 —L
\pe

undamental mode
(m=0)

r=20mm

0.1 1

2 3 4 5 6 7 8 9 10
Frequency (GHz)

Figure 3.12. Simulation results of transmission coefficient (magnitude in dB) for unit
cell in UBC setup.
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Figure 3.13. Simulation results of transmission coefficients (magnitude in dB)
comparison of UBC, 7 x 7 metasurface and unit cell-in-waveguide

simulations.

To compare the scattering responses, we then simulated the unit cell in the waveg-
uide setup and metasurface consisting of 7 x 7 unit cells. Figure 3.13 shows the magnitude

of transmission coefficients for the corresponding simulations when the period (L) is fixed

72



to suppress the higher modes in the given spectrum (0.1 — 10 GHz). For L., = 20
mm in the simulation with UBC, L,., = 16 mm in the 7 x 7 metasurface, and 4 mm
spacing between the unit cell and PEC and PM C walls, we obtained well-matched re-
sults, especially for the fundamental transmission mode. The aforementioned theoretical
assumptions on boundaries might cause a slight frequency shift in the results of UBC

simulations.

3.5.1. Impedance-Based Characterization of The Unit Cell

We now retrieve the series (Z5; and Z,;) and parallel (Z,) impedances for the 7'
circuit model in Figure 3.6b. We first calculate Z,., Y, K., and K,,. through averaged
fields (E and H ) and reflection/transmission coefficients, which are obtained from the
CST: MW simulation of the unit model in 3D. These were extracted from the 2D faces at
the boundaries of the two sides of the structure as illustrated in Figure 3.9. This process
was performed for each discrete frequency sample. We then applied the impedance-based
characterization by equations 3.48-3.59 and equations 3.60-3.66, respectively. Figure
3.14 presents the surface impedances and coupling results of the proposed structure for
the averaging field method in the given spectrum. The phase conjugation of the series
impedances (Z5; and Z4,) can be seen in the given spectrum, and it is more clearly around
the resonance frequency (=~ 3 GHz). The bianisotropic couplings (K., and /,,.) exhibit
relatively higher values around the resonance frequency. Nevertheless, it is not zero across
the spectrum seen in the zoomed Figure 3.14d. As we expect, the imaginary part of the
coupling coefficients is zero across the spectrum, and the real parts are anti-symmetric
(i.e., R(Kem) = —R(K,e)) due to lossless and passive configuration. As discussed
before, the difference between series impedances (AZ = |Zs; — Zs|) indicates how
much strength the {2 coupling is and also means the asymmetric reflection. The results
demonstrate strong 2 coupling and phase conjugate reactances of the proposed DNG
slab. Those can be observable, especially around the resonance frequency. We determined
sufficient field resolution during the numerical simulations for the field averaging method.
By increasing the resolution, i.e., the total number of samples on the faces, we observe the
influence of the total averaging number NV x N on the transmission magnitude spectrum in
Figure 3.15. When the sample size exceeds a certain threshold value, the results approach
the true value, except for the vicinity of the resonance, where a higher sample size, such

as NV = 640000, is required.
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Figure 3.14. Impedance-based characterization results of proposed unit cell structure
for field averaging method in a given spectrum.

Following the averaging method, we implement the retrieval procedure of the
reflection/transmission (I'/7) over a broadband spectrum (0.1-10 GHz). Figure 3.16
illustrates the series surface impedances and coupling coefficients. The results obtained
using the I'/7 retrieval method are consistent with those from the averaging method.
We see higher-order resonance modes at higher frequencies, where the impedance and
coupling coefficients significantly change due to the nature of resonance. However, these
are higher-order Bloch-Floquet modes and are outside the metasurface context.

We then compute the reflection and transmission coefficients from the recon-
structed lumped circuit (denoted as 1. circuit in figures) derived from both methods
for validation with the 3D simulation results. Figures 3.17a and Figure 3.17b present
the magnitude of the transmission and reflection coefficients of the equivalent 7'-circuit.
They compare the results of the 3D CST: MW simulation, respectively, with the aver-
aging method and reflection/transmission retrieval method. Figure 3.17c displays the
phase of the transmission coefficient, where the asymmetric reflection depending on the
illumination direction can be observed. Well-matched consistency exists between the

3D simulation model and the proposed equivalent circuits, and it validates the proposed
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circuit under fixed orientation and specific excitation.
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Figure 3.15. Simulation analysis of transmission coefficients (magnitude in dB) with
respect to the total sample number (/V x V) in the field averaging method.
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Figure 3.16. Impedance-based characterization results of proposed unit cell structure
through S—parameter retrieval method.
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CHAPTER 4

DYNAMIC PENETRABLE METASURFACE ASSISTED BY
SURFACE WAVE

This chapter focuses on surface wave excitation on the proposed metastructure
and its manipulation by the variable capacitor (Yilmaz and Yaman, 2024). The design
is enhanced to control the scattering parameters dynamically through surface waves in
the surface cavity. The equivalent circuit model is developed for the surface cavity mode

incorporated with the variable capacitor(s).

4.1. Surface Wave Supported Metasurface Design in 3D

This section presents optimizing the proposed design for constructing the penetra-
ble metasurface that can generate the surface wave depending on the surface impedances.
We redesigned the dimensions of the top and bottom structures as given in Figure 4.1
while optimizing them to get the desired induced currents for each face individually found
analytically in Chapter 2. The averaged fields are calculated by boundary conditions in
Equation 2.41 through fields obtained on faces indicated in the simulation setup in Figure
3.0.

Top Face Bottom Face

3k : : —c
8

Figure 4.1. Top and bottom design of unit cell for surface wave assisted penetrable
metasurface with the following dimensions: a = 23.4mm, b = 17mm,
g = 0.8mm, s = 1.6mm, ¢ = 25mm, and r = 0.8mm. Grey and white
areas indicate the conductor and dielectric (RT/duroid 5880, ¢, = 2.2)
(Yilmaz and Yaman, 2024).
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Figure 4.2 shows the electric and magnetic surface polarization currents obtained
from both 3D simulations and 2D analytical solutions through each surface and averaged
over the unit cell dimension (=~ \y/4). These results demonstrate the magnetodielectric
properties of the proposed structure and equivalent medium-response of the DNG slab and
phase conjugate surfaces under specific geometry and boundary conditions. Dielectric
(e, = 2.2) substrate between the ENG and MNG faces may contribute to additional

effective magnetic surface currents.
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Figure 4.2. Effective electric and magnetic surface polarization currents which are
calculated and averaged over a unit cell (Yilmaz and Yaman, 2024).

The design parameters were individually optimized to achieve the desired surface
currents and then combined with the two faces to produce the intended coupling effect
(Y1lmaz and Yaman, 2020). This coupling results in new bianisotropy parameters. Figure
4.3 displays the calculated magnetodielectric coupling coefficient (K,,.) of the {2-type
bianisotropy for both the simulated combined faces and the analytical surfaces. The
couplings are calculated using Equation 3.49 with the averaged fields from both 3D sim-
ulations and the analytical expressions in Equation 2.39. While the coupling coefficient
results show consistency across the spectrum, there is a strong matching around resonance

frequencies where the surface parameters (geometries, dimensions, and materials) are
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optimized to match the analytical results.
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Figure 4.3. Magnetoelectric (K,,.) coupling coefficient of {2-type bianisotropy for

calculated by analytical solutions and retrieved from 3D model simulation
(Yi1lmaz and Yaman, 2024).
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Figure 4.4. (a) 3D model metasurface formed with 5 x 1 cells in and simulation

configuration, (b) and (c) normal component £, of the electric field
distribution (Y1lmaz and Yaman, 2024).

To expand the analytical model into 3D, we construct a metasurface with 5x 1 cells
along the x-direction, as shown in Figure 4.4a. We aim to observe surface wave excitation
along the z-direction on the transverse plane of the surface using CST Microwave Studio

for 3D simulations. The side walls are set as perfect magnetic conductors (PMC) and
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perfect electric conductors (PEC) along the z and x axes, respectively, allowing normal
incidence of a Zz-polarized TEM plane wave. Ports 3 and 4 measure the power flow
through the transverse plane. Figure 4.4 shows the normal component of the electric
field (E,) for both forward (Port 1) and backward (Port 2) illumination when the trans-
mission coefficient is |T'|* = 0.5, The results demonstrate concentrated surface waves
and a m-phase difference based on the excitation direction, consistent with the analytical

solution in Figure 2.10.

4.2. Equivalent Circuit Model For Time-Domain Solution

The numeric solution to the time-varying EM problem in 3D is very challenging,
and, to our knowledge, there is no ready-to-use solution today. This problem can be
solved by deriving an equivalent circuit in the time domain for a time-modulated unit
cell. Specialized numerical techniques, ITMM and HB, will be employed to periodically
analyze time-varying systems, presented in Chapter 5. The retrieved T-circuit impedances
correspond to each face’s electric and magnetic surface impedances (Wang, 2020). These
impedances can be extracted into time-domain components such as L and C (in lossless
cases). Each face’s design involves resonator structures, resulting in impedances with
multiple resonance characteristics (see Figure 4.6). We suggest modeling each impedance

as a series of parallel LC resonators, as illustrated in Figure 4.5.

Ly Ly,
----- -
Zs1, Zsa, Zy C1 Crz

resonance —1 resonance — 2

Figure 4.5. Extraction of the retrieved impedance to the lumped elements as series LC'
banks for the equivalent 7T'—circuit.

The modeling by two series of parallel LC circuits is based on the metasurface’s
classification. J.W. Zang et al. previously modeled a unit cell patch resonator as a single
LC bank when addressing a similar time-domain impedance transfer matrix problem

(Zang et al., 2019). Even in the presence of dispersion in the medium, an effective
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parameter approach can provide a good approximation for its characterization (Holloway
etal., 2012). However, it is inapplicable for higher frequencies (or larger periods). The de-
signed scatterers have two resonances at frequencies lower than those of the higher-order
Floquet modes. Thus, we use the first two resonance transmission modes to determine
the effective parameters of LC resonance circuit blocks. These are inside the fundamental
Floquet mode, as expressed in Equation 3.21, where k, ,,, are the propagation constants
associated with the structure’s periodicity Ly, .

The impedance function for parameter extraction in the case of two resonance

points is given as

_ ijPq ijR2
1 —w?Lg,Cr, 1—w?Lg,Cr,’

Zeg(w) 4.1)

where subscript g, and gs refer to the first and second resonance of LC's, respectively.
We first express the relation of L, , and C,., , from the frequencies of the first and second
resonances. Those are, respectively, the fundamental mode and the upper band of the

homogenization condition, and they are calculated by

1 1
Wy, = ———— and Wy, = — 4.2)
L’f’l CTl L’V‘QC’T‘Q

and we can express the capacitor values as

C, = and C, = : 4.3)

By considering the given spectrum in impedance retrieving simulations, we select fre-
quency points of Z.,(w;) and Z,,(w2) on Z.,(w) in Equation 4.1. After solving for L,,

and L, at the two frequency points of w; and wy, we obtain the first inductance as

- p1p2Z(w1) - p1L2w1w§2
w%wgpo

L,, , 4.4)
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where p; = wj, — wi and p» = w§, — w7, and the second inductance is found as

2 7 _ 2 7
L — Pap3paw1wy, Z (Wa) — P1papawswy, (w1)7 4.5)

2 2 2 2
DPapswiway, W, — P1P4wW1Waly, W,

where p; = wj, — w3 and py = wj, — w3.

We can now apply the retrieval methods to the proposed unit cell to obtain sur-
face impedances. To maintain accuracy, we enhance surface resolution, especially as
we approach below-resonance, which is of interest. However, this approach still may
yield inaccuracies in being too close to resonance where wavelength shortening occurs
(Simovski, 2018). Also, we discard the frequency samples very close to the resonance
of the LC's, which gives the singularities in the impedance function for the lossless
case. Table 4.1 presents the extracted circuit parameters. Here, the negative values
confirm the left-handed behavior (LHM) and phase-conjugation of reactances. Figure
4.6 displays the retrieved through 3D simulation and calculated impedances from the LC
model, while Figure 4.6d provides a zoomed view highlighting the conjugate values of
series impedances around resonance.

We now calculate the reflection and transmission coefficients for the equivalent
circuit constructed with impedances and lumped elements. Figure 4.7 shows the S5
(transmission) and S;; (reflection) coefficients for both the 3D simulation and equivalent
models, where observing a well-matching between them. However, some discrepancies
arise in the scattering parameters due to the degree of impedance function in Equation
4.1. Improving accuracy requires increasing the number of components, considering the
limitations related to cell dimensions and wavelength. This results in the need for a more
sophisticated curve-fitting analysis. Despite this, we think the proposed circuit model for

the two transmission modes is sufficient for our purposes.

Table 4.1. The extracted values of LC' parameters from the retrieved surface
impedances in unit cell simulations.

Zsl Zs2 Zp
[ 17.6pF -18.85pF 143pF
| 0.15nH  -0.14nH 1.84nH
Cy| -15pF  82IpF 1.93pF
|

-0.23nH  0.2InH  0.89nH
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Figure 4.6. The retrieved series and parallel impedances of the equivalent circuit for
the proposed unit cell (Yilmaz and Yaman, 2024).

4.3. Dynamic Control of Metasurface Through Surface Wave

As we explore in Chapter 2, surface and transmitted waves on the proposed medium
can be controlled by manipulating the propagation constant of surface waves. This section
presents a method for establishing the dynamic unit cell of the proposed metasurface by
incorporating lumped variable capacitors into the design.

J. W. Zang et al. presented a similar idea, focusing on controlling reflection
through surface waves on subharmonics of a time-modulated unit cell gradient metasur-
face (Zang et al., 2019). Their study is on the efficient conversion between two desired
frequencies. By adjusting the phase delay applied to the modulation of each cell, they
achieved nonreciprocity for the reflection. This was accomplished by setting drastically
different phase gradients during the up/down conversion process and leveraging the inter-
action between specific nonlinear surface waves and reflected propagating waves. Their
unit cell includes a resonant patch and multiple resonant slots coupled to a short-circuited
substrate-integrated waveguide (SIW) with a shunt varactor diode connection. The pro-

cess involves incident waves coupling to the SIW via resonances from the patch and slots,
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Figure 4.7. S-parameter results for the 3D model simulation and the -circuits
constructed through retrieved impedances and LC model (Yilmaz and
Yaman, 2024).

propagating along the SIW, reflecting at the short circuit, traveling back along the SIW,
and re-radiating to free space. A tunable resonator is implemented by placing the varactor
diode approximately \/4 away from the STW short circuit. For measurements, the unit
cell is placed in a rectangular waveguide to simulate the behavior of a T'E' plane wave.
They utilized the transfer matrix method for the numerical solution of time-modulated
components in the resonance circuit coupled to the reflective metasurface. Inspired by the
related study, we designed the proposed structure to support the standing surface wave,

known as the surface cavity mode.

