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1. Introduction

Many people in different times of their lives wonder why objects that we

see in the air appear at different positions when placed in water. The na-

ture of this effect comes from light refraction on the boundary between dif-

ferent media: When the wave crosses the boundary, its propagation direc-

tion changes. The law of refraction or Snell’s law (named after the Dutch

scientist Willebrord Snellius) describes the relation between the media

properties and the angles of incidence and refraction of the wave impinged

on the boundary. Its discovery gave an opportunity to consciously manip-

ulate electromagnetic waves; however, this possibility was still limited by

the materials available in nature. The invention of metamaterials – arti-

ficial, engineered materials – three centuries later allowed to manipulate

waves freely beyond the standard Snell’s law.

One example of wave manipulation is wave conversion. There are two

types of conversion: Propagating-to-propagating waves conversion and

guided-to-propagating (and vice versa) wave conversion. The former al-

lows redirecting the incident propagating wave in the necessary direction

to achieve focusing or engineered (anomalous, different from the regular

one) reflection and refraction. These transformations can be performed

by such conventional devices as diffraction gratings and holograms. The

latter allows us to radiate a propagating wave from a surface support-

ing a guided (surface) wave and, in the reciprocal case, convert an in-

cident propagating plane wave into a surface wave. This conversion is

performed by leaky-wave antennas, which can be realized by using such

conventional devices as periodically modulated open and partially open

waveguides. However, most of the aforementioned conventional devices

have to compromise the size for the efficiency (and vice versa) and can

hardly achieve high efficiency, especially for extreme cases (large angle

reflection/refraction and conversion to a surface wave). This is where en-
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Introduction

gineered materials or metamaterials save the situation. Metasurface is

a composite layer whose thickness is small as compared with the oper-

ational wavelength. Metasurfaces can be engineered to perform desired

wave manipulations. Recently, it was found that metasurfaces can pro-

foundly improve the conversion efficiency, offering theoretically ideal per-

formance while being extremely thin.

The emphasis of the present work is on studies of perfect conversion of

waves by using metasurfaces. We present novel design approaches for re-

alization of wave converters with maximized efficiency for both propagating-

to-propagating and propagating-to-surface types of conversion. The expo-

sition of the content goes as follows. Chapter 2 introduces the reader to

the concept of metasurfaces. General classification of two-dimensional

structures and their differences, as well as similarities, are discussed.

Chapter 3 describes transformations of propagating waves using meta-

surfaces and covers the contents of papers [I, II]. The traditional approach

using generalized Snell’s law is explained. The practical implementation

of newly developed approaches and their benefits over the conventional

devices are shown on the example of a short-focal-distance metasurface-

based reflector. A novel approach with maximized efficiency is proposed

and studied analytically, including numerical verification. Chapter 4 dis-

cusses conversion of propagating waves into surface waves using meta-

surfaces and covers the contents of papers [III–V]. The traditional ap-

proaches are explored and compared to novel results which provide max-

imized efficiency. We explain the novel approach and its implementations

for different types of propagating wave illuminations. Conclusions sum-

marize the results of the thesis project.

12



2. Metasurfaces

Metamaterials are arrangements of artificial structural elements, designed

to achieve advantageous and unusual electromagnetic properties. Most

commonly they are realized as regularly distributed sets of small scat-

terers, with a subwavelength periodicity. Such materials open new op-

portunities to achieve properties not available in nature [1]. Metasur-

faces (also known as metasheets or metafilms in some cases [2]) are a

particular case of bulk metamaterials: Two-dimensional arrays of electri-

cally and magnetically polarizable patterns of subwavelength size whose

thickness is negligibly small compared to the wavelength [3]. Such sur-

faces, while maintaining desired functionalities, allow overcoming the

main drawbacks of bulk metamaterials, such as manufacturing difficul-

ties, high cost, and dissipation losses caused by propagation through elec-

trically thick volumes. Huygens’ principle and its generalizations state

that a bulky metamaterial piece can be replaced with the equivalent sur-

face currents which produce the very same response [4, 5]. However, it is

essential to properly understand what all this is about. The present sec-

tion provides a classification of two-dimensional structures to clarify the

differences of metasurfaces compared to the other known surfaces, how

metasurfaces work and how to work with them, and their applications.

2.1 Classification of two-dimensional structures

The use of metasurfaces can be advantageous as compared to bulky meta-

materials, which is the main reason for rapid developments in this field.

However, it is important to understand similarities and differences of

metasurfaces compared to other two-dimensional structures. Interest-

ingly, this topic is somewhat provocative and contradictory, and there

are some disagreements between different authors. Indeed, there is a

13



Metasurfaces

reason for that. Let us first discuss one possible classification of electro-

magnetic surfaces based on the sizes of the elements on the wavelength

scale. Figure 2.1 illustrates the position of metasurfaces on the plane of

the array period d and elements size a, both normalized to the free-space

wavelength λ.
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Figure 2.1. Two-dimensional structures characterized by their period d and elements
sizes a. The main focus area of this work is on metasurfaces with λ/2 < d < λ
and a < λ/2 which cannot be generally homogenized, but locally homogeniz-
able due to the subwavelength size of the inclusions (see Section 2.2).

In Figure 2.1 all the structures are classified by the possibility to in-

troduce effective parameters of the corresponding homogenized model.

Homogenization is a particular way to model surface interaction with a

wave. To simplify the concept, let us imagine a piece of plastic. A per-

son observing a piece of plastic sees a homogeneous piece. However, this

piece of plastic consists of atoms, and it appears homogeneous only be-

cause human eyes operate in the visible frequency range. Illuminations

by waves at higher frequencies will reveal the material structure. When

the wavelength of the probing wave is comparable to the size of the atom,

diffraction effects appear: The wave does not “see” the plastic as a ho-

mogeneous piece anymore. The wave behavior depends on the material

period and inclusions size in comparison with the wavelength. Therefore,

even though the structure can look as an inhomogeneous piece to us, it ap-

pears homogeneous for waves of enough low frequencies. Homogenization

models of metasurfaces are described in Section 2.2.

Let us take a closer look at each structure, starting with frequency-

selective surfaces (FSS). Such surfaces are most commonly designed as

periodically arranged patches of various size and shape with the period

of the structure λ/2 ≤ d < λ and inclusions size λ/2 < a < λ [6, 7].
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Frequency-selective surfaces with these dimensions are resonant struc-

tures and generally do not produce diffraction lobes. Well-known reflec-

tarrays and transmitarrays belong to this category. However, another

type of frequency-selective surfaces based on subwavelength inclusions,

so-called Jerusalem crosses [8], can be homogenized.

High-impedance surfaces (HIS), most commonly realized as mushroom-

type structures, are formed by patches, often with a conducting wire which

connects the patch with the ground plane [9]. Size of the elements is usu-

ally tiny compared to the wavelength (a ≈ λ/10); therefore, such surfaces

are homogenizable.