4.3.1. Design of Dynamic Unit Cell with Surface Cavity Mode

This section focuses on a 3D model of introducing time-varying element(s) into
the medium where the surface wave is excited. We improve the proposed equivalent
circuit model (Figure 3.6) now for having time-varying capacitor(s). Figure 4.8 illustrates
the model having separated dielectric-backed ENG and MNG faces and including a time-

varying capacitor in parallel that represents the surface wave in cavity mode. First, a
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single cell was extracted from the metasurface given in Figure 4.4a and placed within a
waveguide. It is configured with a substrate-integrated waveguide (SIW), as shown in
Figure 4.9.

surface')  surface-wave coupling  surface®
-0

@
o] Zst _—

O--en- — — ----0

Figure 4.8. Visualizing metasurface through separated faces, and its equivalent circuit
model that can transform surface waves in resonance (Yi1lmaz and Yaman,
2024).
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Figure 4.9. The view of the simulation model in zz plane for a unit cell with an SIW
cavity terminated by variable capacitors at .

The variable capacitor is intentionally positioned outside the excitation waveguide

for the unit cell to demonstrate that manipulation occurs only through the surface wave.
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The SIW simulates a periodic metasurface for a unit cell, setting boundaries for standing-
wave resonance. A time-variable capacitor is introduced via coaxial cross-section cou-
pling in the fundamental mode. It creates a surface cavity mode coupled through the

coaxial section between the top and bottom faces. This setup is shown in Figure 4.10.
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Figure 4.10. The perspective view which illustrates the wave transformation on a unit

cell design with an SIW cavity terminated by variable capacitors at +x
(Yi1lmaz and Yaman, 2024).

SIWs exhibit propagation characteristics similar to rectangular metallic waveg-
uides. SIW modes are essentially a subset of the T'F,,0 modes (n = 1,2,...) found
in rectangular waveguides. Unlike rectangular waveguides, SIWs do not support 7'M
modes due to the gaps between metal vias. The fundamental mode in a SIW corresponds
to the T'E/1y mode of a rectangular waveguide, characterized by vertical electric current
density on the side walls. This similarity has led to empirical relations between the
SIW’s geometric dimensions and the effective width w, ¢ of a rectangular waveguide with
similar propagation characteristics (Nwajana and Obi, 2022; M. Bozzi, 2011; Balanis,

1989). It is expressed as

d2
0.95s

(4.6)

Wepf =W —

where d is the diameter of the metal vias, w and s represents their transverse and longitudi-
. . . . c

nal spacing, respectively.Cut-off frequency is determined by f. = % for the fundamental
a

T Ep mode. The details and dimensions of the design are given in Figure 4.11a.
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4.3.2. Simulation Results For Dynamic Unit Cell

This part presents the simulation results of a dynamic unit cell placed within a
TEM waveguide, which converts incident waves into a surface cavity mode and incorpo-
rates time-variable capacitors. Antisymmetric (7-phase delayed) surface modes excitation

will be employed to achieve nonreciprocal transmission.

Top face with SIW cavity
and variable capacitor
I

[ T

»|
0000000000 ccccccccch

&

Coaxial cross
section -’

@O0 0000000g
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000000000®000000000

// [N A ws
o + S Cult) - Cu(t)
© = :
7 °
7 o
@ Unit cell in Y [ R
© = rectangular waveguide ds Ss
O Co(t) 72X
(@)
(b) E, for forward illumination (c) E, for backward illumination

Figure 4.11. (a) Simulation setup for a unit cell exhibiting a surface cavity mode with
a variable capacitor connected through a coaxial interface, (b) and (c) the
distribution of the normal component of the electric field, F., at top view
(normal to 2) under forward (Port 1) and backward (Port 2) illumination,
respectively. Minimum and maximum electric field strength is adjusted as
F10000V/m. Design parameter are: r; = 1.6mm, h = 1.5mm, Ayyg X
byg = 83mm x 46mm, d;, = 1.5mm, s, = 3mm, w, = 63mm, L, =
68mm (Yilmaz and Yaman, 2024).
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More clearly, an asymmetric signal is required on the variable capacitor due to
signal mixing between the pump and the source signals in the 3D model. The electric
field distribution (£,) on the surface cavity for both forward and backward illuminations
is shown in Figure 4.11, corresponding to the field distribution of a single cell in the
5 x 1 array depicted in Figure 4.4. Phase-asymmetric surface mode excitation can also be
observed by analyzing the voltage at the lumped variable capacitor (C',) terminals in the

3D simulation.

N
o
o

Voltage Phase (°)
> 2 S

100 I, ~ 180" phase |

v

-100 —Vor Ve |
‘ | | \J _ng _Vl():z
-200 :
2.5 3 3.5 25 3 3.5
Frequency (GHz) Frequency (GHz)
(a) Magnitude (in dBV) (b) Phase (°)

Figure 4.12. Simulation results of the unit cell with a surface-cavity mode: voltages
at variable capacitor terminals connected through a coaxial interface for
forward (Port 1) and backward (Port 2) illumination (Yi1lmaz and Yaman,
2024).

Figure 4.12 displays the magnitude (dBV) and phase of voltages for forward and
backward excitation. As expected, the voltages have identical amplitudes and approxi-
mately a m-phase difference, consistent with the £, field observations in Figures 4.11b
and 4.11c. The voltage amplitude compared to the source can reach 25 dBV (= 18 in
linear ratio) due to the concentrated surface wave, which aligns with the analytical result
in Equation 2.63. The modulation signal (pump) amplitude should be significantly higher
than the source signal in practical scenarios with a varactor diode. If the source power is
high or comparable, any change in source power could affect the modulation function of
the variable capacitor due to nonlinearity. Maintaining a constant pump-to-source power
ratio or limiting the source power should be kept. In addition, the 7'E;3 mode on the
surface has longitudinal, x, and transverse, y, components of the magnetic field. Figure
4.13 displays the related magnetic fields respectively. Figure 4.14 presents the simula-
tion results of the electric and magnetic field vectors for the unit cell in the cavity for

both port-1 and port-2 excitation, corresponding to forward and backward illuminations,
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respectively. We can observe the field transformation on and across the unit cell and,
most importantly, the occurrence of m—phase difference depending on the stimulation
direction. Additionally, Figure 4.15 shows the power flow vectors. Although we see
the longitudinal power flow on the surface, the net power flow along the surface is zero
except for the leakage and radiation since the surface wave is a standing wave. So nearly

all power flows towards Port 1 and Port 2.
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sebcalalelsls
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(a) H, for forward illumination

. .
% osvssssssee covsssvvced® %ossssve000 ovssbbbiben e’ ﬁ

(c) H, for forward illumination (d) Hy for backward illumination

Figure 4.13. Simulation results for the magnetic field distribution on the dynamic unit
cell with a surface-cavity mode. The results show the field distribution
at the top view (normal to 2) for forward (Port 1) and backward (Port 2)
illumination. Minimum and maximum magnetic field strength is adjusted
as F10A4/m.
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Figure 4.14. Simulation results of the electric and magnetic field vectors for the
dynamic unit cell with a surface-cavity mode. The results show the vector
distributions at the side view (normal to ¢ for E and normal to & for H )
for forward (Port 1) and backward (Port 2) illumination. Minimum and
maximum field strengths of electric and magnetic fields are adjusted as
F10000V/m and F10A/m, respectively.

4.3.3. Equivalent Circuit Model For Dynamic Unit Cell

We have discussed that a DNG slab with the coupled surface wave can be con-
sidered a pair of phase conjugate surfaces separated within a subwavelength scale. This
enables us to model the non-parsable complicated medium as three coupled media, as
given in Figure 4.8. In this way, we can construct the impedance-based equivalent TL
circuit with a parallel impedance equivalent connection as indicated in the figure for the
coupled surface-cavity mode. We can model surface cavity mode by a resonance circuit

with a variable capacitor in a LC bank. This equivalent model will allow us to apply
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Figure 4.15. Simulation results of the power flow vectors for the dynamic unit cell with
a surface-cavity mode. The results show the vector distributions at side
view (normal to ¢) for forward (Port 1) and backward (Port 2) illumination.
Maximum power flow density is adjusted as 9.8 x 10°V.A/m?.

numerical techniques (ITMM and HB simulation) to solve time-modulated unit cells for

analyzing the nonreciprocal transmission.

Table 4.2. The extracted values of LC' parameters from simulation of the unit cell in
cavity-mode with variable capacitors.

Zsl Zs2 Zp st
[ 17.6pF -1885pF 1.43pF 0.IpF
| 0.15nH  -0.14nH 1.84nH  20nH
C,| -75pF 821IpF 1.93pF 54.5pF
|

-0.23nH  0.2InH 0.89nH 0.5nH

The surface cavity mode, coupled to the time-varying capacitor parallel connected
to the coaxial line cross-section, is modeled using cascade LC resonators represented by
Z«, as in Figure 4.8. Table 4.2 lists the extracted parameters based on the impedance
characterization. Then, the equivalent circuit is reconstructed, which now has a variable
capacitor. Figure 4.16a shows the transmission magnitude obtained through the 3D sim-
ulation and calculated through the circuit model. The results show that the equivalent
model is approximately suitable to accomplish the proposed method with time modula-
tion. We neglect the dispersion in the cavity mode for the 3D model. Thus, there is an
approximation limit for the capacitor value range, as seen in Figure 4.16b. For the given

simulation configuration, the limit is Cy, < 1pF for subsequent calculations.
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Figure 4.16. Simulation results of 3D simulation and the equivalent model for the unit
cell in cavity-mode with variable capacitors: (a) magnitude of transmission
coefficients (in dB) with respect to capacitor values (C'y), (b) resonance
frequency as a function of the capacitor value (Yilmaz and Yaman, 2024).
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CHAPTER 5

NONRECIPROCAL TRANSMISSION BY
TIME-MODULATED UNIT CELL

This chapter begins with the time domain analysis of the simplified bi-isotropic
circuit incorporating a time-varying component. We examine its time modulation re-
sponse and identify the conditions for achieving nonreciprocal transmissions. We then
develop the numerical techniques, impedance transfer matrix method (ITMM), and har-
monic balance (HB) simulation to solve the developed circuit model of the unit cell, which
has a variable capacitor that will be time-modulated. The results demonstrate that it
is possible to enable partial (phase-coherent) and full (phase-incoherent) nonreciprocal

transmissions by the proposed method.

5.1. Time-Domain Analysis of Bi-isotropic Circuit with

Time-Varying Capacitance

(2-coupling bianisotropic surface can be modeled as 1" — circuit with Zg # Zg
under specific excitation and polarization. This circuit might be called bi-isotropic. For
the time-domain analysis, Figure 5.1 shows its simplified type, including a time-varying

parallel capacitor with L, # L, for forward and backward illumination.

L, I zf Ly L, L, ‘L
po—=—T¥ — ° 4 4o STER AT ——
f :
'UZ- > f b v’t
Mo Clt)———— v 7o~ 10 Uy —C(t) p Mo
V) «—— v
(s T
forward incidence ’ ’ backward incidence
A
= ot
(a) Forward illumination (b) Backward illumination

Figure 5.1. A simplified bi-isotropic circuit (L; # Lo) with a parallel-connected time-
varying capacitor.
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We first derive the solution for the forward incidence by following the analysis
in the literature (Wang et al., 2020; Ptitcyn, 2021). We can express the currents on the

middle node as

in, =i, + i (5.1)

For the incoming and leaving currents through the surface in terms of incident (7;), re-

flected (7,-), and transmitted current (i;) can be expressed as

Ui — by = 1Ly, (52)

it = IiLl?

and reflected current is expressed as

by = 0 — iy — G (5.3)

Similarly, we can write the relations for voltages as

Vi+ V.=V, +V,,
Ve=Vi+ Vi, (5.4)
Vit Ve =Vi+ Vo, +Vi,.

The relation of the current and voltage at the input port is given as

Vi, + Ve
iy = 2 e (5.5)
"o
So we follow similar expressions for the middle node as
Vi Vi Vi
2%, — iy — i, = L2 T VLtV (5.6)

Mo

94



2V; = 2V; + noic + Vi, + Vi, (5.7)

The voltage of the inductance and the current of the capacitor can be expressed by

dip, ,
Vi = Lip— =, (5.8)
. dQ av., dC

Finally, we can express the relation between the incident and the transmitted voltages

after substituting Equation 5.1,5.3 and Equation 5.8 into Equation 5.7. For the backward

incidence, we obtain an equal expression except for the term of (2Ly; + Ll,g)%, where
subscripts refer to respectively forward and backward cases. The final relation for both

cases is given by

f 24+ ng— + Lo—— +10C + (2La1 + L12)——

dC d*C Li+L dC
bf b,f 1 2
2V = [ a 1‘4 i { no dt

LiL, d?C} vt

L\Ly dC| VP [LL,C7 BPVPF
Ly + Lo) +2 —
PNTE 7 —i—lC( 1+ Lo) + } +

To dt dt? Mo dt?
(5.10)

The highlighted in bold term in Equation 5.10 is responsible for differences in the ratio
of transmitted and incident voltages unless L; = Lo. As discussed in Chapter 3, the
bianisotropy creates unequal series impedances indicated as L; # L, in simplified case.
To enable asymmetric transmission, the time-derivative of the capacitance must be non-
zero, 1.e., % # (. These are the essential requirements of nonreciprocal transmission for

the time-modulation technique in the ideal lossless and linear situation.
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5.1.1. Sinusoidal Modulation of C(t)

Consider the parallel capacitor is temporally modulated as
C(t) = Cy — ACy sin(wp,t + D), (5.11)

and transmitted waves are assumed to be the same monochromatic for forward and back-

ward, given as

ol (t) = W2(t) = cos(wot + ). (5.12)

Substituting both into the Equation 5.10, we can write the final expressions in equations

5.13-5.15) by separating into the three harmonics, wy, w,,, — wp and w,, + wy as follows

v {1 _ Go(Ln + Ly)
11 2

wg} cos (wot + @)+

(5.13)

(L1 + LQ) 770000)0 LlLQCO 3 .
S S e VA YO t
[ o Wy 5 + o wy | sin (wg + gb),

CoA Ly LyCyA
Vil;f = {no—o(—wm + wo) — 12—M(wm - wo)Z} cos ((wm — wo)t + P — ¢)
4 4’170
+ T L271wm — (2[/271 + Lljg)wmwo + (L1 + LQWO) S11 ((wm — wo)t + o — gb),

(5.14)
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4 LlLQC’koO

— Wy, — W
( 0) 4no

(im + W] cos((wm + o)t + B + 6)

CohA
+ [—Z (L2,1w72n + (2L2,1 + L1 2)wmwo + (L1 + Lz)wg)] sin ((wm +wo)t + P + ¢)_

(5.15)

These expressions help us to understand the source of the nonreciprocal response
in the system under consideration. Specifically, we observe that the terms representing
the static response of the circuit, Vlb1 = v{l, and vfw # vf; , under the capacitor is
time-varying (% # 0) and L; # L,. To achieve nonreciprocal transmission, it is required
to select the modulation frequency w,, such that either V;f * or sz o corresponds to the
fundamental frequency wy. The third terms, V;f ’b, only contribute to the fundamental fre-
quency when w,,, = 0. In this trivial situation, there will be no asymmetric transmission,
Vg = Vzg The second terms, Vif’b, can contribute to the fundamental frequency when
Wy, = 2wy, resulting in asymmetric contributions: Vg =+ Vzg (Wang et al., 2020).

Using the phasor notation, we can express the transmission coefficient for forward

and backward cases when w,,, = 2wy. The complex amplitudes of transmitted waves are

assumed to be as
V() = RV el ) where V] =VP = (5.16)

Equation 5.17 defines the transmission coefficients at the fundamental frequency of the

source signal, i.e. wy.

Y

b wo —
CoL, . L, L,.C ACyw L,wo .
2— = wh —l—]w()(— +10Co — Owg) - et (770 + 0?.]de0)
2 Mo Mo 2 o

(5.17)

where Ly = Ly + Lo, L,,, = L1Ls and Ly = L — Ls. The signal mixing in Equation 5.15

by wy + ww,, results in the 3wy harmonic for the modulation w,,, = 2wy, and it is given
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2
—3woneCoA w3 LiL,CyA 3C, Aw?
0TloCo +w0120 iy 0-AWq
2 210 2

Tb’f (3&.)0) =

(5.18)

(3L172 + L271) eI®

To clarify the analytical expressions, we provide a numerical example for a given con-
figuration with L; = 10nH, Ly, = 60nH, and a capacitance function C'(t) = 0.225 +
0.2025 sin(wy,t + ¢) pF, as visualized in Figure 5.2a.
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(a) C(t) = 0.225 + 0.2025 sin(wy,t + ¢)pF and Ay = max(C(t)/Cp) = 0.9.
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Figure 5.2. Results for analytical solution of an example bi-isotropic circuit by time
modulation (w,, = 2 X wp): (a) an example of a capacitance function
with time, and magnitude of transmission coefficients (in linear) for (b)
phase difference between source and modulation signals, (c¢) amplitude
modulation depth.

The frequency of source and pump signal are given as w,, = 2wy where wy = 2.45G H z.
Figure 5.2b shows the magnitude of transmission coefficient (in linear scale) results for the
phase difference between the source and capacitor function. We observe the asymmetric
transmission by the result; however, it is called partial or phase-coherent nonreciprocity

in literature (Bahamonde, 2020; Wang et al., 2020) since the transmission depends on
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the phase of the source signal (assuming the modulation is fixed). Moreover, Figure
5.2c shows the maximum quantity in the difference of transmission magnitude for the

amplitude of the modulation depth, which is expressed as Ay = max(C(t)/Cy).

5.2. Numerical Techniques For Time-Modulated Circuit

Time-domain analysis is crucial for understanding nonreciprocity but it is not
suitable for complex circuits with multiple time-varying components. To address this,
techniques like the ITMM (Li et al., 2019; Alvarez-Melcon et al., 2019) and HB simula-
tion (ADS, 2019) are developed. HB simulation is a ready-to-use commercial software
tool. It combines time and frequency domains through iterative methods to model real
components, including nonlinear elements like diodes and transistors. In contrast, [ TMM
solutions should be developed for each particular problem having a time-modulated sys-
tem. It uses user-defined analytical expressions for time-varying components and applies

Floquet analysis for time-periodicity.

5.2.1. Impedance Transfer Matrix Method

The transfer matrix method is applied to various applied-physic areas, and it
has flexibility on modulation functions introduced to variable components (Shen et al.,
2019; Li et al., 2019; Alvarez-Melcon et al., 2019). This part begins with a review of
the derivation of ITMM analytical expressions (Wang et al., 2020). Subsequently, we
develop solutions for the proposed equivalent circuit discussed in Chapter 4 to implement
the ITMM. The arbitrary time-periodic variation of capacitance can be expressed by using

the Fourier Series as

Clt)= Y cme/™n, (5.19)

where c,,, represents the Fourier series coefficients. For the time-varying capacitor, the

total charge is expressed as
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Q) = C1) - Velt), (5.20)

and the current through the capacitor, i.e.

is given as

dQ(t)
dt

jelt) = S 10() - Ve(t)]. (5.21)

Similarly, voltage and current can be written in the form of vector given as

+oo
Vo(t) = Y ver, (5.22)

n=—oo

The capacitor and inductor can be expressed under the modulation by

Vo(t) - C(t) = /Ot Ic(t)dt'. (5.23)

Substituting equations 5.19-5.22 into Equation 5.23, the following expression is found as

—+00 —+00 “+o00

DY et = j%igejw"t. (5.24)

nN=—0o00 M=—00 n=—oo

The basis functions on the left and right sides of the equation become the same after
replacing n with n — m on the left side. Modulation introduces to an infinite number of
harmonics with frequencies w, = wg + nwy,. Considering harmonics from n = —N to

n = 4N, the problem is formulated as a linear equation given as

+oo
> jwaenmvs, =S (5.25)

m=—0o0
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This expression is given in terms of admittance matrix as

Yo. 00 = ic, (5.26)

where admittance matrix Y, explicitly given as

Jw_nCy Jw_nC_1 ... jw_nyC_oy

jwi_nC jwi1_nC
Jwi—-nL1 Jwi-nGo (5.27)

_j(.UNOQN JwnCon_1 ... JwnCo 4 eN+1)x(@2N+1)

Here, each row in the vector denotes the complex amplitude of each harmonic. In this way,
impedance and admittance can be represented by matrices that relate the complex voltage
and current vectors. The vectors of voltage and current harmonics under modulation are

given as

vgl igl
vo = | v§ and irc = |if (5.28)
vy i§
L v+ xa L eVt

Equation 5.25 stands for the convolution of the capacitor function over its voltage since
multiplication in the time domain corresponds to the convolution in the frequency domain.
In the frequency domain, the Fourier convolution theorem states that 7 — jw and
multiplication change with convolution, . — * for each harmonic.

The relation between voltage and current for a time-periodic inductance can be

obtained following the same procedure. The final linear equation is given as

+oo
> jwnlmit,, = vk, (5.29)

m=—0Q
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and the impedance matrix relation is given as

21 = v}, (5.30)

In microwave engineering, many practical networks are often constructed by cas-
cading two or more two-port networks. For such networks, a solution technique of
impedance transfer matrix uses a 2 x 2 called ABC'D matrix for each two-port network.
The ABCD matrix relates the voltage and current in each port of two-port networks. It is
particularly useful for systems with two or more interconnected networks, as illustrated

in Figure 5.3.

Il > 12 > Il IQ 13
- 00—« o " o
FER A B + P + A, B + Ay B +
5 W {C D} V2 5 Vi’ {CI Di] V2. [Cj Di] Vs
Ay —O— —O0— —O0— o—

(a) single two-port network (b) cascaded two-port network

Figure 5.3. Illustration of ABC'D network (Pozar, 2012).

For each network, voltage and current relations between ports via ABC' D param-

eters are expressed as (Pozar, 2012)

Vi = AV, + B,
(5.31)
I, =CVy+ DI,
or in matrix form, given as
Vi A B| |V,
= (5.32)
I, C D |

For a cascade two-port system, the relation between the input and output ports will be the
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matrix multiplication of the ABC'D parameters of each network given by

Vi A, B Ay, B \%
1 1 1 2 2 3 (5.33)
I 1 Cl D 1 02 D 2 I 3
O l —O0
Y
(a) Series impedance (b) Shunt admittance

Figure 5.4. [llustration of two-port network for series impedance and parallel
admittance.

For a series impedance in Figure 5.4a and a shunt admittance in Figure 5.4b, the

formations of ABC' D matrices are given by

1 7 10
[ABCD]Z _ < ) and [ABOD] - ( ) (5.34)
0 1 v \y 1

The ABC D matrix technique is particularly useful when dealing with circuits that
involve many harmonics, such as time-modulated capacitance and/or inductance circuits.
In such cases, each parameter of the ABC' D matrix becomes a (2N +1) x (2N +1) matrix,
and the overall ABC'D matrix now has a size of (4N + 2) x (4N + 2). For validation,
the simplified 7'-circuit, which was solved analytically in Section 5.1.1, can now be
represented in the form of impedance matrices, as shown in Figure 5.5 and solved by
using the ITMM. The total ABC'D matrix, which relates the input and output quantities

of the overall system, is calculated for forward (/) and backward () illumination by

-AB:(JD-H = -AB:OD-L ' ABOD] -AB:(JD-L ,

(5.35)

_AB:CD—le _AB:CD_L ABCD] —AB:CD—L .
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Figure 5.5. The simplified bi-isotropic 7'—circuit with a time-modulated capacitor, and
its representation by series impedance and parallel admittance for [TMM

solutions.

We can calculate the transmission and reflection matrices comprising the total

number of harmonics in each row and column as (Wang et al., 2020; Pozar, 2012)

T— o(A 4 By + 20 + DY) "
(5.36)

where 170 and Z:(] are the admittance and impedance matrices of free space, respectively,

while I denotes the unitary matrix.
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Figure 5.6. ITMM solution results for the simplified bi-isotropic circuit having a
time-modulated capacitor: magnitude of transmission coefficients for (a)

harmonics, (b) phase difference.

The simplified circuit with the same parameters in Section 5.1.1 is resolved to

verify the developed ITMM solution. Figure 5.6 shows the results of the magnitude of
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the transmission coefficient in harmonics and for the input phase (phase of modulation
function is fixed). The results are consistent with the time-domain solution in Figure
5.2b regarding the quantity of the asymmetric transmission and the response to the phase

difference.

5.2.2. Harmonic Balance Simulation

Harmonic balance (HB) is an iterative simulation technique that uses both fre-
quency and time domain approaches to simulate nonlinear effects in circuits and systems
with multi-harmonics. This method evaluates nonlinear devices such as transistors and
diodes in the time domain and then converts them to the frequency domain using the
Fast Fourier Transform (FFT). The general algorithm procedure, along with the block
diagrams, is illustrated in Figure 5.7 (ADS, 2019). The solution can be represented as a
sum of steady-state sinusoidal functions corresponding to input frequencies and desired
harmonics. For example, the waveform of a node voltage v(¢) in a single frequency HB

simulation can be approximated by

K
v(t) = {Z Vkeﬂ”kfot}. (5.37)
k=0

Here, fj is the fundamental frequency, V). are the complex Fourier coefficients from HB
analysis, and K is the truncation level (number of harmonics). A multi-tone simulation
is needed for circuits with multiple input sources. The steady-state waveform is then

approximated by a multi-dimensional truncated Fourier series, given as

Ky Ko Ky
1= {Z D DT Vit IS "”}’ (5.38)
kn=0

k1=0 ko=0

where, n is the number of tones (sources), f; ., are the fundamental frequencies of each
source, and K _, indicates the number of harmonics for each tone. Multiple frequency

simulation generates the mixing products given in general by

gIo(1)} + alo(0)} +u(t) @ o(t) = (1) (539
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and in the frequency domain is expressed by
Filg{v(®)}] + jwrFi[g{v()}] + Y (jor) Vi = T(wn), (5.40)

where, g{-} and ¢{-} are the nonlinear operators, I}, represents the k" spectral component
of a Fourier transform, with w;, = 27 fk. The N x M nonlinear equations are solved
iteratively for the Vj values. Nonlinear components are evaluated in the time domain by
performing an inverse Fourier transform to convert Vj, into the waveform v(¢). Each iter-
ation transforms the current waveform and nonlinear charges into the frequency domain

to apply their spectral values in frequency domain equations.

DC Analysis is always done

Sample Points
start Number of Harmonics <
Simulation Frequency Error Tolerance

Linear Components Non Linear Components
A v
Measure Linear Circuit Currents Measure Linear Circuit Currents
in the Frequency Domain in the Frequency Domain

o Inverse F. T. Nonlinear Voltage (Nowin Time Domain)
(] Calculate Nonlinear Currents
® FE T.:Nonlinear Currents (Nowback in the Freq. Domain)

/\ Yes
» «_Error > Tolerance

Figure 5.7. Block diagram of solution algorithm for harmonic balance simulation
(ADS, 2019).

The HB simulation tool is in most commercial high-frequency simulation software
packages. To verify the harmonic balance setup for the time modulation solution, we sim-
ulated the simplified 7-circuit in Section 5.1.1 and Section 5.2.1 for the same parameters.

The simulation schematic is given in Figure 5.8a for the forward illumination. For the
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backward illumination, the source port and load terminations are interchanged. We opti-
mized the voltage supply of the varactor diode to have a similar modulation function. The
time-varying capacitance function is calculated, and its curve is given in Figure 5.8b for
several periods. The equations 5.41-5.43 give the calculation of the capacitance function
by using time-domain voltage and current acquired from the simulation (M.S. Mirmoosa

and Tretyakov, 2019; Biolek et al., 2007).

Valt) = S (LWin(D) = LS (i) + i) S (L0), 64D
d d d
io(t) = = (C(O)ve(t)) = Ct) 2 (ve(t)) + ve(t) 2 (C (D)), (5.42)

and the solutions for given differential equations are given as

ir(t) = L (O)"L(O);(t)fo VL(t)dt, if  L(t) #0,

(5.43)

C(0)Ve(0) + [y ic(t)dt
C(t) ’

volt) = if  CO(t) 0.