Reflective diffraction gratings are commonly designed as periodically

placed grooves [10, 11]. They are generally inhomogenizable structures

due to their comparable or larger than the wavelength period d > λ/2.

The last type of two-dimensional structures shown in Figure 2.1 is meta-

surface. This category also includes homogenizable metasurfaces as well

as metasurface-based gratings or gradient metasurfaces, which are gen-

erally inhomogenizable (however, locally homogenizable, see Section 2.2).

Often, metasurfaces possess bianisotropic properties and can be repre-

sented by arrays of Ω-shaped particles (Figure 2.2) or stacks of two or

more impedance sheets [12–15].

Figure 2.2. Example of metasurface created by arrays of Ω-shaped particles.

All known two-dimensional structures are not strictly systematized, and

their definitions intersect. Recently, metasurface research expanded from

studies of homogenizable surfaces to inhomogenizable surfaces. Thus, the

metasurface technology partially “crossed” the work principle and func-

tionalities of some frequency-selective surfaces and diffraction gratings,

while enabling novel or better functionalities. However, the development

led to some confusion due to significant similarity to frequency-selective
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surfaces and diffraction gratings. The question is why not to use already

known terms, which may describe the structures more accurately? Why

use the term “metasurface”? Perhaps, it is easier for different scientific

communities to relate their discoveries to the area they belong and it

is just a language matter. While looking at the operation of inhomoge-

nizable metasurfaces, the better way is to call them “metasurface-based

gratings” or “metasurface-inspired gratings”. However, they are still often

referred to as metasurfaces, and it may mislead the readers. Lately, the

term “metasurface” has acquired a more general meaning, as compared

with earlier works. The definition can encompass many previously known

structures known by other names. Nevertheless, there are still many de-

bates about the terminology used to describe electromagnetic properties

of various two-dimensional structures.

In this work, the main focus (Figure 2.1) is on metasurface-based grat-

ings. However, due to the authors’ affiliation with the metasurface-specialized

community, they may further refer to as metasurfaces. Typically metasurface-

based gratings have the period comparable to the operating wavelength,

and it allows the existence of propagating diffraction modes (similarly to

diffraction gratings). Fields associated with the periodic structure are de-

scribed by Floquet theory, also known as Bloch or Floquet-Bloch theory.

Metasurface modulation allows controlling the direction of the wave pro-

pagation, which depends on the periodicity and the mode number. Next,

homogenization models for metasurfaces are described, and relations with

metasurface-based gratings are discussed.

2.2 Homogenization models of metasurfaces

Bulk metamaterials are usually described by effective permittivity, per-

meability, and bianisotropy coefficients. Using these parameters, we can

predict the behavior for time-harmonic excitation in the frequency region

where the homogenization is possible. When coming to metasurfaces, one

would expect to be able to characterize them with the same effective pa-

rameters; however, it is not always the case. The definitions of these ef-

fective parameters involve averaging over small volumes with many (at

least several) inclusions or molecules. In metasurfaces, such volume aver-

aging is impossible simply because the metasurface thickness is assumed

to be negligible. Thus, homogenization of metasurfaces should be based

on surface (2D) averaging of currents and fields.
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There are three widely used homogenization models. First we mention

the polarizability-based model [16]. This model allows defining individual

polarizability of one inclusion in free space, which depends on its physical

properties, as well as collective polarizability, which includes inclusions

interaction in an array. However, it is not able to provide sufficient in-

formation about the losses and activity of the surface. Yet, the model

is difficult to apply to metal-backed structures because unit cells can-

not be viewed as separate inclusions. Second is the susceptibility-based

model [2, 17]. It allows us to see if the metasurface inclusions should be

active or lossy for realization of a specific function. However, there is no

straightforward way to determine the properties of individual inclusions.

And the last one is the equivalent-impedance-matrix-based homogeniza-

tion model [16,18]. This model is a useful tool which enables the design of

metasurfaces of any complexity. Its advantage is an ability to predict ac-

tive or lossy, reciprocal or non-reciprocal, capacitive or inductive, symmet-

ric or non-symmetric behavior of the metasurface. A great benefit is that

for most of the structures there are ways to convert one set of parameters

into another: While knowing the equivalent surface impedance matrix

one can find the polarizabilities or susceptibilities required for the same

response. The choice of the model depends on the surface functionality

and a personal preference. Here, the equivalent-impedance-matrix-based

homogenization model is described in detail.

Homogenization model based on equivalent impedance matrix describes

any metasurface as an equivalent transmission line: Voltages and cur-

rents of a signal propagating in the circuit represent electric and mag-

netic fields of a propagating wave in free space. Let us consider surfaces

that under excitation by incident waves exhibit electric and magnetic re-

sponses but no polarization transformation. Figure 2.3(a) illustrates a

metasurface with solely electric response and its equivalent circuit. The

total tangential fields on the two sides of the metasurface read

E+
t −E−

t = 0, n× (H+
t −H−

t ) = Jtot,e, (2.1)

where Jtot,e is the effective electric surface current density. The equiva-

lent circuit representing this metasurface is a parallel impedance Ze. The

following relations define the circuit model:

V + − V − = 0, I+ − I− = V +/Ze. (2.2)
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Figure 2.3. Generic metasurfaces (a) with electric, (b) with magnetic, and (c) with both
electric and magnetic responses, together with their equivalent transmission-
line circuits.

The impedance Ze can be re-written by relating the electric fields with the

voltages and magnetic fields with the electric currents as

ZeJtot,e = E+
t . (2.3)

Similarly, the equivalent circuit for a metasurface with only magnetic re-

sponse is shown in Figure 2.3(b). The total tangential fields on both sides

of the metasurface read

E+
t −E−

t = n× Jtot,m, n× (H+
t −H−

t ) = 0, (2.4)

where Jtot,m is an effective magnetic surface current density. The equiva-

lent circuit is a series impedance Zm. The circuit model is described as

V + − V − = I+/Zm, I+ − I− = 0. (2.5)

Using the analogy between fields and circuit parameters, the impedance

Zm reads

Jtot,m/Zm = H+
t . (2.6)
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When metasurface possess both magnetic and electric responses, the

fields at both sides are written as

E+
t −E−

t = n× Jtot,m, n× (H+
t −H−

t ) = Jtot,e. (2.7)

The equivalent circuit is a T -circuit insertion in a transmission line, de-

picted in Figure 2.3(c). The voltages V + and V − can be expressed in terms

of currents in matrix form:
⎡
⎣V +

V −

⎤
⎦ =

⎡
⎣Z1 + Z3 Z3

Z3 Z2 + Z3

⎤
⎦ ·

⎡
⎣I+
I−

⎤
⎦ =

⎡
⎣Z11 Z12

Z21 Z22

⎤
⎦ ·

⎡
⎣I+
I−

⎤
⎦ (2.8)

Using the analogy between the fields and circuit parameters, one can re-

write the relation (2.8) as

⎡
⎣E+

t

E−
t

⎤
⎦ =

⎡
⎣Z11 Z12

Z21 Z22

⎤
⎦ ·

⎡
⎣ n×H+

t

−n×H−
t

⎤
⎦ (2.9)

The plane-wave model implies that all the components of the impedance

matrix are uniform and have constant values along the surface. It is im-

portant to note, that in case of polarization transformations, each compo-

nent of the impedance matrix become a dyadic. For impenetrable meta-

surfaces, the impedance matrix is simplified to a single impedance param-

eter (scalar or dyadic for the case with polarization transformation) due

to the absence of tangential fields on one of the sides. The scalar impe-

dance is generally called surface impedance and denoted as Zs. The total

tangential fields are written as E+
t = Zs n×H+

t .