Figure 5.9 presents the magnitude of the transmission coefficient for harmonics and the
source phase (phase of the pump signal is fixed), respectively. These results are well-
matched with those obtained from ITMM solution and time-domain analysis, as shown
in Figure 5.2 and Figure 5.6. However, unavoidable differences are observed in the
transmission results and the capacitor function, as expected. This is because each so-
lution method employs different analysis techniques and modulation parameters. For a
linear system, time-domain analysis provides an exact analytic solution. ITMM offers
a semi-analytical solution, which provides approximate results due to factors such as
the truncated number of series and the inversion of large matrices. On the other hand,
HB simulation is designed for nonlinear systems with multiple harmonics and employs
realistic models of nonlinear components, yielding approximate but more realistic results.
Thus, we avoid direct comparisons between the results obtained from ITMM and HB in
the subsequent parts of this thesis. Instead, for both methods, we focus on optimized
performance in terms of results and discuss the possible factors that would differ between
theory and experiment.
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Figure 5.8. (a) ADS:HB simulation configuration for simplified bi-isotropic 7T'-circuit,
(b) calculated capacitance as a function of time (C(t)) through
time-domain voltage and current on varactor diode.
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Figure 5.9. HB simulation results for the simplified bi-isotropic circuit having a
time-modulated capacitor: magnitude of transmission coefficients for (a)
harmonics, (b) phase difference.

5.3. Numerical Solutions of The Time-Modulated Unit Cell

This section details the derivation of ITMM solutions and HB simulation configu-
ration for the equivalent circuit with a time-varying capacitor proposed in Chapter 4. The
results indicate phase incoherent and coherent nonreciprocal transmission for single and

two time-varying capacitor (C(¢)) configurations.
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5.3.1. Derivation of Impedance Transmission Matrices

For the proposed penetrable medium supporting surface wave conversion, Figure
5.10 illustrates its unit cell response to free-space wave incidence under time-modulation

(Zang et al., 2019).

Harmonic Fundamental Harmonic :

: n=-1 Frequency n=1 . Free-Space
Free-Space : . Free-Space Free-Space : ——
Whe ] UnitCell | gy W Unit-Cell Unit-Cell Unit-Cell F W

. | Transformer o Transformer Transformer Transformer o

L L L L
G 3 @ G
: : Il Il Il
: 5 L L l :
: f T3 [Up/Down Up/Down S B S
:i jB? iB~t Converter Converter B! jB* it
(a) without time-modulation (b) with time-modulation

Figure 5.10. Illustration of unit cell field transformer with fundamental and mix
harmonics by impedance block and time modulated shunt LC's (Zang
et al., 2019).

The unit cell transformer represents the time-invariant converter comprising two
phase-conjugate resonators in Figure 4.9. The parallel LC' resonator represents the funda-
mental surface-cavity mode, where the inductance is time-invariant, and the capacitor is
time-varying. Introducing time-modulation leads to harmonic mixing given as up/down
conversion as depicted in Figure 5.10b.

We now develop the numerical solution of the impedance matrices for each cas-
cade circuit block of the proposed circuit in Figure 5.11. This circuit diagram is for a
single C(t) configuration. Each circuit block of the surface impedances is modeled as two
series LC banks since we consider the first two resonances regarding the homogenization

conditions as discussed in Chapter 4. The [Tsl}, |:Tp1i| and [TSQ} are time-invariant

impedance blocks. Their impedance matrices, as expressed in Equation 5.34, are con-

structed with only the diagonal terms given as

1 .
| jwigL) + (=

jwi ;Ch — [l jwi;L2). 5.44
jwi7j01 ]wi,j02 || JWij 2) ( )

Z(wiz) = (
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Surface wave
coupling model

Figure 5.11. Impedance blocks of proposed circuit having single C'(¢).

Vi -

Figure 5.12. The circuit block for surface wave in cavity coupling with a time-varying
capacitor, which is connected in parallel through the coaxial interface
(Yi1lmaz and Yaman, 2024).

We first apply the time-domain solution to obtain the final transmission matrix
expression for the time-varying circuit block in Figure 5.12 (Yilmaz and Yaman, 2024).
We need to introduce a time-delay (7) function to the equivalent circuit so the m-phase-
delayed response in ITMM and HB solutions. Most HB package software (ADS, 2019)
has a time-delay function component. However, ITMM is a semi-analytical solution,
and the circuit block of time-delayed surface-wave coupling first must be solved in the
time domain and subsequently modeled as a shunt circuit block characterized by ABC'D
parameters. The time-delay function in the circuit is adjusted to represent an ideally 7

phase difference for each harmonic. We begin the time-domain analysis by applying
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Kirchhoff’s rules. For the given circuit block they are expressed as

Z VCeont — Z Vinelont _ Z Viteient, (5.45)
Z VCeunt — Z Vineiont Z Vleient, (5.46)

The voltage and current relations can be written for the first LC bank as follows

ICl

L1 VnLl C1 2 Ll
I = I and 17" = —w, L1Ch1, (5.47)
JWnln

1 __
n =

jwncl 7

The current relation at the top node is expressed as

Zjinejwnt _ Z [Tflejwnt + Z [glejwnt7 (548)

and by substituting this into Equation 5.47, we find the relation given as

VLI

Im= (1 -Ww’L,0y), (5.49)
jwn 1
and it can be also expressed as
in _jwnt IZWH/Ll Jwnt __ C _jwnt

Now, we need to consider the second L,||Cs block to obtain the expression of V/©. Again,

applying the voltage loop, we can write the following equation,

. ]m jw L1
L2 jwnt __ in _jwnt n jwnt
Lo E I 7e?nt = / E Vired“rtdt — / g T w2L101 elntdt, (5.51)
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and we can arrive at the relation given as

12 Vm Ll I:ln

—_-)—> 5.52
" jwnLQ Lg) 1— w%LlCl ( )
Similarly, the expression for C5 can be written as
‘ 21,0, .
I€? = juw,CyVin 4 — 122 _pin 5.53
n JwnlaVy, +1—W721L101n ( )

Applying the current conservation at the second node, we find the expression that gives

the relation between input voltage and current as

V" 1 Iin - . .
wm ]U.)n _ W 1. A ion .
ZI e Z[jwnLg L2)1—w2LlCl}e +;{]wn02\/n +

(5.54)

Wy, L 02 wnt C Vrzn E I}zn jwnt
1—(.4}2[/ Cl:l ’ ZI Z |:jwnL2 - (LQ) 1 —W%Llcl:lej ’

By substituting Equation 5.54 into Equation 5.50 and combining the harmonic expression
of the time-varying capacitor from Equation 5.25, we obtain the final expressions for input

voltage and current as

ijmcm‘/;:ﬁm I Z WnWp— mL C Im — _V;‘n[ . 1

e
1—w? L,y " Jwn Lo I 2]+

m

(5.55)

o Ly 1 w2 L1Cy
I [1 + (LQ)(l —w%LlCl) B 1 —W%Llcl}‘

To assign the time-delay function, we use the property of time delay in the frequency

domain given as

Vin(t + 7) Z Vinelen () — Z VredenTedent, (5.56)
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We finally obtain the matrices defining the voltage and current relation as given in Equa-
tion 5.57 and Equation 5.58, respectively. The relation of [Y;w} = [Mb} - [Ma] gives
the admittance matrix of the circuit block, which is applied to Equation 5.59. In numerical
calculations, time-delay (7) is expressed to create a m-phase difference for each harmonic

as 7, = 27 /wy,.

e_jwnT

[Ma] = —wiwnm L Crpe? VI (

m

— w2 Che M)V (5.57)

2

<2 W —m T
Z —jwiwn_m L1 Ce?¥n=—mT
[ b] 1-— w%,leCl e

m

(5.58)

JuwpednT <L1

(= — WAL CL) | I
1—(.UT2LL101 LQ wn ! 2) "

(st

Figure 5.13. Circuit diagram represented by impedance blocks of two C'(t)
configuration for ITMM solutions.
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5.3.2. Numerical Solution Results of Time-Modulated Unit Cell

This part presents the result of the numerical techniques developed for the equiv-
alent circuit model (Yi1lmaz and Yaman, 2024). Figure 5.13 illustrates the circuit blocks
of two C(t) configurations for ITMM solutions. The transmission matrices are computed

through Equation 5.59 for forward and backward illumination.

T

[ :i| forward

N~
~
~
=
~
N~

st L dpl L Jdswll Jsw2 L Jdpl L J1s2

(5.59)

_1backward
7]

’ﬂn:
N

7l [7] 7] |7

4s2 L dpl L Jdsw2 L Jdswll Jdpl L Jdsl

Then, we first express the incident voltage in exponential form as in Equation 5.60

to calculate the transmission coefficient (Wang et al., 2020).

o(t) = m{ > U(wn)ejw”t}, (5.60)

n=—oo

which is explicitly given by

U; (w_g) 0

vi(w_1) 0
U; = | vi(wp) example for single frequency source: 1 (5.61)

(5 (wl) 0

V; (u}g) 0

The monochromatic incident signal as a source is given as
1 —jwot 1 +jwot —jwot +jwot

vi(t):(§e]°—i—iejo):(ejo):(ejo). (5.62)
Provided that wg + nwy, = —wp, the nt" harmonic contributes to the fundamental fre-
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quency term wy. The magnitude (|- |) and phase (£-) of voltage amplitude for fundamental

frequency wy, which is contributed by v, , and v,,_, are calculated by

”Uwo‘ = \/% {Uw+0 + vw—o}Q + S {Uw+0 - 'Uw_o}2>

(5.63)
R { vy + Yoy

S {UW—O o Uw+0}

Z(v,,) = arctan

We can now calculate transmitted wave amplitudes by Equation 5.64 through Equation

5.36 for forward and backward illumination of the monochromatic source.

Vi = szfj- and Vi = fbﬁi,

(5.64)
_’f :f_; 2b :b—»
‘/r =R i and ‘/r =R Vi,

= = . o = f.b
where 7" and R are matrices, v; and V;” are vectors, where each row represents the
harmonic indices as given in Equation 5.61. We utilize the optimization tools for capacitor
modulation functions to maximize asymmetric transmission and isolation quantity. We

can define isolation quantity by max (|77*(¢|4p) — max (|7%7 ¢|as).

L=0.15 nH 1=-0.242 nH L=0.21 nH L=-0.14 nH

C=8.2pF C=-18.85 pF

TimeDelay
Delay=0.5/f0 - 0.005 ns
ZRef=Zref Ohm

‘Lc=1 9pF L=0.89 nH
I

HarmonicBalance
HB1

Freq[1]=f0 GHz vd2
Order{1]=5

varactor_SMV2019 Y c=csiw pF L=Lsiw nH

V_1Tone
V=polar(Vp,phase_dif) V
Freq=fm GHz

Figure 5.14. The circuit schematic for single-diode configuration in harmonic balance
solver of Keysight ADS software for forward illumination. Parameters are
indicated in Table 4.2.
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In addition to ITMM solutions we employ the Keysight Advanced Design System
(ADS) and HB simulation software. The Skyworks SMV2019 varactor diode model is
used for the variable capacitor. The simulation setup of a single-diode configuration for
forward excitation is illustrated in Figure 5.14. For the backward case, the setup remains
the same but with reversed positions of the source power (P, 7T'one) and load termination
(T'erm). Note that for both numerical solutions (ITMM and HB), the value of the time
delays is adjusted to have ~ m—phase difference on the time-varying capacitor in case
of forward and backward illumination. For the results, we first focus on a single-diode
configuration (assuming the other capacitor in Figure 4.11a is discarded). Figure 5.15a
and Figure 5.15b present the optimized results of nonreciprocal transmission in magnitude
and phase for the input phase, respectively. Source and modulation frequencies are f, =
3GHz and f,, = 2 x fy = 6GHz. The Fourier Series coefficients of the capacitor

function derived from both methods are displayed in Figure 5.16.
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Phase of Incident Wave (¢) (radian) Phase of Incident Wave (¢) (rad)

(a) in magnitude (dB) (b) in phase (°)

Figure 5.15. Results of transmission coefficients with respect to the phase of source
signal in the single C'(t) configuration.

As previously discussed, there are inevitable differences between the two numeri-
cal methods because they employ distinct techniques to model the time-varying capac-
itor. ITMM and HB cannot provide the same results regarding overall transmissions
and modulation functions due to significant differences arising from the definition of
linear time-varying capacitors and the nonlinear capacitor response of the negatively
biased varactor diode. Differences in the numeric solution technique and optimization
algorithms are another significant reason. Nonetheless, the results are assumed to be
consistent considering the realization factors and methodological tolerances when we
focus on the overall performances of the asymmetric transmission and its response to

the source’s phase.
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Figure 5.16. Fourier series (F.S.) coefficients of the optimized modulation function in
single capacitor configuration.

We observe that nonreciprocal transmission with a single C'(¢) configuration is
phase-coherent, meaning isolation depends on the input phase. This makes it impractical
as an isolator unless the input phases are known. To improve this, we propose using two
capacitors symmetrically positioned on the top face, as shown in Figure 4.11a. Under
the same illumination direction, these capacitors exhibit a m-phase difference, as demon-
strated in Figure 4.11b for forward and Figure 4.11c for backward excitation. Conse-
quently, the incoming voltage signals to the capacitors have a cross 7-phase difference
while maintaining approximately the same amplitude (Figure 4.12). The different modu-
lation signals are required for both capacitors to achieve phase-independent nonreciprocal
transmission. Optimal modulation functions are determined via optimization code. The
direction of isolation can be switchable by interchanging the modulation functions of the
capacitors with the help of cross m—phase differences. It means during forward excitation,
the phase of the first capacitor matches that of the second capacitor in backward excitation,
and vice versa (see Figure 4.12b). Figure 5.17 displays the optimized results for the
two C(t) configuration with isolation switched in reverse. Here, the transmission coef-
ficient for the backward illumination (or forward in reverse operation) is always blocked
(isolated). For the forward case, transmission varies between unity and near zero with
respect to the phase of the incident wave (assuming the phase of the modulation signal
is fixed). The isolation operation is switched by exchanging the modulation functions of
capacitors. To achieve unity transmission (or amplification), the pumping signal should
be synchronized with the forward incident signal, as suggested in the literature (Wang
et al., 2020). This setup is practical for applications where the transmitter signal phase

can be controlled, or the incoming signal can be detected during operation.
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Figure 5.17. Results of transmission coefficients (magnitude in dB) with respect to the
phase of source signal in two C'(¢) configurations.