In this work, the main focus is on inhomogenizable metasurfaces with

subwavelength inclusions. How are homogenizable metasurfaces connected

to the inhomogenizable with subwavelength elements? Why are they

called metasurface-based or metasurface-inspired structures even from

diffraction gratings point of view? The answer lies in elements size. Since

the elements have subwavelength size, it is assumed that during one pe-

riod they do not change their size and shape radically. It allows to de-

scribe such metasurfaces using impedance; however, the impedance it-

self will not be uniform, and it may vary along the surface. To design

each element in the period, the local homogenization is used. To achieve

proper characteristics, each element is placed in an array of identical el-

ements. This is the reason why such metasurfaces are called generally

inhomogenizable, but locally homogenizable. Therefore, such structure is
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described by equivalent impedance similarly to metasurface and designed

in a “metasurface-inspired” way.

2.3 Applications

Applications of metasurfaces vary from already known and realized by

other structures, such as frequency-selective surfaces, reflect- and trans-

mitarrays, high-impedance surfaces, to a vast amount of unachievable

by other known means. To give examples, let us mention resonant re-

flectors and absorbers which are transparent outside of the operating

frequency range [13, 19, 20], cascaded antennas [21], anomalous reflec-

tors with ideal efficiency [22–24], metasurface-based multi-channel grat-

ings [25], high-efficiency holograms [26], and wavefront transformers [27].

In this work, a possibility of using metasurfaces (or metasurface-based

gratings) to transform propagating waves and convert them into a sur-

face wave (or vice versa) is explored.
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3. Transformations of propagating
waves using metasurfaces

Various transformations of propagating waves are widely known for a

very long time. An ordinary mirror or looking-glass, which is in every-

day use of a very significant part of the population, reflects propagating

waves of the visible spectrum into the specular direction (the incidence

angle is equal to the reflection angle). In other words, it transforms the

incident propagating wave into a propagating wave, which is reflected

from its surface and sent to another direction. Such behavior is described

theoretically by the reflection law (sometimes called reflection Snell’s law,

although it was known already to ancient Egyptians). Obviously, wave

transformations governed by this law are rather limited, and a great num-

ber of scientists have been trying to find ways to freely manipulate the

propagation direction of reflected (and also transmitted) waves. Various

wave manipulations are performed by a broad range of known devices,

such as lenses, antennas, sensors, and are used in a great variety of ap-

plications. Here, the main focus is on reflection scenario and on means to

overcome limitations of conventional solutions.

Recently, the phase-array principle, which expands reflection law and al-

lows reflection of waves at any required angle (so-called anomalous reflec-

tion), was formulated in form of the generalized Snell’s law. This classical

approach is based on constructive interference of waves reflected from

different points of the reflecting surface with linearly changing phase (in

specific cases, the change may be other than linear) along the surface.

However, creation and development of metasurfaces broadened the view

on anomalous reflection to a great extent. Further in this chapter, the

conventional approach to wave manipulation by using metasurfaces is de-

scribed, and a novel approach with maximized efficiency is introduced.
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3.1 Conventional approach

The conventional approach for wave manipulations by using metasurfaces

is based on the generalized reflection law or the “generalized Snell’s law”.

Originally it was developed for phased-array antennas and later extended

for flat reflectors, so-called reflectarrays. Reflectarrays are frequency-

selective surfaces with engineered reflection phase, and they are com-

monly realized as arrays of resonant patches over a ground plane. The re-

flection phase can be tuned by changing the patch shape, size, or introduc-

ing bulk reactive (sometimes tunable) loads. Conventional metasurface-

based antennas for anomalous reflection or focusing use the same princi-

ple and in general are similar to reflectarrays; however, the distance be-

tween the antenna elements is subwavelength, unlike reflectarrays [28].

To understand the generalized reflection law, let us consider an impen-

etrable boundary illuminated by an incident plane wave at an angle θi

(Figure 3.1).

x

Figure 3.1. Propagating wave transformation performed by an impenetrable boundary.

The waves propagate in the upper half-space, which is chosen to be free

space for simplicity. The surface can be designed so that the reflected

plane wave is re-directed along any arbitrary angle θr. If the amplitude

of the reflected wave is required to be the same as of the incident wave,

then the reflection phase has a linear dependence over the surface. The

surface impedance for such surface is given by

Zs = j
η0

cos θi
cot

[
sin θi − sin θr

2
k0x

]
, (3.1)

where η0 is the free-space wave impedance, k0 is the free-space wavenum-

ber, x is the axis along the surface, and [sin θi − sin θr]k0x is the phase of

the reflection coefficient (which depends linearly on x). The period of the

surface along the x-axis is defined by d = λ/| sin θr − sin θi|, where λ is

the wavelength in free space. Figure 3.2(a) shows the dependence of the
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surface impedance (3.1) on the coordinate along the reflecting surface.

0 0.5 1 1.5 2 2.5 3
-4

-2

0

2

4

(a)

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

(b)

Figure 3.2. (a) Surface impedance (3.1) required for reflection at an angle of θr = 70° from
the normal incidence θi = 0° at operating frequency f = 10 GHz. (b) Maximal
theoretical efficiency of conventional metasurface for normally incident plane
waves reflected at the angle θr.

This solution is well-known and widely used in studies and practical re-

alizations. However, the sum of the incident and anomalously reflected

plane waves does not satisfy the boundary condition with the purely re-

active impedance (3.1). Besides the incident and desired anomalously re-

flected waves, there are more plane waves excited to satisfy the boundary

condition and power conservation. It leads to unwanted reflections from

the surface or absorption ( [29] and Publication II). It is especially notice-

able at large reflection angles [22]. The power efficiency of the anomalous

reflectors designed using the generalized reflection law is shown in Fig-

ure 3.2(b). Nevertheless, this approach is easy to implement, and it works

with high efficiency for small inclination angles. Let us consider an exam-

ple of its implementation.