The operation frequency, i.e., fy, can be changed by the DC component of the
modulation function, i.e., Cy. However, there are certain limits for the total bandwidth.
Essential factors can be listed as (i) the resonance characteristic of the single cell, which
depends on geometric inclusions, its and host material, (ii) dimensions and material of

surface cavity, (iii) the range variable of capacitance.
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Figure 5.18. Results of transmission spectrum in two C'(¢) configurations for f,, =

59GHz, f,, = 595GHz, f,, = 6GHz and f,, = 6.05G Hz. Bandwidth
span is 100M H z.

We obtain the results for a two-capacitor setup with the same diode model by vary-
ing the capacitor function to change the operation frequency. The modulation functions
are optimized for the operation frequency varies between f, = {2.95,2.975, 3,3.025}
GHz. Figure 5.18 show the transmission spectrum within the bandwidth of 100M H z,

when modulation frequency varies between f,,, = 2fy = {5.9,5.95,6,6.05} GHz. Mod-
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ulation functions are found by optimization code as follows:

e for f,, = 5.9GHz: Cy(t) = {9.7+ 0.4 cos(w,, — 0.48)} x 1071*F, and Cy(t) =
{7.2 — 5.5 cos(w,, +0.81s)} x 10713 F,

o for f,, = 5.95GHz: Cy(t) = {8.7 — 0.3 cos(wy, + 0.18)} x 10713 F, and Cy(t) =
{7 — 3.7cos(wp, — 0.07)} x 10713F,

o for f,, = 6GHz: Cy(t) = {7.6 4+ 0.7cos(w,, —1.23)} x 10713 F, and Cy(t) =
{8 + 0.004 cos(wr, + 0.006)} x 1073 F,

o for f,, = 6.05GHz: Cy(t) = {10 — 0.3 cos(w,, — 1.35)} x 10713 F, and Cy(t) =
{8.7 — 4cos(wp, — 1)} x 10713F.

Transmission curves are identical with respect to the source phase for each fre-
quency, as expected. Figure 5.19 shows a version of zoomed into 10MHz at the f, =
2.95G Hz and its curve with respect to the source phase. Figure 5.20 shows the trans-
mission coefficient (in dB) of harmonics that occurred by signal mixing. The higher
harmonics have significantly low transmission since the phase of the mixed signal is

precisely optimized to be matched for the fundamental frequency (wy).
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Figure 5.19. Results of transmission magnitude (in dB) in two capacitor configuration
for f,, = 5.9GHz.

For the final analysis, we investigate how the amplitude of the source signal
affects asymmetric transmission due to nonlinearity in diodes. This analysis is done
in HB simulation involving nonlinearity. Figure 5.21 indicates the maximum isolation
quantity for the input power. We see maximum source power limitation for practical

applications with a fixed pump signal. In addition, considering practical realization,
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typical achievable time modulation frequencies today are estimated to exceed 100 GHz

(Taravati and Eleftheriades, 2022). Alternatively, lowering the modulation frequency is

also possible. For example, even significantly lower modulation frequency (e.g., wy,

wp/10) can enable nonreciprocal transmission since the proposed design can contains

multiple time-modulated elements (Wang et al., 2020).
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Figure 5.20. Results for transmission magnitudes (in dB) of mixed harmonics in two

C(t) configurations.
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CHAPTER 6

EXPERIMENTS RESULTS FOR NONRECIPROCAL
TRANSMISSION ON UNIT CELL BY
TIME-MODULATION

This chapter first revisits the proposed unit cell simulations in 3D, considering
losses and practical waveguide excitation factors. It is followed by deriving the impedance
matrix of the proposed time-varying circuit block now having diode loss (/) and pre-
senting the numerical results of the overall system with losses. After, we step into the
experimental sections, presenting the experimental setups and the results while discussing

their consistency with numerical results.
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Figure 6.1. The simulation model of the unit cell in waveguide setup for the
experimental scenario.

6.1. Revisiting Simulation Model for Experiment Setup

In the previous chapters, we have considered all materials and components loss-
less. We placed variable capacitors where the high field was concentrated in a unit
cell cavity configuration. We then made the numerical calculations, assuming that time
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variations were introduced to them hypothetically. However, in practical experiments, the
transmission lines must feed the variable capacitors by pump signals from the separated
ports. Identical microstrip co-planar waveguides (CPW) are employed for pump signals
(with negative DC bias) to the varactor diodes. Pump signals are fed through ports indi-
cated as Port 3 and Port 4. We consider all losses and also change the T'E/M waveguide
section with the realizable waveguide whose fundamental mode is 7'F( incident wave
in the spectrum. Figure 6.1 displays the general view of the simulation setup for the
experimental scenario considering all losses. Here, P F.C walls and the faces of inclusions
are exchanged with the copper whose conductivity iS Oeopper = 5.8 X 1078 /m. The
dielectric substrate is the same with €, = 2.2 (Rogers RT/Duroid 5880) but now lossy
with a dissipation factor tan 6 = 0.009 at 10GH z.
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Figure 6.2. Top view of the proposed 3D model with the CPW feeding lines and SIW
cavity for the experimental scenario. a, = 0.5mm, ay = 25mm, Lep, =
14mm.

Connecting one terminal of the variable capacitor to the feeding line connects
the equivalent circuit of the surface cavity to outside ports (Ports 3 and Port 4). Figure
6.2 shows the pump signal feeding line details. Here, filter capacitors are connected to
each corner of the SIW wall and the CPW, so there are four filter capacitors. Precise
adjustments of the design and lumped components are necessary for the filter circuit
between the source and pump signals. The circuit seen from the source signal should
remain mismatched in impedance to prevent a decrease in the cavity’s quality factor
and the manipulation level of the variable capacitor. Conversely, the circuit seen from

the pump signal should be matched in impedance to deliver maximum power to the
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variable capacitor, ensuring high voltage. Hence, we need to develop a band-pass filter
at the boundary of a coaxial cross-section where the variable capacitor is placed, which
coincides with the end of the pump line. We optimized the geometrical parameters and
lumped components through parametric sweeps during the 3D simulations. We aimed to
achieve minimum leakage for the source wave in the cavity and maximum power transfer

for the pump wave.

Figure 6.3. Simulation result for electric field distribution (magnitude, |E ) showing
the concentrated surface wave around the surface from a general
perspective. Maximum electric field strength is adjusted as 1000V /m.
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Figure 6.4. Simulation results of transmission magnitudes (S3; in dB) for the capacitor
value ranging of Skyworks SMV 2019 varactor diode model in lossy case.

We redesign the unit cell structure by adding a new capacitor fence outside the

split-ring resonator to increase the operating frequency bandwidth. This adjustment aims
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to enhance tolerance of frequency mismatch during the manufacturing process since the
resonator structures are the highly affected by even the tiny changes in geometrical pa-

rameters. Figure 6.3 shows the distribution of the electric field magnitude excited from

Port 1.
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Figure 6.5. Transmission coefficients of coupling between sources (Port—1 and
Port—2) and feeding ports (Port—3 and Port—3) when Cy, = 1pF.

The concentrated field around the surface demonstrates the separation of the in-
cident field and the surface wave manipulation that occurred from outside the waveguide
section. We can also observe the leakage field toward the pump ports. Figure 6.4 presents
the magnitude (in dB) of the transmission coefficient (S5;) for the variable capacitor value
within the range of the varactor diode model Skyworks SMV2019. Comparing this with
the results without losses and pump line (see Figure 4.16a), we observe a drastic decrease
in the impact of the capacitor changes. However, we can still control the transmission
within a sufficient level, approximately 10dB. Note that this is not the limit for the
asymmetric transmission (isolation quantity) level, as there is no time modulation on
the capacitor. Nonetheless, it illustrates how the performance decreases and allows for
comparing the ideal and realized cases. The performance can be enhanced by reducing
leakage and losses, for example, by replacing the Silicon (Si) varactor diode with Gallium
Arsenide (GaAs) having low series resistance ([R;). Figure 6.5 presents the S-parameter
results for coupling transmission between source wave excitation ports (Port 1 and Port
2) and feeding ports (Port 3 and Port 4). Here, the magnitude results indicate the leakage
power through the surface wave, and the phase results demonstrate a cross-m (180°) phase
difference. We have seen the same phase differences in the voltage of variable capacitors
in Figure 4.12b. The cross-7 phase differences occur for the situations: (i) at either Port-3

or Port-4 when excited by Port-1 and Port-2, and (ii) between Port-3 and Port-4 when
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excited by either Port-1 or Port-2.

6.1.1. Analysis of the Losses

Surface wave generation on such structures enhances the problem of losses (Mau-
rizio Bozzi, 2009). We face this issue significantly, as the concentrated field on the
lossy medium results in high amplitudes and boosts power dissipation. Despite efforts
to reduce losses by using a substrate with a very low dissipation factor (RT/Duroid 5880)

and employing copper, which is highly conductive, it is still a major factor in the overall

performance of the structure.
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] CV=0.9pF

—+C =1.5pF
—+Stimulated Power
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Figure 6.6. Simulation results of the total received power from all ports when the
stimulated power is 0.5W.

Figure 6.6 presents the simulation result for the total received powers in all ports
when the stimulated power is 0.51/. We observe the maximum losses occur around
the frequency that matches the high surface wave conversion into cavity mode and the
resonance of the unit cell DNG structure. Table 6.1 provides detailed information on the
sources of these losses. Indeed, the mechanisms causing losses are highly complex and
nonlinear. Our analysis is based on 3D numerical simulations. From simulation results,

total efficiency frequency varies between %60 — %90 at around the operating frequency

for the time-invariant situation.
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Table 6.1. Simulation results of the losses and total received power P (in
percentage) for different C,, values. R, represents the varactor diode’s
series resistance.

Dielectric R,  Metal Pl
Cyar = 0.3pF %17.2 %0.5 %18  %61.6
Cyar = 0.6pF %14.8 %4.6 %174  %61.2
Cyar = 0.9pF %6.8 %17.2  %9.8 %654
Cyar = 1L.5pF %10.8 %20  %13.6  %53.2

6.2. Revisiting Numerical Solutions For The Time-Modulated

Circuit with Losses

We now analyze the impacts of losses on nonreciprocal transmission performance
under time modulation. First, we revisited the time-modulated circuit block in Figure
5.12 for the impedance transfer matrix method. We derive its expression of the impedance
matrix for the now series loss assigned into the variable capacitor. By following the solu-
tions in Chapter 5, we obtain the final admittance matrix through [st] ~ [ Mb] - [ Ma} .

Corresponding matrices are given in Equation 6.1 and Equation 6.2, respectively.

] =3 (e + “nft G
e m / " wnme2 - w%wnfmCQR " e (6 1)

+ ( __J + jtdng) e*jwnTVTZ‘n’
L,

W2Wp—m Ly N jw2li R
|:Mb] ; (1 — wg_leCl + %n L2<1 — w%_lec'l)

jwiLngRwQ )

n—m

1 — w%,leC’l

. ) Lyw,
Cm JWn—mT [in  —
c nom + (w LQ(]_ — w%LlCl) +

3

wnL102 e—jwn’rlin

1-— w%LlCl "
(6.2)

where R is the series resistance of the varactor diode.
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Figure 6.7. Transmission magnitudes (Sy; in dB) of lossy ITMM solution for C,,
values without modulation and comparison with 3D CST: MW simulation.
The capacitor value is applied from 0.3pF' to 1pF, which is in the SMV
2019 varactor diode model range.
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Figure 6.8. Results of transmission coefficients (magnitude in dB) with respect to
the source’s phase for the two C(t) configuration when the losses are
considered.

Figure 6.7 presents the calculated transmission magnitudes from the equivalent
circuit for the capacitor values ranging from C,,,,, = 0.3 — 1pF, as shown in Figure 4.16a
for the lossless case. The response of the transmission coefficients for varying capacitor
values is in good agreement with the simulation results in Figure 6.4. The quantity of
manipulation impact is approximately 12d B. When the capacitor’s impedance exceeds
the particular matching value, approximately C,,,. > 1pF, the equivalent circuit of the
pump line becomes more effective. It changes the equivalent circuit parameters of the
surface cavity. We consider the capacitor value as C,,. < 1pF for the time-varying

solutions as we discuss for the related result given in Figure 4.16b. We then applied
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the numerical solutions for the time-modulated case considering the losses. Figure 6.8
presents the optimized result of the nonreciprocal transmission with respect to the source’s
phase for the two C'(t) configuration when the losses are considered. We could achieve
the isolation quantity of approximately 20d5B for both methods via optimization tools
in HB simulation and Mathwork Matlab. A flat response to the variation of the source
phase is observed in the HB simulation. This might be attributed to the domination of
the nonlinear characteristic of the varactor diode when series resistance is introduced.
When comparing the isolation quantity to the lossless scenario (see Figure 5.17a), we
observe a performance degradation from 40d B to approximately 20d B for the lossy case.
This discrepancy is expected since inevitable differences exist between the idealized case
and real implementations. Nevertheless, a 20d B isolation quantity provides comparable
performance for isolator applications compared to other methods and commercial prod-
ucts, which have major drawbacks for modern systems as discussed in the introduction.
The performance can be enhanced by addressing the issues of losses and optimizing
leakage to the feed port. Another significant issue is improving the time-variable capacitor
performance using a diode with lower loss or an alternative technique. Note that the
presented results are examples from the results within the limits of certain optimization
conditions for given equivalent circuit elements, and they are not an upper limit in terms

of performance output.

6.3. Experiment Results of The Time-Modulated Unit Cell

This section presents the experimental setups for the time-modulated unit cell
within the SIW cavity placed in the waveguide section, followed by the measurement
results that validate nonreciprocal transmission as proof-of-concept. The structure was
fabricated according to the dimensions outlined in Figure 6.2. Figure 6.9a and Figure
6.9b show images of the manufactured structure from both top and bottom perspectives,
respectively. For the experimental setup in Figure 6.1, we positioned the structure in
the exact middle of a 3D-printed rectangular waveguide section with dimensions of 80
mm X 46 mm X 80 mm. Its operating frequency for only fundamental 7'F;; mode
is approximately between 2.2 — 3.3 GHz (Balanis, 1989). Figure 6.9c shows the unit
cell structure within a 3D-printed waveguide section after soldering diodes and filter
capacitors. Conductive tape was applied to the plastic wall to impart conductivity. The
resulting conductivity level, and thus the wave-guiding performance, was sufficient for

proof-of-concept experiments. A detailed analysis and performance results of the 3D-
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printed waveguide have been published in the literature (Anil Karatay and Yaman, 2023).
As discussed in Chapter 3, this setup allows the simulation of infinite identical cells with
a particular period (Zang et al., 2019). The CPW feedings of the varactor diodes are
outside the waveguide as we simulated in Chapter 4. So, this configuration prevents
interference and cross-talk between the excitation and feeding waves and it demonstrates

that the mixing operation only occurs on the varactor diodes.
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(c) In waveguide with soldered diode and filter capacitors

Figure 6.9. Photographs of the manufactured proposed structure and within 3D printed
waveguide.

We first measured the S-parameters using the HP 8720D vector network analyzer
(VNA) for the capacitor range of the varactor diode model by supplying only negative DC
bias without a modulation pump signal. The voltage ranges from 0V to 20V according
to the data sheet of the Skyworks SMV2019 varactor diode. Figure 6.10a presents the
transmission coefficient (S3;) for the capacitor value ranging from minimum (0.3pF’) to
maximum (2.2pF") for the given diode model (Skyworks SMV2019). Figure 6.11a and
Figure 6.11b present, respectively, the magnitude and phase of transmission coupling

coefficients for source to feeding ports indicated as S31, S32, S41 and Sys.
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Figure 6.10. (a) Experiment results of transmission coefficients (magnitude, | S| in dB)
with respect to the negative DC bias of diodes, and (b) comparison with
CST simulation with losses and ITMM solution of the equivalent circuit,
when only negative DC bias is supplied without modulation.

To verify the experiment’s setup, fabrication of the unit cell, and the soldering
process, the experiment results are compared to the results of 3D CST: MW simulation
and ITMM solution of the equivalent model. Figure 6.10b presents the magnitude of
the transmission coefficients (S5;), comparing experimental results, 3D simulations, and
the ITMM solution on the equivalent circuit for maximum dynamic transmission manip-
ulation. This comparison verifies the consistency among the 3D simulation, equivalent

circuit model, and experimental data.
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Figure 6.11. Experiment results of transmission coupling coefficients between source
ports (Port—1 and Port—2) and feeding ports (Port—3 and Port—4) with
respect to the negative DC bias of the diodes.

We proceed with the experiment on nonreciprocal transmission via time modula-
tion. Figure 6.12a displays a view of the general experiment setup with measuring devices

and the required equipment for the time modulation. Figure 6.12b presents a detailed
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photograph of the supplied source and pump signals and their related active and passive

components, such as amplifiers, filters, bias-tee, and couplers.
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(b) Detail view of unit cell in waveguide section with components for pump signals

Figure 6.12. Experiment setup with measuring and source equipment for the

time-modulation experiment of unit cell structure

The transmitted power spectrum was measured with a spectrum analyzer (HP 8565E) for

the first experiment of the time modulation. The source signal is analytically expressed as

Vs = Agcos(wot +60)  (V),

(6.3)

and the pump signals for the diodes which are supplied by HP 83620B swept signal

generator and DC supplies generator, are expressed as
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Vin1 = Ao1 + Ama cos(2wot + ¢1)  (V),
(6.4)

Vmg = A02 + Amg COS(QWot + ¢2) (V),

where subscript 1 refers to the first and second diode, Aj is the DC' and A,, is the
modulation (AC) amplitudes.

Figure 6.13a and Figure 6.13b present the measured powers Ptf and P! by the
spectrum analyzer for respectively forward and backward illumination and when only
DC biases are supplied as Ay, ~ 7.3V and Ay ~ 10.5V without the modulation signal
(A1 = Ao = 0). As it is supposed to be in the absence of time modulation, reciprocity
is maintained, which means the transmission is symmetric for both illumination direc-
tions. The transmitted powers are measured as Ptf = —33.3dBm and P} = —33.7dBm
for a normalized input power of F;,, = —20dBm, respectively. Minor deviations in the
measured powers for the forward and backward cases in the reciprocal situation could be
attributed to factors such as the measuring resolution of the spectrum analyzer, cable and

connection instabilities, and the nonlinearity of diodes.
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Figure 6.13. Experiment result of the transmitted power (in dBm) measured by the
spectrum analyzer without pump signal (RF},m,, = 0) for a normalized
input power of F;, = —30dBm.

We then supplied the pump signals whose power was set to 12d Bm from the signal
generator, then split into two signals by a 3d B coupler. For the second diode, there is an
adjustable attenuator before the amplifiers. The amplifiers and bias tees in the pump setup
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are identical, and their model are Mini-Circuits ZX6083LN and Mini Circuit ZFBT-6G,
respectively. The relative phase between the pump signals (¢, — ¢2) was adjusted by the
electrical length of the coaxial lines. So we can adjust the modulation signals for both
diodes separately. The source frequency was adjusted as fo, = 2.8875G H z, around the
maximum surface wave conversion. Figure 6.14a and Figure 6.14b show the transmitted
powers for the forward case when the modulation with frequency w,, = 2wy is supplied.
To observe the precision of the harmonic mixing, we zoom into a narrow spectrum of
100H z. Two recorded samples show transmission blocking at multiple frequency points
and maximum isolation levels are approximately —22 dB and -28 dB. In contrast, Figure
6.14c shows the not-blocked transmission for the backward case, which is approximately
—30.3dBm. These results demonstrate the occurrence of signal mixing, which enables
asymmetric transmission through the proposed unit cell. Nonetheless, those are screen-
shots after the relatively long measuring time (= 4sec) due to the signal sampling process
of the spectrum analyzer. Therefore, we concluded that the spectrum analyzer could not

accurately monitor the continuous process of signal mixing in our structure.

RFpump is ON
—-300 Forward =50
= Excitation £ -40,0
£ 400+ 9 45,0
g Z 50,0
£ 50,0 i
8 5 550
. £ 60,0
E 60,0 ﬂ? .eg‘gf
T 70,0+ o 7004
= Z 750
g -80,0-{ = 80,0
Z = 85,0
90,0 £ 9001
= £ 95,0
-100,0- =LA A L B e e o s e e B
0 50 100 150 200 250 300 350 400 450 500 550 600 0 50 100 150 200 250 300 350 400 450 500 550 600
fo =2.8875GHz, Span = 100H z fo =2.8875GH z, Span = 100H z
(a) Forward (Port—1) illumination (b) Forward (Port—1) illumination
REpumyp is ON
=30 Backward
E EQ«mn‘m,,
£q -40,0-
=
50,01
£
QO
2 500
g -700
=
= 800
z
< 90,0
&1100 Al Mg A A
50 100 150 200 250 300 350 400 450 500 550 600

fo =2.8875GH z, Span = 100H z

(c) Backward (Port—2) illumination

Figure 6.14. Experiment result of the transmitted power (in dBm) measured by the
spectrum analyzer when RF,,,, is ON for the normalized input power
Py, = —30dBm.
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We also faced the instabilities in each measuring sample. Therefore, we proceed with
the time-modulation measurements using the HP 8720D Network Analyzer for the same
modulation arrangements. Our system is a frequency translator system, including non-
linear components and multi-harmonic mixing; the operation frequency of network an-
alyzers should be precisely adjusted. The modulation frequency was precisely searched
within the range of w,, = 2wy & %0.1 to achieve maximum manipulation on the transmit-
ted signal. Figure 6.15 displays two snapshot examples for the forward and backward
transmission coefficients (magnitude |Sy;| and |Sy2| in dB) in a spectrum of 100kHz
bandwidth when input power F;, = —10 dBm. Nonreciprocal transmission occurs at
multiple frequency points around the f, = 2.8875GHz. We observe the maximum

isolation quantity reaching up to the —30dB.
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Figure 6.15. Experiment results of transmission magnitudes (|S3;| and |Si2| in dB)
measured by VNA in spectrum of 100k H z bandwidth.

Afterward, we made measurements using the single-frequency option in the VNA.
The source frequency was adjusted again as f, = 2.8875 GHz, and the time duration
accordingly the number of points (sample) to cover the total 27 input phase. For the
first scenario, both pump signals were approximately adjusted to obtain phase-coherent
(partial) nonreciprocity by emulating the numerical result of single C'(¢) configuration in
Figure 5.15a and Figure 5.15b. The experimental results of the transmission coefficient
(S21 and Sp5) are shown in Figure 6.16 in magnitude (dB) and its comparison with the
numerical results, and phase (°). The pump signal parameters were adjusted as Ay, ~
Ap2 = 5.5V, P,y = 10 dBm and attenuater is 0dB while P;,, = —10dBm. Note that
the measured phase is a relative phase to the input phase, i.e., @trans. — Psource,» While it
was exact ¢y qns. in the numerical simulations. There is good agreement for experiments

and numerical simulations regarding the response and the quantity of the asymmetric
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transmission with respect to the source phase.
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Figure 6.16. Experiment results of transmission magnitudes (|.S;| and |S}2| in dB)
measured by VNA when approximately the same modulation functions are
supplied, V,,1(t) = V,,2(t). This shows phase-coherent nonreciprocity for
forward and backward illumination.

Next, we performed measurements to achieve phase-incoherent nonreciprocity
(isolation) by precisely adjusting the parameters of modulation functions. To optimize
the maximum isolation quantity, we searched empirically for specific parameters around
those found in the numerical simulation. As discussed in Chapter 5 for the numerical
simulations, we can also amplify besides absorbing the input source depending on the
adjustment of the input and pump signals. The primary limitation in practice is the ratio
between the maximum pump power (F,,,,) and the input source power (F;,). We also
need to consider the maximum power handling of the varactor diodes. The output power
of the amplifiers at 1d B compression (saturation point) is approximately 19 dBm. Thus,
the maximum isolation quantity significantly depends on the input power for diodes.
Figure 6.17 shows the transmission magnitudes (in dB) for input powers ranging from
P, = 0dBm to P,, = —30 dBm. For measurements, the pump power is fixed at

Pyump = 12 dBm, attenuater is 4dB and Ay, ~ 6.9V, Ay ~ 10.3V. The isolation
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quantity convergences around F;, > —20 dBm.
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Figure 6.17. Experiment results of transmission coefficients (magnitude, |55 | and |.S}5]|
in dB) measured by VNA when modulation functions were adjusted to
maximize the isolation quantity for input power (F;,) ranging from 0dBm
to —30dBm.

The manner of its response to the input power is similar to the result of HB
simulation in Figure 5.21. Therefore, we performed further measurements for P, > —20
dBm, whose results are shown in Figure 6.19a. Figure 6.18 shows the phase of the
transmission coefficient for the P;,, = —10dBm. To keep the isolation quantity about
constant with respect to the given input power (£;,), when the pump power (Fpymp) 18
synchronized with F;,. Figure 6.19b shows the impact of the pump power P, variation
around the saturation point while the source power was fixed at ;,, = —20dBm. Here, we
can observe how the gain factor on backward transmission (S12) increases while forward
(S21) is always blocked as the pump power is increasing. The time duration and number
of samples were adjusted to evaluate the system’s stability. We consecutively recorded ten
measurements for the time corresponding to the 12 periods of the source signal. Figure
6.20 displays the averaged magnitude of transmission coefficients (|S9; and Sj3|) in dB
and linear ratio, respectively. We observe the stable behavior of nonreciprocal trans-
mission when we compare the averaged results with single-taken results. The direction

of isolation can be reversed by exchanging the modulation functions of the diodes, as
136



discussed in Chapter 5 and the given result in Figure 5.17a.
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Figure 6.18. Experiment results of transmission phase (£S5 and £S;2) measured by
VNA when F;,, = —10dBm and P, = 12dBm.
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Figure 6.19. Experiment results of transmission coefficients (magnitude |Sy;| and | Sl
in dB) measured by VNA for variation of (a) input power P;,, when P,
is synchronized with F;,, and (b) P, when P, = —20dBm.

In practice, exact reversal by swapping the modulation signals is not likely due to non-
ideal and non-identical components, soldering processes, and fabrication constraints. We
could only supply approximate reversed modulation functions. Figure 6.21 demonstrates
this reversal operation with the results of transmission coefficient magnitudes (|S2;| and
|S21| in linear ratio). After, we performed longer measurements to emulate the real-time
operation. Figure 6.22 presents the transmission magnitudes in dB and the linear ratio
throughout 0.1 seconds. The number of points was adjusted to have approximately a 90
time period of the source signal. This allows us to observe the persistence of the isolation

during extended real-time operation. We lastly optimized the phase difference between
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the source and pump signal (§ — ¢) as kept settled to have maximum nonreciprocal
transmission. Figure 6.23 presents a result of transmission magnitudes demonstrating the
significant isolation quantity with between ~ 35d B-~ 60d B. The modulation parameters
were adjusted as: Agy = 5.93V, Aps = 9.36V/, attenuater is 4d3, and Py, = 15dBm,
when P,, = —20dBm.
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Figure 6.20. Experiment results of averaged transmission cofficients (magnitude, |Ss |
and |S12|) measured by VNA when P;,, = —20dBm and P,,,, = 13dBm.
Averaging is performed by 10 discrete measurements for 12 time periods
of the source signal.
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Figure 6.21. Experiment results of transmission magnitudes (|S2;| and |S}2|, in linear
ratio) measured by VNA when F;,, = —30dBm and P, = 10dBm. It
demonstrates the switching of the direction of isolation.
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Figure 6.22. Experiment results of transmission magnitudes (S5, and S2) measured by
VNA for a real-time scenario (= 90 periods) when P;,, = —20dBm and
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Figure 6.23. Experiment results of transmission (Sy; and Si2) measured by VNA in
case of a fixed phase difference ¢ — ¢ when F;,, = —20dBm and P,y =
15dBm.
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6.3.1. Measurements Results of Synchronous Detection

We move to real-time scenario measurements by considering eliminating mea-
surement tolerances of the general-purpose measurement devices VNA and spectrum
analyzer. The measurement setup is established as given in Figure 6.25 for synchronous
detection, called homodyne detection in optic engineering. Synchronous detection uses
the continuous wave (CW) source signal as a reference signal to the downconverting
mixer. The modulated or mixed harmonic signal output is downconverted by the mixer.
This process is similar to heterodyne detection, with a difference in that the detected signal
typically falls within the audio range, while it is DC for the homodyne detection (Jaggard
and King, 1973). Figure 6.24 illustrates the operation of the synchronous detection.

cos(2m fo)
Incoming DC: In-phase
RF at fo B > Component
DC: Quadrature
B Component
sin(27 fo)

Figure 6.24. Illustration for the operation of the synchronous detection method.