3.1.1 Short-focal-distance reflectors using metasurfaces

One of useful applications of the conventional approach is an improved

version of parabolic reflectors based on metasurfaces. Conventional re-

flectors which include parabolic reflectors [30] and reflectarrays [31, 32]

are widely used in practice. However, the parabolic reflector is physically

bulky. The use of reflectarrays helps to overcome this drawback; never-

theless, both reflectarrays and parabolic reflectors have a limited focal

distance, which is usually much larger than the operating wavelength.

The new metasurface-based reflectors, called metamirrors, are able to fo-

cus the energy at subwavelength distances and are practically invisible

for all the frequencies outside of the operating frequency range [13, 14].

These properties are advantageous in a wide range of applications due to
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the possibility to stack several metasurfaces for achieving multifunctional

and multifrequency functionalities.

Recently, some doubts about the scanning ability of metamirrors ap-

peared, especially for short focal distance reflectors. For conventional

(parabolic) reflectors decrease of the focal distance leads to reduce abil-

ity to scan the beam by displacing the primary feed [33]. The goal of the

research work reported in Publication I was to investigate the scanning

ability of short-focus metamirrors.

The metamirror is designed using the generalized reflection law, which

is based on constructive interference of waves. To achieve focusing of

waves by the surface, the phase of the reflection coefficient should be

changing parabolically along the surface, while keeping the amplitude of

the reflected wave equal to the incident wave. In other words, the flat (or

conformal) surface should mimic the behavior of the parabolic antenna.

The metamirror operation mechanism is different from the conventional

reflector antennas. It is designed with subwavelength inclusions with-

out the use of a ground plane. Therefore, unlike reflectarrays, the in-

clusions perform dual functionality: They radiate with unit amplitude

and required phase in reflection while scattering out-of-phase with the

incident wave in transmission. Such functionality can be performed by

introducing both electric and magnetic currents in the unit cells. There

are two ways to realize it: Using separate elements with magnetic and

electric response in one unit cell or using one element which possess both

electric and magnetic responses. While using two elements, the size of

each element should be adjusted carefully to match the same resonant

frequency. To avoid operating frequency mismatch, the elements which

(a) (b)

Figure 3.3. Two types of omega inclusions: (a) Ω-letter shaped (covers phases from π/2
to 3π/2) and (b) twisted omega (covers phases from −π/2 to π/2).

combine loop and straight wires were chosen, so-called omega particles

(Figure 3.3) [34,35]: While keeping the total length of the elements in the

metamirror equal and varying the length ratio of straight wires and loops,

any reflection phase from 0 to 2π can be realized. Therefore, the full range
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Figure 3.4. Prototype of a metamirror emulating a cylindrical lens in reflection.
Reprinted with permission from Publication I © 2016 IEEE

of parabolic phase change can be achieved [13].

A prototype of the metasurface-based parabolic antenna has been made

as an axially symmetric single-row array of inclusions, as shown in Fig-

ure 3.4. When the array is placed between two metallic plates, it focuses

the reflected wave in line along the x-axis; in other words, it imitates an

infinite cylindrical lens oriented along the x-direction. For practicality, the

reciprocal illumination scenario is considered in experimental studies: A

source of cylindrical waves illuminating the metamirror is placed at the

focal point, and the wave reflected from it is investigated. To test the

scanning properties of the metasurface-based parabolic antenna proto-

type, the source is laterally displaced from the focal point. Therefore, the

plane wave reflected from the surface should propagate obliquely. The ex-

perimental setup includes a parallel-plate waveguide with a copper mesh

on the bottom and a coaxial feed as a source, as shown in Figure 3.5.

A scanner placed below the copper mesh allows obtaining detailed infor-

Figure 3.5. Experimental setup. The bottom part of the waveguide with a copper mesh
and the metamirror. Feed positions marked by numbers. 1: initial focal point.
2: feed displaced at 5 mm (θd = 7◦). 3: feed displaced at 11 mm (θd = 16◦).
4: feed displaced at 17.5 mm (θd = 24◦). Reprinted with permission from
Publication I © 2016 IEEE

mation about the spatial field distribution inside the waveguide without

significantly affecting the inside fields. Figure 3.6 depicts the simulated

and experimental electric field distributions for different lateral displace-

ments of the feed from the focal spot. The experimental and simulated

distributions are in good agreement. In comparison with reflectarrays,
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(a) (b) (c)

(d) (e) (f)

Figure 3.6. The electric field distributions of the wave reflected from the metamirror.
The feed and the metamirror are positioned at z = 3.9 cm and z = 0 cm,
respectively. Plots (a)-(c) depict the simulated field distributions for the cases
when the feed was displaced by θd = 7◦, θd = 16◦ and θd = 24◦, respectively.
Plots (d)-(f) show the corresponding measured field distributions. Operating
frequency is 5 GHz. Reprinted with permission from Publication I © 2016
IEEE

the metamirror shows similar scanning ability despite the subwavelength

focal distance.

3.2 Novel design approach with maximized efficiency

As was discussed above, the conventional approach for designing anoma-

lous reflectors is far from perfect, especially when one needs to tilt the

reflected wave at large angles from the normal to the surface (for the

case of normal illumination). To overcome the efficiency limitation, proper

boundary condition should be considered. In Publication II, another view

on propagating waves transformation was studied theoretically.

Let us consider an impenetrable boundary which is illuminated by a

single TE-polarized plane wave at an angle θi (Figure 3.1). The fields of

the incident plane wave are given by

Ei = zEi
0e

−jk0 sin θix, Hi = −x
Ei

0

η0
cos θie

−jk0 sin θix, (3.2)

where Ei
0 is the amplitude of the incident wave. The surface is designed

to reflect the plane wave at a desired angle θr. The fields of the reflected

wave can be written as

Er = zEr
0e

−jk0 sin θrx,Hr = x
Er

0

η0
cos θre

−jk0 sin θrx, (3.3)
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where Er
0 is the amplitude of the reflected wave. Surface impedance,

which characterizes surfaces providing this functionality, can be easily

found as

Zs =
Ei

0e
−jk0 sin θix + Er

0e
−jk0 sin θrx

Ei
0/η0 cos θie

−jk0 sin θix − Er
0/η0 cos θre

−jk0 sin θrx
. (3.4)

To achieve perfect transformation, the power carried by the incident

wave should be equal to the power carried by the reflected wave. This

requirement defines the amplitude of the reflected wave:

Er
0 =

√
cos θi√
cos θr

Ei
0. (3.5)

Unlike the conventional generalized reflection law approach, the ampli-

tude of the reflected wave is not equal to the amplitude of the incident

wave, but depends on the desired direction of propagation. The required

surface impedance reads

Zs =
η0√

cos θi cos θr

√
cos θr +

√
cos θie

j[sin θi−sin θr]k0x

√
cos θi −

√
cos θrej[sin θr−sin θr]k0x

. (3.6)

The same equation was later independently obtained in [29]. Figure 3.7

depicts the surface impedance (3.6). Expression in (3.6) gives a complex
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Figure 3.7. Surface impedance required for perfect anomalous reflection at an angle of
θr = 70° from the normal direction θi = 0°. Operating frequency is f =
10 GHz.

number, which means that the surface is not point-wise lossless. The

real part of the surface impedance oscillates back and forth taking pos-

itive or negative values. The positive value describes absorption by the

surface, while the negative value, on the contrary, characterizes surface

gain. However, it does not generally mean that the surface cannot be

overall passive or lossless. Properly tuned metasurfaces can emulate

such response without actual active and lossy elements while possessing

a strongly nonlocal response. In this case, the power absorbed in the lossy
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regions is not used for heating but is transferred to the active regions,

where it is further re-radiated into free space. Such energy transfer can be

achieved by including evanescent waves in the design. The same conclu-

sion was later independently suggested by the authors of [24]. Probably

the first practical realization of this concept was reported in [22].