For the synchronous detection setup, the mixer model is the Mini-Circuits ZX05-C60MH,
and the pre-amplifier model is the Mini-Circuits ZX60-272LN. The IF signal was recorded
via digital oscilloscope for the given situations given as: (1)F;, = —5dBm, Pyymp, =
12dBm, Ayp = 7.1V and Ay, = 10.8V, (ii) Py, = —bdBm, Pyymp = 16dBm, Ay =
6.5V and Agp; = 11V. Figure 6.26 and Figure 6.27 present the normalized transmitted
power ratio for both measurements. They were recorded along 1 second. The dashed
curves on the results represent the averaged values taken in a particular time interval
along the duration. The maximum isolation quantity for the averaged values is 14dB
and 12dB, respectively. For the particular instants, it can reach up to 15dB and 23d B,
respectively. These results are consistent with the VNA measurements for the real-time

scenario in Figure 6.22.
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Figure 6.25. Photograph of the synchronous detection setup in general view.
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Figure 6.26. Experiment results of transmitted power ratio (normalized) measured by
synchronous detection experiment for forward and backward illumination.
Pm = —5dBm, Ppump = 12dBm, A01 = 7.1V and AQQ = 10.8V.

We also analyzed the recorded intermediate frequency (IF) signal in the frequency
domain by performing a Fast Fourier Transform (FFT). Figure 6.28 displays the power
spectrum. The maximum frequency component is expected to be 1M H z. The DC compo-
nent indicates the fundamental frequency (fy) and demonstrates the isolation quantity for
forward and backward illumination. Away from the fundamental component, we observe
a significant lowering in power levels. Only very close to the DC component can we
observe relatively strong other harmonic-mixing products, possibly resulting from the
nonlinear diodes. However, still, they are relatively low compared to the fundamental
component ( fy). After that, we decrease the input power to be P, = —5dBm when the
Pyump = 15d Bm and interchange the modulation functions to make the isolation direction
reverse. Figure 6.29a shows the measured IF voltages of the in-phase and quadrature
terms for forward and backward illumination. Figure 6.29b and Figure 6.29c shows the

total transmitted powers in dB and linear scale.
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Figure 6.27. Experiment results of transmitted power ratio (normalized) measured by
synchronous detection experiment for forward and backward illumination.
Pin = —5dBm, Ppump = 16dBm, 01 — 6.5V and A02 =11V.
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Figure 6.28. Experiment results of transmitted power spectrum measured by
synchronous detection experiment for forward and backward illumination.
Pin = —5dBm, Ppump = 16dBm, 01 = 6.5V and Aog =11V.

142



15 [ e e A A A e ]
S el ]
E 7.5
% OWMMW
8
=.75] 1
= M’W
w Sy v —v |
295 in-phase in-phase quadrature quadrature |
0 Time (s) 1
(a) Voltage of each channel
©
o O f__b 1
T—T
S-10
§_15,
s -20
9-25
|
0 Time (s) 1
(b)in dB
= 17
c
>S
S0.75]
c
© 0.5¢
§ Tt —Tp
S 0.25¢
(Y]
> ,l .
0 Time (s) 1

(c) in linear ratio

Figure 6.29. Experiment results of (a) voltages and (b) transmitted power ratio
(normalized) measured by synchronous detection experiment for forward
and backward illumination when isolation direction is reversed. P, =
—lOdBm, Ppump = 15dBm, A(]l =59V and AOQ =9.8V.
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CHAPTER 7

RECONFIGURABLE METALENS ANTENNA THROUGH
SURFACE WAVE

This chapter focuses on the reconfigurable radiation capabilities of the proposed
surface wave-supported metasurface. We aim for this study to be a bridge for nonrecip-
rocal metasurface having reconfigurable radiation properties, which will be in the future
directions. We explore manipulating surface eigenmodes across multiple cells controlled
only by a DC voltage without modulation. We initially review the beam-steering require-
ments for transmitarray surfaces, which involve identical radiation elements distinguished
by their phase profiles. Subsequently, we introduce the proposed design, drawing on the
analytical insights from Chapter 2, as well as the 3D model detailed in Chapters 3 and
4. Using Eigensolver in CST: MW numerical analysis, we evaluate its surface modes for
variation of the variable capacitors. We demonstrate the beam-steering application of the
dynamic metasurface positioned at the aperture of a horn antenna with simulation and

experiment results.

7.1. Overview of Reconfigurable Transmitarray Antenna

A transmitarray antenna is a planar arrangement comprised of an illuminating
feed source positioned at an equivalent focal point and a thin transmitting surface that
hosts an array of radiating elements. Figure 7.1 shows the the conceptual illustration.
These elements are generally identical resonance unit cells designed to have an ideal
transmission coefficient of 1 (0 dB). Conversely, in a reflectarray, the reflection magnitude
is constant at 1 (0 dB) due to a metal ground plane that reflects the entire incident wave.
Reflectarray requires only phase control of the element reflection, while in a transmitar-
ray, in addition to phase control, the magnitude of the transmission coefficient must be
maintained. The radiating elements enable the conversion of the spherical phase front of
feeding to a planar phase front, facilitating the generation of a focused radiation beam
with high gain. Transmitarray antennas have great potential across various applications,
for example, earth remote sensing, wireless communications, spatial power combining

for high-power applications, THz imaging and sensors, and solar energy concentration
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(Ahmed H. Abdelrahman and Nayeri, 2017; Kahrilas, 1968; McGrath, 1986).
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Figure 7.1. Transmitarray conceptual illustrations for showing the reshaping of the
wavefront, (a) feeding source and the surface with radiating identical
elements described by phase object, (b) modeling excitation of each
element as phased-array radiators, (Reis et al., 2019)

Specialized feed sources such as horn antennas, microstrip patch antennas, or
other UWB antennas are examples employed to illuminate the transmitarrays. Today,
transmitarrays and reflectarrays are often designed under multilayer frequency-selective
surfaces (FSS) and metasurfaces (Ali, 2022). Various dynamic technologies implants with
reconfigurable characteristics enable electronic beamforming or beam steering, frequency
tuning, and polarization control. These functionalities are achieved using solid-state
electronic devices, including PIN diodes, varactors, MEMS/NEMS switches, tunable
dielectric substances such as liquid crystals, microfluidic systems, and graphene (Alj,
2022; Reis et al., 2019). A transmitarray can manipulate the wavefront of both the source
antenna and the incident wave. Figure 7.1a illustrates a typical radiation model of a
transmitarray fed by a source horn antenna. For the classical multi-cascade approach,
the first array layer is called the receiver, illuminated by an incident wave from the feed.
The receiver is directly linked to a group of phase shifters responsible for controlling
the beam wavefront in the desired direction. These phase shifters are connected to a
transmitter layer at their other end, which modulates the incident wave in transmitter
mode. As given in Figure 7.1b, each unit cell’s phase shifter introduces a path difference
of yn (n is integer) to the source point to achieve the desired scan angle §. The direction
of the incident wave is governed by radiation controlled by the transmission phase of the

transmitarray. Now, we start the review of the theoretical model for beam-steering in 1D
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by expressing the phase profile of the n'* element as (Ali, 2022; Balanis, 2005)

2
Vo = )\—an sinf = kygpnsin 6 (7.1)
0

where the specified parameters are given in Figure 7.1b. «,, is transmission phase in the

n'" element and can be defined as
Qp = —Yp + g + 271, 1=20,1,2,.... (7.2)

The re-transmitted wave direction 6 as a function of phase difference 1) between adjacent

elements, is given as
’QD =Qp — Q1= —Yn+ Vn-1= —kop sin 6. (73)

By varying the phase of each array («,), the incident wave can be steered to a desired

direction @ relative to the normal given as

A

Y = —kopsinf > § = —sin! (w
27p

). (7.4)

Controlling over phase manipulation is crucial when considering the beam-steering
requirements of classical phased-array systems. Therefore, each element should have
controllable phase variation. We propose employing dynamic control of surface waves on
the proposed metasurface to manipulate the phase profile of each adjacent unit cell. This
technique offers a practical alternative for phase control by decreasing the complexity of
the classical approach since it has only a single layer with fewer and cheaper components
rather than multiple stacked layers and expensive phase shifters.

To summarize the relationship between space and surface waves on the meta-
surface: (i) for a propagating wave (k; = \/m < kgp), the wave impedance is real,
resulting in zero reflection and negative refraction without reflection, (ii) for an evanescent
wave (k; > ko), where the wave number is imaginary, the wave impedance is purely
imaginary, leading to the excitation of a surface wave along the plane of the surface. The

characteristic impedance evanescent wave (e.g., of T'M) is capacitive, while it is seen as
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inductive in front of the other side of the interface. Therefore, we can control the phase of
the excited surface wave (fs,,) along the surface by adding variable reactive components
such as a varactor diode. We can conclude with two of the important outputs for the
proposed approach as follows: (i) dynamic control of free-space transmitted/reflected
waves by uncomplicated modification of the excited surface wave properties (e.g., phase
profile), (i1) the feature to focus the excited fields due to the negative-refraction nature of
DNG structures, which provides a lens effect that can be obtained from a flat structure.
Thus, we can design the radiating surface with reconfigurable features, which have more
directivity and compactness than structures in classical methods. Such surfaces are often

called metalens.
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Figure 7.2. Simulation model of 2 x 2 metasurface with variable capacitors
configuration and boundary conditions. Design parameters are given as
e, = 2.2 (RT/duroid 5880) [. = 0.8mm, p, = 23mm, 25.9mm, ay =
19.8mm, s = w = 0.9mm, g = 0.8mm, a, = 0.5mm, s, = s, = 1o5mm.

7.2. Simulation Model of The Dynamic Metalens and Its Eigenmode

Solutions

This section presents the reconfigurable design based on the cell analyzed in
Chapter 3, and numerical analysis of the surface modes on the 3D model by the CST
Eigensolver. For the design, we etched the middle of adjacent cells with identical slits,

and the varactor diodes were placed over them to manipulate the surface impedance by
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a variable lumped capacitor. In this way, the negative DC biasing of the diodes becomes
easily possible since each column is now electrically separated from the other. This also
makes the dynamic control on metasurfaces less complex. Figure 7.2 displays the top
and bottom face of the simulation model for metasurface with 2 x 2 cells and variable
capacitors’ placement. Since the boundary conditions on the surface plane are periodic,
the simulated surface is assumed to have infinite cells. The slit’s capacitor value, as well

as the dimension of the diode model, determines the width of the slit.

(b) Cy = C5 = 0.8pF, Cy = 1.2pF (©) Cy = C3 = 1.2pF, Cy = 0.8pF

Figure 7.3. The simulation results of magnetic field distribution for C; variations on a
mode around f,,,0qc = 5.5G H z solved by CST Eigenmode solver.

We searched the surface modes through the CST Eigenmode solver, aiming for
the maximum field concentrated on the lumped variable capacitor. Figure 7.3a shows the
magnetic field distribution for one of the desired modes around 5.5G H z. Figure 7.3b and
Figure 7.3c show the magnetic field distribution, demonstrating the manipulated phase
profile on the mode by controlling the values of the capacitors in each column. For these
three states, the capacitors of each column are adjusted as (i) C; = 0.3pF, Cy = 0.3pF,
(i) C7 = 0.8pF, Cy = 1.2pF, (iii) C; = 1.2pF, Cy = 0.8pF. The C; refers to the
value of each capacitor in the ¢t/ column. The results indicate phase difference towards
each side of the surface wave propagation direction. The analytical solution for the phase

variation caused by capacitors in such media excited by the source is complex. Each unit
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cell contributes to the surface wave transformation of the inhomogeneous incident wave
while they then are the re-emitter. So, calculating the phase profile for each neighboring
column in the whole structure will be difficult. We make a simulation to analyze each
column by monitoring the averaged magnetic field flow through them to address that.
Figure 7.4a and Figure 7.4b present the magnitude (A/m) and the relative phase (°)
of the average magnetic field on a plane between the adjacent columns. For the given
design configuration and varactor diode (Skyworks SMV2019), we can manipulate the
adjacent phases up to the 134°. According to Equation 7.4, the steering angle (¢) can

reach approximately 48° for the proposed configuration in ideal conditions.
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Figure 7.4. The results of the average magnetic field on a plane between adjacent
columns of 2 x 2 metasurface with respect to the capacitors variations.

7.3. Beam Steering on The Dynamic Metal.ens Antenna

We begin by outlining the design of a 3 x 4 metasurface positioned at the aperture
of a horn antenna, operating within the frequency range of 5.5 GHz to 6.0 GHz. This
configuration forms a dynamic metalens (or flat lens) antenna. Additive manufacturing
through 3D printer technology was used to fabricate the horn antenna. The conductivity
was assigned by conductive tape to the PLA plastic walls of the 3D-printed horn antenna.
We present the simulation and experimental findings for the beam-steering application of
the proposed structure. Figure 7.5 shows the 3D model and details its dimensions. We
performed simulations under open-space boundary conditions. Figure 7.6a displays the
electric field distribution within the horn and on the metasurface at 5.8GHz. In addition,

Figure 7.6b presents an example radiation pattern in 3D steered towards —30° from a
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side perspective. These visualizations demonstrate the excitation of the metasurface at
the aperture by the horn antenna and the excitation of the desired surface mode for the
particular frequency. We numerically optimized the phase profile of unit cells in each
column by the variations of capacitor values to allow the beam to be focused at specific
angles through elevation for indicated coordinates in Figure 7.6b. Figures 7.7 and Figure
7.7b present the simulation results of the reflection coefficient for variations of capacitor
values. The metasurface comprises 3 x 4 cells, with 5 x 4 identical capacitor columns.
The odd-numbered columns (C;, Cs5, and C5) are identical to each other, as are the even-
numbered columns (C5 and C,). These groups are respectively denoted as C; and (5.
The magnitude of reflection around 5.8 GHz exhibits slight variations with changes in
capacitor values while maintaining impedance matching with reflections < —10 dB. On
the other hand, phase results show us the delays in reflections caused by surface wave

manipulation due to variations in capacitor values.

(a) Separated (b) Combined (metasurface at the aperture)

Figure 7.5. Simulation models for the horn antenna, and metasurface with 3 x 4 cells.
The design parameters are given as w,,, = 91.7mm, h, = 83.7Tmm, d, =
60mm, l,, = 39.3mm, a,, = 32mm and b,, = 24.