However, there is a way to avoid active and lossy behavior, while keeping

the surface point-wise lossless. The main reason of active and lossy behav-

ior is interference between the incident and reflected waves. To prevent it,

polarization transformation can be used. Due to polarization rotation, the

surface impedance is a tensor. After applying the condition for power con-

servation (the power carried by the incident wave should be accepted and

carried by the reflected wave at every point of the boundary), the surface

impedance reads

Zs = j

⎡
⎢⎢⎣

η0
cos θi

cot [sin θi − sin θr]k0x η0

√
cos θr
cos θi

1

sin [sin θi − sin θr]k0x

η0

√
cos θr
cos θi

1

sin [sin θi − sin θr]k0x
η0 cos θr cot [sin θi − sin θr]k0x

⎤
⎥⎥⎦

(3.7)

Figure 3.8 plots the surface impedance tensor elements. All the elements

0 0.5 1 1.5 2 2.5 3
-2

-1

0

1

2

Figure 3.8. Surface impedance required for perfect anomalous reflection at an angle of
θr = 70° from the normal direction θi = 0° while keeping the surface point-
wise lossless. Polarization transformation is applied. Operating frequency is
f = 10 GHz.

in (3.7) are imaginary and non-diagonal elements are equal; therefore, the

metasurface is reciprocal and lossless. In this scenario, realization of the

metasurface is possible with absolutely lossless elements.
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4. Conversion of propagating waves
into surface waves

Conversion of propagating waves to surface waves vice versa is another

type of wave transformation, and it is a classical problem in antenna the-

ory and techniques (Figure 4.1). Such conversion is usually performed

x

Figure 4.1. Propagating to surface wave conversion by an impenetrable boundary.

by using various leaky-wave antennas which developed widely starting

from 1950ies [36]. This is a class of antennas which support a traveling

wave on a guiding structure and use it as the main radiating mechanism.

The leaky wave itself is a radiating type of wave. It “leaks” power from

the guiding structure as it propagates along. Early leaky-wave antennas

used rectangular closed waveguides with long uniform slits or series of

closely spaced holes which allowed radiation through them. Later on, the

theory of open guiding and transmission-line structures with periodic or

continuous perturbations was introduced and widely developed [37–43].

Recently, creation and development of metamaterials opened new pos-

sibilities to improve leaky-wave antennas, and some studies made an im-

pact on leaky-wave antennas design. Even though in most of the works ra-

diating two-dimensional metamaterial structures were not recognized as

leaky-wave antennas, they, in fact, were. Metamaterial- or metasurface-

based leaky-wave antennas are still developing; nevertheless, they are

already actively used in practice [44, 45]. Further in this chapter, con-

ventional approaches for metasurface-based leaky-wave antennas are de-
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scribed, and a novel one with maximized conversion efficiency is intro-

duced.

4.1 Conventional approaches

Here, we mainly focus on one-dimensional periodic leaky-wave antennas.

They are characterized by a uniform surface impedance, which allows the

structure to supports a guided nonradiating surface wave with a propa-

gating constant βsw > k0 (where k0 is the free-space wavenumber). Then,

a periodic modulation of the surface properties is introduced. The guided

wave can radiate at discontinuities, introduced by modulation. Thus, con-

tinuous radiation from the structure surface can be achieved. At the

same time, periodic modulation creates a guided wave consisting of an

infinite number of spatial harmonics (Floquet-wave modes). Usually, the

0–indexed mode is the main guided wave and the period is chosen to be

such that the −1–indexed mode is a radiated wave.

Most of the metasurface-based antennas are designed using the theory

of sinusoidally-modulated reactive surfaces [46]. The scalar surface reac-

tance Xs of such surfaces is expressed as

Xs = Xs[1 +M sin(
2π

d
x)], (4.1)

where Xs is the average value of the impedance of the surface which sup-

ports a guided wave (non-modulated), M is the impedance modulation

index (varies from zero to unity), d is the period of the structure, and x

is the axis along the surface. The modulation itself directly affects the

propagation constant of the guided mode βsw: Due to the leakage of en-

ergy at discontinuities, the energy carried by the surface wave decreases.

Small corrections to the propagation constant Δβ − jΔα which actually

depend on M and Xs should be introduced [47]. The surface supports

all the modes of the Floquet expansion; however, the main surface mode

is the 0–indexed mode and the radiating leaky wave is the −1–indexed

mode.

This approach appears to be practice-oriented, because many param-

eters may be chosen from available ones. However, the conversion effi-

ciency of such devices is typically limited. By introducing the non-uniform

modulation, which helps to control the “leakage” rate, the efficiency of the

antenna can be improved, including conversion efficiency [48]. The prac-
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tical aperture efficiency in such scenario is around 80%.

Recently, there were attempts to improve the performance of leaky-wave

antennas, and other approaches were introduced. One of the most pop-

ular is based on periodic metasurfaces with linear reflection phase [49]

variation, so-called gradient metasurfaces. This approach is based on the

generalized law of reflection [50], and the conversion efficiency is claimed

to be nearly 100%. However, to be able to excite a surface wave by incident

propagating wave, the waves should be in phase synchronism. Otherwise,

the propagating wave is reflected back into free space. Therefore, to be

able to operate, losses should be introduced in the structure. As a conse-

quence, the surface wave excited on the gradient metasurface by incident

waves is a so-called “driven mode”, which is absorbed in the surface and

cannot be guided out. It means that the reported infinitely long struc-

ture is practically an absorber, not a wave converter. Another similar case

of gradient metasurface is reported in [51] and conversion efficiency is

claimed to be 14%.

4.2 Novel design approach with maximized efficiency

The operation of conventional leaky-wave antennas is limited due to reac-

tive fields stored near the surface by the higher-order Floquet harmonics:

It constrains the bandwidth. Another limitation is the inability to per-

form a perfect conversion of the propagating wave into a surface wave (or

vice versa) which causes some radiation into unwanted directions.