We now focus on the directivity radiation pattern on 2D polar coordinates. Fig-
ure 7.8 presents simulation results of the directivity patterns (in dB) for variations of
capacitor values. The patterns are taken from the cut planes, which correspond to both
co-polarization and cross-polarization, and either & = 0° or ¢ = 0° (see Figure 7.6b
for the polar coordinates). For the given configuration and the diode model, we observe
in Figure 7.8a as a maximum directivity of D, = 13 dB and maximum steering of
68° (as £34°) for # angle when ¢ = 0. As expected by the proposed design, there is no
beam-steering for the ¢ angle, which can be seen in Figure 7.8c. Additionally, Figure 7.8b
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and Figure 7.8d reveal very low directivity and no beam steering for cross-polarization.
It indicates that the proposed antenna configuration is linearly polarized and has the

capability of beam-steering in only z-direction.
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Figure 7.6. Simulation result of dynamic metasurface supported horn antenna: (a)
electric field distribution at 5.8 GHz within horn antenna and on
metasurface, (b) an example 3D radiation pattern at 5.8G H z directed to
—30° from the side perspective.
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Figure 7.7. Simulation results of reflection coefficients with respect to capacitor
variations for the metasurface fed by horn antenna.

Figure 7.9 presents the directivity patterns in linear ratio individually for the steer-
ing angles of £34°, £27°, +20°, and +-16°. Those are respectively obtained at frequencies
5.65 GHz, 5.7 GHz, 5.75 GHz, and 5.8 GHz. We can observe the beam-steering function-
ality achieved either along the frequencies or through active control by variable capacitors
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at a particular frequency. The proposed surface can be operated for beam-steering appli-
cations in active and passive modes across the given spectrum, which might be called a
"hybrid" technique. Additionally, we can adjust the wavefront by optimizing numerically
for a power divider application. Figure 7.10 illustrates an example radiation pattern where
the main lobe is directed to the £34° at f = 5.65GHz. Here, we performed approximately
dividing the power as &~ %45 to +33° and ~ %55 to —35°.
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Figure 7.8. Simulation results of radiation directivity patterns in each cut plane for
and ¢ at f = 5.65GHz with respect to the capacitor variations on the
metasurface fed by the horn antenna.
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Figure 7.9. Simulation results of directivity patterns through a given spectrum with
respect to capacitor variations on the metasurface fed by horn antenna It
shows the beam-steering on azimuth angle (¢). Maximum directivity is

Dy = 13dB.
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Figure 7.10. Simulation result of directivity pattern that shows power dividing
application on the metasurface fed by horn antenna. Power is divided as
~ %45 to +33° and ~ %55 to —35° at f = 5.65 GHz.
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7.3.1. Experiment Results

We fabricated the simulated model depicted in Figure 7.5 and Figure 7.2 to verify
the beam-steering functionality with experiments. Figures 7.11a and 7.11b display pic-
tures of the top and bottom faces, respectively. Figure 7.11c and Figure 7.11d show the
metasurface combined with the horn antenna and its setup during measurement with DC

control for each column.
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(c) Metasurface with soldered diodes (d) On measurement with DC' feeds
combined with horn antenna

Figure 7.11. The pictures of manufactured metasurface and horn antenna.

We first measured the reflection coefficients (51;) using the vector network ana-
lyzer (VNA HP 8720D). The separate DC feed was supplied for each column as given
in Figure 7.11d. Figure 7.12 present S;; in magnitude (dB) and phase (degrees), respec-
tively. There is a good impedance matching at frequencies between the 5.75 GHz and
6.0 GHz with return losses < —10 dB for all capacitor combinations as in Figure 7.12a.

We observe the manipulations between 5.75 GHz and 5.8 GHz in the measured reflection
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phases (£S1;) for the capacitor variations in Figure 7.12b. These results are consistent

with the simulation results in Figure 7.7.
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Figure 7.12. Experiment results of reflection coefficients (S7;) with respect to capacitor
variations for the metasurface fed by horn antenna.

During the reflection (57;) measurement, we faced challenges while adjusting the
excitation probe of the SMA connector. A standard SMA model with a flange mount
is used. The length and angle of the conductor extension were precisely adjusted em-
pirically. Observed that even slight variations in the angle have a relatively significant
effect on the impedance matching and the excitation of the surface mode. It is difficult to
maintain consistent probe coupling to the horn waveguide adapter for the entire spectrum
as in the simulation. Therefore, the parameters of the coupling probe were adjusted
to be impedance-matched at the narrow frequency band around 5.75 GHz. This led to
mismatched, i.e., high reflection (S;;) values for the remainder of the spectrum. Besides,
we observed a low reflection response around 5.25GHz that is not particularly interesting
to us since the radiation efficiency was close to zero (1, =~ (), where most of the
stimulated power was absorbed as losses.

We then measured the gain patterns at 5.75 GHz using the spectrum analyzer (HP
8565E). The radiation patterns in linear scale are given in Figure 7.13 compared with lossy
simulation results. Here, we separately display the steering angles for capacitor combina-
tions. The maximum gain was measured at 11.45 dB for the experiment and 11.5 dB for
the simulation. We observed a maximum scanning angle of approximately +22.5° so a
total of approximately 45°, at 5.75GHz for the experiment and simulation results. There
is a consistency between the experiment and simulation results regarding the quantity of
gain and the steering angles. However, there are noticeable differences in the radiation

patterns between them. As discussed for the reflection measurement, we encountered
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similar fluctuations while measuring the radiation pattern. During the rotation of the
antenna under test, any slight changes in the coupling probe position and angle could have
affected the measured power and, consequently, the radiation pattern. We also suppose
that the nonlinearity of the varactor diodes and their possible non-identical production
could cause inconsistency and fluctuations in radiation patterns. Nevertheless, we have
experimentally demonstrated the proposed surface wave-assisted metalens, which offer

beam-steering with relatively fewer components and a simpler control schema.
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Figure 7.13. Experiment and simulation results of radiation gain patterns at f =
5.75G H z with respect to variations of capacitor values for metasurface fed
by horn antenna. Maximum gain is G,,,,, = 11.45dB for the experiment
and GG,,,, = 11.5dB for the simulation.
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7.4. Doppler Radar Application

We set up a Doppler radar system to evaluate the performance of the fabricated
metasurface-supported horn antenna in a real-time application. This metalens antenna
was used as the receiving antenna, while antennas from a previous study were used as the
transmitting and reference receiving antennas for comparison (Yilmaz and Yaman, 2020).
Figure 7.14a shows a photograph of the pendulum experiment setup with the Doppler
radar. In the first experiment, the pendulum was positioned at 0° and placed 1 meter
from the receiving antenna. Following our previous study, the DNG antenna was used as
the transmitter, and the near-zero index (NZI) antenna was used as the reference receiver
(Yilmaz and Yaman, 2020). Initial measurements were taken with the NZI antenna for
reference, after which the metasurface-supported horn antenna without DC biasing was
integrated as a receiving antenna in the same position. Figures 7.14b and 7.14c show the
normalized Doppler radar velocity measurements for both receiver antennas. As expected,
the pendulum velocity and maximum received power match well for both antennas, given
their close maximum gain values in both simulation and measured results.

The next experiment measurements were taken for the dynamic metalens antenna,
which was mechanically rotated to angles of £15° and 0°, while the pendulum position
was fixed. For each mechanically rotated angle, the capacitance values in each column
were electronically adjusted to antenna be steered approximately F15° during the pendu-
lum experiment measurements. Figure 7.15 presents the measurements of the dynamic
antenna, which is steered at +15° and —15° for each mechanical angle. These results
show that the resolution and clarity of the pendulum velocity decrease (or increase) due
to the reduced (or increased) levels of received power when the beam angle is rotated. The
proposed dynamic metalens antenna has been validated both passively and actively in a
real-time performance. We encountered similar measurement instabilities as the antenna
parameter measurements, which stem from the feeding coupling of a 3D-printed horn
antenna due to mechanical rotation. We recorded multiple measurements to obtain stable

results. Improvements to the feeding coupling issue will be considered in future work.
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Figure 7.14. Doppler radar results of pendulum experiment when steering angle
and position of pendulum are at 0° when DNG and near-zero index
(NZI) antennas in our published study (Yilmaz and Yaman, 2020) are
respectively as transmitter and receiver reference.
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Figure 7.15. Pendulum experiment results of the metasurface supported horn antenna
at angles 6 = +15° and 6 = 0°. Capacitor values (a)-(c) C; = 0.3 pF,
Cy = 0.8 pF, (d)-(f) C; = 1.2 pF, C; = 2.2 pF.
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CHAPTER 8

CONCLUSIONS AND FUTURE DIRECTION

This thesis investigates surface wave-assisted penetrable metasurfaces applied to
nonreciprocity and reconfigurable antenna systems through scattering control. The ini-
tial chapters present analytical and numerical solutions for 2D surface wave excitation
on penetrable metasurfaces. These results confirm the generation of surface waves on
analytically defined metasurfaces, their coupling with the transmission coefficient, and
an anti-symmetric phase response that depends on the incident wave’s direction. A 3D
model was subsequently realized via simulation using a Double Negative (DNG) design
approach. Our contribution introduces a design methodology based on bianisotropy,
phase conjugate surfaces, and DNG media, providing a comprehensive framework for
analyzing and designing such surfaces. An equivalent circuit model was constructed using
impedance-based characterization derived from the effective parameters of unit cells via
homogenization. The time-domain circuit model was developed by extracting impedances
through LC resonators, enabling the numerical solution of time-modulated systems.

The proposed methodology for dynamic transmission manipulation was applied to
nonreciprocity and beam-steering applications. The outcomes of these applications were
studied through simulations and proof-of-concept experiments. By incorporating time
modulation into the unit cell of the bianisotropic metasurface with phase conjugation
layers, we introduced a novel approach for achieving nonreciprocal transmission. A
3D model was developed using a penetrable unit cell bounded by a substrate-integrated
waveguide (SIW) cavity design, integrating time-varying capacitors via varactor diodes
into the cavity mode. The numerical solution for the time-modulated unit cell was carried
out on a time-domain circuit model, which now includes a parallel time-varying capac-
itor within the LC resonance, representing the cavity mode. The Impedance Transfer
Transfer Method (ITMM) and Harmonic Balance (HB) numerical techniques were de-
veloped to solve this problem. The results were validated through numerical simulations
and experiments, demonstrating both phase-coherent and phase-incoherent nonreciprocal
transmission. Discussions addressed discrepancies between numerical simulations and
practical experiments, focusing on observed and potential limitations, including power
requirements, modulation speed of variable capacitors, nonlinearity from semiconduc-

tor components, stable phase conditions for extreme isolation, and challenges due to
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multi-harmonic generation. These insights highlight potential obstacles to a complete
metasurface implementation. Satisfying accuracy was achieved in both the dynamic
manipulation of transmission coefficients under DC control and in nonreciprocal trans-
mission quantities and phase response for both phase-coherent and phase-incoherent sce-
narios. Key findings include: (1) under DC control, about 10 dB transmission coefficient
manipulation in both experiment and simulations of the 3D model and equivalent circuit
model, (ii) for time-modulation in phase-coherent nonreciprocity, maximum isolation of
30 dB in experiments, and 35 dB and 40 dB for ITMM and HB simulations, respec-
tively; and (ii1) for time-modulated, phase-incoherent scenarios, minimum isolation of
20 dB in experiments and simulations at F;,, < —20dBm, and a maximum of 60 dB
when source and pump signal phases are synchronized. These consistent results were
obtained in Vector Network Analyzer (VNA) measurements, with approximately 10 MHz
frequency difference in modulation signals. This might be likely the precision of VNA
or the small frequency shift (F0.01%w,,) due to electron mobility in semiconductors
(varactor diodes). To maintain linear isolation behavior for input power (F;,) variations,
the modulation power (F,,,;,) must be synchronized with the input power, requiring
minor tuning for DC biases. Ripples observed in the measured data can be attributed
to slight mismatches in phase synchronization. This proposed method and design for
nonreciprocity introduces several novelties to the literature, which can be summarized
as follows: (i) the integration of bianisotropy, DNG, and complex conjugate impedances
in the medium reduces the complexity of space-time modulation techniques for enabling
nonreciprocity solely through time modulation, and (ii) a m-phase delay between forward
and backward excitation achieves the ideal asymmetric response for extreme isolation;
(iii) development of a 3D realization method and model within the microwave spectrum;
(iv) creation of an equivalent time-domain circuit model for the unit cell; and (v) de-
velopment of numerical solutions for time-modulated circuits, with results supported by
proof-of-concept experimental data.

In the final chapter, we extended the application of the proposed surface wave-
based approach to enable reconfigurable radiation. The focus was on beam-steering
of the radiated wavefront by varying the phase of adjacent cells through surface wave
manipulation. This approach was demonstrated on a metasurface consisting of a 3 x 4
cell array, incorporating varactor diodes for phase control and excited by a 3D-printed
horn antenna. First, the phase variation in the surface eigenmode of adjacent cells with
periodic boundaries was analyzed and optimized via numerical simulations using CST

Eigensolver. The metasurface was then implemented on the aperture of a horn antenna for

161



equivalent focal point feeding. Consistent results from both simulations and experiments
demonstrated the beam-steering performance, reducing the complexity of traditional ap-
proaches. Next, the dynamic meta-lens antenna was integrated into a Doppler radar sys-
tem for the velocity measurement of a simple pendulum. Results confirmed its real-time
beam-steering capabilities and overall antenna gain performance. Discussions focused
on the challenges encountered during the transition from theoretical design to practical
implementation and measurement difficulties. These challenges include system stability,
component limitations (e.g., tuning range of varactor diodes or alternative techniques),
and increased metasurface losses due to concentrated surface waves. Adequate accuracy
was maintained between simulations and experiments at 5.8 GHz for (i) in reflection
loss (571 results, impedance matching (always < —10 dB), phase delays due to dynamic
surface wave manipulation; (ii) in gain patterns, maximum gain (11.45 dB and 11.5 dB)
and steering angles (=~ +22.5° ). However, measured gain patterns exhibited asymmetry
around the steering angles, likely due to non-identical soldering, diode nonlinearity, and
limited measurement sampling. By the developed surface wae assisted dynamic metalens,
the contributions to the literature can be summarized as (i) the flat lens property of the
DNG slab enhances directivity in a compact structure; (ii) for 1D beam-steering, each
column’s electrical separation via etched capacitor slits and interconnection by variable
capacitors (varactor diodes) significantly simplifies biasing complexity; and (iii) the need
for only one variable element between adjacent cells reduces the number of active com-
ponents.

Future work will focus on integrating nonreciprocity with reconfigurable antenna
applications to achieve a nonreciprocal beam-steering metasurface. Key objectives will
include reducing the modulation frequency, enhancing system performance, and extend-
ing the method to operate at higher frequencies. Additionally, further research will ad-
dress critical aspects such as integrated modulation feeding schemes, expanding applica-

bility to wider bandwidths, and improving efficiency by minimizing losses.
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