Recently, new means for the propagating wave to surface wave conver-

sion with enhanced efficiency were proposed, with somewhat limited suc-

cess. While studying the problem of anomalous reflection and refraction

(see Section 3.2), we realized that a similar approach can be used to maxi-

mize efficiency of conversion of propagating plane waves to surface waves

(and vice versa). Here, two cases with different illuminations will be con-

sidered: Homogeneous and inhomogeneous plane-wave illuminations. It

is important to note that the surface wave and the propagating plane wave

(both homogeneous and inhomogeneous) considered in the current section

are single spatial harmonics of the Floquet spectrum.
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4.2.1 Homogeneous plane-wave illumination

A possibility of ideal conversion of homogeneous propagating waves to sur-

face waves was studied in Publication III. We considered an infinite im-

penetrable boundary characterized by surface impedance. To avoid field

and power interference of propagating and surface waves while keeping

the surface lossless at every point of the surface, polarization transfor-

mation can be used (proposed in Publication II): The homogeneous plane

wave and the surface wave are TE- and TM-polarized, respectively. Fields

of both waves must satisfy Maxwell’s equations. One of the essential

points in solving such problems is to ensure the power conservation condi-

tion: The power carried by the propagating plane wave should be accepted

and carried out by the surface wave at every point of the boundary. This

condition can be fulfilled in case of existence of a surface-wave mode which

carries linearly growing power along the boundary (thus, accepting all

the power from the incident homogeneous plane wave). However, at the

core of the solution lies the problem: Maxwell’s equations in homogeneous

medium do not allow such solutions, eigenwaves grow exponentially. It is

a significant statement which shows that the nature limits possibilities

for perfect conversion.

Nevertheless, it was proved that an approximate solution exists and

it allows to maximize the conversion efficiency: Separable solution to

Helmholtz equation has an exponential power dependence, which, in par-

ticular cases of slow growth, can be approximated as a linear one. Electric

Esw and magnetic Hsw field expressions of such surface wave are given by

Hsw = zHsw
0 e−(αsw

x +jβsw
x )xe−(αsw

y +jβsw
y )y, (4.2)

Esw =
[−x(βsw

y − jαsw
y ) + y(βsw

x − jαsw
x )]η0

k0
Hsw

0

· e−(αsw
x +jβsw

x )xe−(αsw
y +jβsw

y )y, (4.3)

where kswx = βsw
x − jαsw

x and kswy = βsw
y − jαsw

y are complex wavenumbers,

which consist of propagation (real part) and attenuation (imaginary part)

constants for x and y propagation directions, respectively, Hsw
0 is the am-

plitude of the surface wave. The propagation and attenuation constants

should satisfy the free-space dispersion relation. The homogeneous plane

wave is chosen to be normally incident for simplicity; however, the solu-

tion is not limited to it and can be extended to any oblique incidence. Its
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fields are described by

Ei = zEi
0e

jk0y, Hi = −x
Ei

0

η0
ejk0y, (4.4)

where Ei
0 is the amplitude of the incident wave. To design a point-wise

lossless impenetrable metasurface which performs the conversion with

maximized efficiency, one should ensure zero net power flow across the

boundary surface [52]. After this condition is fulfilled, the limitation of

applicability of this approach is defined: It can be satisfied only over a

finite interval of the surface. Its length can be relatively long (an example

of the surface comparable to twenty wavelengths was considered), how-

ever, finite.

The surface is described by tensor surface impedance due to the need of

polarization transformation. The most interesting and practical solution

for the surface impedance is the point-wise lossless and reciprocal sur-

face. Mathematically, such solution means that the impedance matrix is

symmetric and skew-Hermitian: All the elements are imaginary and off-

diagonal elements are equal. Due to the assumed approximation of the

slow exponential power growth, the lossless and reciprocal surface solu-

tion can be found in two ways. One is by using a periodic model, which

implies restrictions on the attenuation constant. The surface impedance

matrix for the periodic approximation is given by

Zs = j

⎡
⎢⎢⎢⎢⎣
η0
k0

(
αsw
y − βsw

y cotβsw
x x

) η0
sinβsw

x x

√
βsw
y

k0

η0
sinβsw

x x

√
βsw
y

k0
−η0 cotβ

sw
x x

⎤
⎥⎥⎥⎥⎦ , (4.5)

and shown in Figure 4.2(a). Similarly, the least square approximation

[53] can be used to find the surface impedance (shown in Figure 4.2(b));

however, this solution leads to aperiodicity of the structure, which may be

disadvantageous for practical realization and implementation.

To prove the correct operation and high conversion efficiency of the meta-

surface, a finite piece of the surface with the length L=20λ was exam-

ined by using full-wave simulations. The surface is illuminated by a

TE-polarized homogeneous plane wave and a TM-polarized surface wave

propagating along the surface is created. Distributions of the tangen-

tial components of the total magnetic and electric fields are shown on

Figure 4.3. The conversion efficiency in case of the surface impedance

described by equation (4.5) is 80.8%, and in case of the least square ap-
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Figure 4.2. Surface impedance normalized to the free-space impedance obtained by (a)
equation (4.5) and (b) the least square approximation for the reciprocal and
lossless boundary with the following wave parameters: αx = −0.0117k0,
αsw
y = 0.3791k0, βsw

x = 1.069k0,βsw
y = 0.033k0. Operating frequency is

f = 10 GHz.

(a) (b)

Figure 4.3. Numerically computed distributions of the tangential components of the total
(a) magnetic field Re(Hz) and (b) electric field Re(Ez) with the following wave
parameters: αx = −0.0117k0, αsw

y = 0.3791k0, βsw
x = 1.069k0,βsw

y = 0.033k0.
Operating frequency is f = 10 GHz.

proximation for the surface impedance it is 95.3%. By using other choices

of the wave parameters, one can achieve even higher values of conversion

efficiency. However, the perfect conversion is not reachable.

4.2.2 Inhomogeneous plane wave illumination

TM-TE wave transformation using impenetrable metasurfaces

Although Maxwell’s equations in homogeneous medium do not allow per-

fect conversion of homogeneous plane waves to surface waves (or vice

versa), the search for the perfect solutions continued. It was clear that

now the propagating wave should be adjusted to the surface wave solu-

tion that was already known. For this purpose, an inhomogeneous plane

wave was chosen intuitively. The goal of the research work reported in

Publication IV was to explore the possibility of an exact solution for the

surface wave to inhomogeneous plane wave conversion.

The ideal scenario (no dissipation or scattering losses) of TM-polarized

surface wave to TE-polarized inhomogeneous plane wave conversion by
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impenetrable boundary is considered. The fields of both waves should

satisfy Maxwell’s equations in the upper half-space. The boundary is

characterized by a periodic tensor surface impedance. As discussed in

Chapter 2, non-homogenizable periodic surfaces can be described by the

Floquet theory. Therefore, the surface wave is chosen to be the 0–indexed

mode defined by equation (4.3), while the inhomogeneous plane wave is

the −1–indexed mode of the Floquet expansion. The normal direction of

the plane-wave propagation is chosen for simplicity. Therefore, the field

components are expressed as

Elw = zElw
0 e−αlw

x xe−jβlw
y y, (4.6)

Hlw =
xβlw

y + yjαlw
x

η0k0
Elw

0 e−αlw
x xe−jβlw

y y, (4.7)

where klwx = −jαlw
x and kswy = βlw

y are complex wavenumbers in x-and y-

directions, respectively, Elw
0 is amplitude of the surface wave. Here, αlw

x =

αsw
x = αx by the Floquet theory. Propagation and attenuation constants

for surface and propagating waves should satisfy the free-space dispersion

relation.

Similarly to the homogeneous plane wave illumination (Section 4.2.1),

the power carried by the surface mode should be received by the inhomo-

geneous plane wave at each point of the surface. From this requirement,

the tensor surface impedance of the lossless and reciprocal metasurface

can be found in a straightforward way, and is given by

Zs = j

⎡
⎢⎢⎢⎢⎣

η0
k0

(
αsw
y − βsw

y cotβsw
x x

) η0
sinβsw

x x

√
−βsw

y

βlw
y

η0
sinβsw

x x

√
−βsw

y

βlw
y

k0η0
βlw
y

cotβsw
x x

⎤
⎥⎥⎥⎥⎦ . (4.8)

The visual representation of the surface impedance is shown in Figure 4.4.

A finite piece of the surface with the length L=20λ was examined by us-

ing full-wave simulations. However, the reciprocal conversion was exam-

ined due to practicality: A TM-polarized surface wave is launched from

the left side port and a TE-polarized inhomogeneous plane wave propa-

gating along the normal to the surface is radiated. Distributions of the

tangential components of the total magnetic and electric fields are shown

in Figure 4.5. The conversion efficiency is practically ideal and equals

to 99.8%. The leakage of the inhomogeneous plane wave depends solely
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Figure 4.4. Surface impedance normalized to the free-space impedance obtained by (a)
equation (4.5) and (b) least square approximation for the reciprocal and
lossless boundary with the following wave parameters: αx = 0.0425k0,
αsw
y = 0.4671k0, βsw

x = 1.1k0, βsw
y = −0.1k0, βlw

x = 0, βlw
y = 1.0009k0, and

αlw
y = 0. Operating frequency is f = 10 GHz. Reprinted with permission

from Publication IV © 2019 IEEE.

(a) (b)

Figure 4.5. Numerically computed distributions of the tangential components of the total
(a) magnetic field Re(Hz) and (b) electric field Re(Ez) with the following wave
parameters: αx = 0.0844k0, αsw

y = 0.6748k0, βsw
x = 1.2k0,βsw

y = −0.15k0,
βlw
x = 0, βlw

y = 1.0036k0, and αlw
y = 0. Operating frequency is f = 10 GHz.

on the choice of the wave parameters. It means that for any length of

the metasurface the structure parameters can be adjusted so that all the

energy carried by the surface wave is radiated as a propagating wave.

TM-TM wave transformation using impenetrable metasurfaces

As it was discussed above, polarization transformation is required to avoid

field and power interference of waves with one another. Such interfer-

ence leads to the activity of the converting system; therefore, it may be

not favorable for implementation compared to completely passive devices.

Nevertheless, there is a chance that the active regions (generation) of the

metasurface can be compensated by lossy regions (absorption). Such a

surface is not point-wise lossless; however, it can be lossless on the av-

erage. The design can be made without actually using active and lossy

regions: Using evanescent waves one can receive power at lossy areas,

transfer it to the active area and launch again to free space. Exactly this

scenario of the surface to propagating wave conversion is explored in this

research.
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Similarly to the problems discussed above, impenetrable periodic meta-

surfaces converting surface waves into inhomogeneous plane waves of the

same polarization (TM-polarization is chosen for convenience) in the up-

per half-space are considered. Using the Floquet theory, the TM–polarized

surface wave is set to be 0–indexed mode described by equation (4.3) and

the TM–polarized inhomogeneous plane wave is the −1–indexed mode of

the Floquet expansion given by

Hlw = zH lw
0 e−αxxe−jβlw

y y, (4.9)

Elw = −(xβlw
y + yjαx)η0

k0
H lw

0 e−αxxe−jβlw
y y. (4.10)

The wave parameters of both waves should satisfy the free-space disper-

sion law.

The surface impedance which characterizes this metasurface is scalar

and is found to be

Zs = −η0
k0

Hsw
0 /H lw

0 e−jβsw
x x(βsw

y − jαsw
y ) + βlw

y

Hsw
0 /H lw

z e−jβsw
x x + 1

. (4.11)

This equation returns complex numbers, which means that the surface

is not point-wise lossless and it has active and lossy regions. Therefore,

any ratio of the amplitudes Hsw
0 /H lw

0 is realizable. However, the point

of interest here is to find a solution for the surface which is lossless in

the average (effective dissipation in lossy regions is compensated by effec-

tive gain in active regions). Here, the condition based on equality of the

power pumped into the system and the power carried by the inhomoge-

neous plane wave in the far field can be fulfilled. This way the interfer-

ence of waves is not taken into consideration, because the surface wave

propagates only near the surface.

Let us consider the interval of the surface from −L/2 to L/2, where

L can be any required length. Input power is carried by the launched

surface wave. It can be found by integrating the tangential component of

the total power flow density Ssw
x along the y-axis from 0 to infinity at the

starting point −L/2 on the surface:

Pin(−L/2) =

∫ ∞

0
Ssw
x (−L/2)dy =

1

4

η0βx
k0αy

(Hsw
0 )2e2αxL/2. (4.12)

The output power carried by the surface wave at the end point of the
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surface L can be found in the same way:

Pout(L/2) =

∫ ∞

0
Ssw
x (L/2)dy =

1

4

η0β
sw
x

k0αsw
y

(Hsw
0 )2e−2αxL/2. (4.13)

The power carried by the radiated inhomogeneous plane wave is propa-

gating along the normal direction and can be found as an integral of the

normal component of the total power density Slw
y over the total length

along the x-axis:

Plw = −
∫ L/2

−L/2
Slw
y dx =

1

4

η0β
lw
y

k0αx
(H lw

0 )2(e2αxL/2 − e−2αxL/2). (4.14)

Hence,

Plw = Pin − Pout, (4.15)

and this condition leads to the following ratio between magnetic field am-

plitudes:
Hsw

0

H lw
0

=

√
βlw
y αsw

y

αxβsw
x

, (4.16)

Figure 4.6 shows the complex surface impedance described by (4.11)

with (4.16). The total magnetic field distribution obtained in full-wave
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Figure 4.6. Normalized surface impedance for the wave parameters αx = 0.0436k0, αsw
y =

0.4821k0, βsw
x = 1.1065k0,βsw

y = −0.1k0, βlw
x = 0, βlw

y = 1.0009k0, and αlw
y = 0.

Operating frequency is f = 10 GHz.

simulation using (4.11) for the surface of the length L = 20λ is shown

in Figure 4.7(a). The numerically computed conversion efficiency of the

structure is 99.5%.

The normal component of the total power density Sy = Ssw
y + Slw

y on

the surface (y = 0) has the regions with positive values (generation) and

negative ones (absorption). Nevertheless, the integral over the surface

is almost equal to zero or, in other words, the surface is on the average

lossless over the total length of the surface. It means that by using op-

timization, we can design a surface which has similar performance while
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(a) (b)

Figure 4.7. Numerically computed distributions of the tangential components of the to-
tal magnetic field Re(Hz) using (a) exact surface solution (4.11) and (b) only
imaginary part of (4.11) with the following wave parameters: αx = 0.0436k0,
αsw
y = 0.4821k0, βsw

x = 1.1065k0,βsw
y = −0.1k0, βlw

x = 0, βlw
y = 1.0009k0, and

αlw
y = 0. Operating frequency is f = 10 GHz.

being overall lossless and reciprocal.

The total magnetic field distribution obtained in full-wave simulation

using only the imaginary part of (4.11) for the surface with the length L =

20λ is shown in Figure 4.7(b). The conversion efficiency of such a structure

99.3%. The efficiency decreased negligibly compared to the exact solution

described by the complex surface impedance (4.11). However, the surface

wave propagating along the surface is not a single harmonic anymore but

consists of a complex superposition of higher-order harmonics. This effect

is caused by the fact that the surface boundary condition described by the

imaginary part of the surface impedance (4.11) is not satisfied by only two

waves, and higher-order modes are required to satisfy it. The approach of

“forced” lossless and reciprocal metasurface may be advantageous for the

realization due to improved conversion; however, the bandwidth may be

limited.

TM-TM wave transformation using penetrable metasurfaces

As was discussed above, conversion by impenetrable metasurface requires

polarization transformation or active elements for performing propagating-

to-surface wave conversion ideally. Active and lossy surface can possibly

be realized without actually using generators and absorbers, but by trans-

ferring the energy absorbed by the lossy region into the generation area

and launching it into the free space. Such transfer is difficult if at all pos-

sible to realize by using impenetrable boundaries. Therefore, by introduc-

ing a small thickness to the surface, while forbidding overall transmission

to the lower half-space, energy transfer can possibly be realized. The goal

of the research work reported in Publication V was to explore the possi-

bility of perfect conversion with conserved polarization by penetrable, yet

grounded surfaces.
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A grounded dielectric slab loaded with periodically arranged patches is a

perfect example of a structure which allows the wave to penetrate inside,

while the ground plane forbids transmission into the lower half-space.

Such a surface can be described by the circuit theory as a transmission-

line network shown in Figure 4.8(a). Both the propagating wave and the

(a) (b)

Figure 4.8. (a) Transmission-line network for surface-wave dispersion in a uniform pen-
etrable impedance X0. (b) Equivalent circuits for the problem with a peri-
odically modulated metasurface and its more compact form. Reprinted with
permission from Publication V © 2019 EurAAP.

surface wave are TM-polarized. Similarly to conventional leaky-wave an-

tennas, the metasurface as a uniform structure can support propagation

of the surface wave. The surface wave propagates with the propagating

constant βsw
x without attenuation. The surface impedance, in this case,

is described by three reactance terms: X+ is the input reactance of the

open half-space, X− is the grounded slab input reactance, and X0 is the

reactance of the uniform structure without modulation.

To make the surface radiate and transfer energy from the surface wave

to the leaky wave, the uniform reactance of the structure should be mod-

ulated (here, a periodic modulation is chosen). After modulation, the sur-

face wave attenuates along the surface with αsw
x –rate, and the propagat-

ing wave is radiated. Further, the periodically modulated reactance X

which describes the transparent surface converting a single surface wave

into a single inhomogeneous plane wave needs to be found. The equiva-

lent circuit of the problem is shown in Figure 4.8(b).

Any non-homogenizable periodically modulated structure can be described

by the Floquet theory; thus, the surface wave is represented as the 0–

indexed mode, and the −1–indexed mode of the Floquet expansion de-

scribes the inhomogeneous plane wave radiated into the free space. The

electric fields of the Floquet waves are locally defined by the spectral

Green function of the grounded slab X
(0)
GF and X

(−1)
GF for the 0– and −1–

indexed modes, respectively. They are derived as a parallel connection of

the sheet and input reactances. Further, the modulated surface reactance
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solution X can be found by imposing the boundary condition:

X = ReX
(0)
GF + ImX

(0)
GF tan(πx/d), (4.17)

where d is the period. Figure 4.9 depicts the scalar reactive surface impe-

dance. The surface described by (4.17) is lossless and reciprocal. It is ad-
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Figure 4.9. Surface impedance normalized to the free-space impedance obtained by equa-
tion (4.17) at the frequency f = 10 GHz with the dielectric permittivity of the
slab ε = 15 for the thicknesses of the slab h/λ = 0.02.

vantageous for practical realization and may potentially lead to improve-

ment of leaky-wave antennas.

4.2.3 Possible realizations

Surface impedance sheets described solely by reactive components allow

realization by lossless (in practice, low-loss) and reciprocal constituents,

such as arrays of printed subwavelength resonators on a grounded di-

electric substrate [54–56]. The shape, size and rotation angle of the res-

onators are position dependent and determined by the eigenvalues and

eigenvectors of the required surface impedance. It is expected that meta-

surfaces which behave as locally active/lossy boundaries can be realized

similarly to [22] as passive nonuniform patch arrays with engineered spa-

tial dispersion.
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5. Conclusions

This dissertation is devoted to research in an important field of wave ma-

nipulations by metasurfaces. The subject connects such areas of science

and technology as metamaterials, diffraction gratings, and antenna ar-

rays. Metasurface-inspired gratings is a relatively new and quickly de-

veloping research direction, which opens new opportunities to enhance

known devices and create new ones. The results may be of great impor-

tance from microwave theory and applications to nanophotonics.

The metasurface discussed in Publication I has a clear potential in tele-

communications and space industry. Such metasurfaces can be cascaded

and provide multi-functional performance, replacing large sets of conven-

tional antennas. Results reported in Publications II–V are an essential

theoretical step in development of metasurfaces for wave manipulations.

Due to a found possibility to reach maximized conversion efficiency, the

structures designed in this new way will outperform the conventional

ones. Moreover, they may allow additional advantages, such as larger

bandwidth.

In conclusion, we hope that the results of this work will be inspiring for

other researchers, who can use this knowledge for future developments of

this and other research fields.
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