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Abstract

Ideal boundary conditions are widely used in most electromagnetic
solvers to approximate the behavior of actual surfaces or materials. For
example, it is common to replace metal conductors with perfect electric
conductors (PECs), thus greatly simplifying computational requirements.
Perfect magnetic conductor (PMC) boundary condition is also often used
in the first stage of electromagnetic simulations, even though magnetic
conductors at microwave frequencies do not exist in nature. The reason
is that some artificial surfaces exhibit magnetic conducting properties in
certain frequency bands. Furthermore, many other artificial surface types,
in addition to the ones mentioned above, have emerged over the recent
years, and are commonly used in various applications. This paper pro-
vides an overview of surface electromagnetics, a broad concept that refers
to a wide range of electromagnetic surfaces, beginning with the simplest
canonical uniform surfaces and progressing to more complex structures.
It explores the development and applications of canonical electromag-
netic surfaces for microwave applications, demonstrating their ability to
enhance guiding and radiation properties. This includes in particular the
coupling between different parts of the considered component and the con-
trol of antenna radiation properties, such as beam direction, beamwidth,
sidelobe level and polarization. The paper further discusses theoretical
models that can be used in the initial stage of the design in which the con-
sidered structure is modelled using canonical EM surfaces. Surface elec-
tromagnetics has been shown to be a versatile, robust, and cost-effective
solution for the design of the next-generation EM components, allowing
full customization of component properties.

Keywords: surface electromagnetics; canonical electromagnetics sur-
faces; soft surfaces; hard surfaces; electromagnetic band-gap structures;
gap-waveguide technology; metasurfaces; transverse resonant method;
equivalence principle; microwave holograms.
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1 Introduction

When designing electromagnetic components, the first step is most often related
to the conceptual design, that is, contemplating how we would like EM waves to travel
along the structure or interact with it in order to produce the desired effect. Thin structu-
res or surfaces are often used to direct EM waves, and this is why research field called
surface electromagnetics has developed, and has become one the most impactful in the
EM community in the recent years. Applications of this research today span the use of
reconfigurable intelligent surfaces in mobile communication systems to custom built
reflective metasurfaces used on satellites for selective coverage of the Earth. However,
before starting with the actual complex design for a specific application, which is usu-
ally done by means of general EM solver and suitable optimization routine, it is crucial
to make a simplified design, where the focus is on basic EM phenomena that enable the
construction of considered EM components. Therefore, canonical EM surfaces with
different levels of complexity, enabling different phenomena, are the basis of understan-
ding and implementing the surface electromagnetics.

Historically, the attempts to control the propagation of EM waves using innovative
surfaces were first proposed in 19" century by Lamb, who investigated the reflection
and transmission from an array of metallic strips [1]. Based on this idea, Marconi used
arrays of parallel wires to obtain reflectors for one polarization only [2]. Another exam-
ple is related to the concept of the Fresnel lens demonstrated approximately 150 years
before the use in radio transmitters [3], [4]. All these structures actually contain surfa-
ces that can be described with spatially-varying or polarization-dependent boundary
conditions. Starting from the basic surfaces such as PEC and PMC, researchers have
developed different concepts of developing and applying these surfaces, for example,
the control of surface waves through surface parameter modulation [5], transmissive or
reflective surfaces for frequency control known as frequency selective surfaces (FSS)
[6], electromagnetic bandgap surfaces (EBG) for coupling control and realization of
low-profile antennas [7], and the development of metasurfaces through integration with
metamaterial concepts [8].

The goal of this review paper is to explain different EM surface concepts and typi-
cal structures for their realization. We will start with essential canonical surfaces, the
well-known perfect electric conductor (PEC) and perfect magnetic conductor (PMC);
based on the properties of waves propagating along such surfaces, the new canonical
surfaces will be revealed as a natural evolution from this basis. These are soft and hard
surfaces, and their two-dimensional generalization electromagnetic band-gap (EBG)
structures. Additionally, starting from the realization of waveguide structures and me-
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tamaterials, we will also focus on the gap-waveguide concept and metasurfaces. These
canonical surfaces offered new technological ideas in the production of electromagnetic
components, of particular interest in mm-wave and sub-THz frequency range, where
the physical dimensions start to be small since they are related to the wavelength (1 cm
at 30 GHz or 1 mm at 300 GHz). Developed technology, in turn, allows presently the
construction of EM components with properties that were not possible to achieve using
traditional technology. Furthermore, some of these structures enable the physical reali-
zation of concepts, such as equivalence principle, that were previously used only in the
mathematical modelling of various EM problems. Therefore, the goal of the paper is to
give an overview of ideas and realizations that are part of surface electromagnetics and
that have been intensively investigated over the last 30 years.

2 Canonical electromagnetic surfaces

The most commonly used canonical surface is undoubtedly the perfect electric con-
ductor (PEC). In microwave frequency range, there are several types of conductors with
good conductivity, which are therefore often approximated as PEC (with high accu-
racy). The boundary conditions, which are used to describe PEC, are defined with the
tangential components of the electric field which are ideally equal to zero, i.e., E = 0.
It should be noted that there is no simple equation for the tangential magnetic field, i.e.,
the discontinuity in the tangential magnetic field just above the PEC surface and within
the PEC structure is described by the surface current J =72 x H , where 7 is the unit
vector normal to the PEC surface.

Although looking at these boundary conditions everything seems quite trivial, if we
look at EM waves propagating along the PEC surface, we come to an important diffe-
rence regarding the propagation of waves with different characteristic polarizations. A
wave with the electric field parallel to the PEC surface (the so-called parallel polariza-
tion, E, . in Figure 1.) cannot propagate along a PEC surface simply because the bo-
undary condition E__ = 0 does not allow it. Therefore, we can say that the PEC surface
has the STOP property for parallel polarization. However, a wave with perpendicular

polarization (i.e., with electric field perpendicular to the PEC surface, E,,_. in Figure 1.)

has the GO property, i.e., the PEC surface supports the propagation of gzl;pendicularly
polarized waves along the PEC surface.

The next canonical surface is a perfect magnetic conductor (PMC). Since Maxwell’s
equations support duality property, the PMC surface can be described as a dual to the
PEC surface. In other words, the boundary condition describing the PMC is H_ = 0.

Thus, waves propagating along the PMC surface have a dual property: perpendicular
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polarization waves cannot propagate along the PMC surface (because the magnetic fi-
eld is tangential to the PMC surface), i.e., they have the STOP property, while parallel
polarization waves propagate unhindered along the PMC surface (i.e., they have the GO
property). It should be noted that in the microwave frequency range, there is no material
that would be accurately approximated with the PMC boundary condition; however,
there are structures that successfully replace PMC surfaces, as will be demonstrated
shortly.

EVER

Figure 1. Sketch of the EM problem under consideration — EM wave propagating along a
generic surface (both principal polarizations are sketched).

Table 1. Characteristics of different types of canonical EM surfaces

Canonical Surface E-field Polarization
VER or TM | HOR or TE
PEC GO STOP
PMC STOP GO
PEC/PMC strip grid - SOFT STOP STOP
PEC/PMC strip grid - HARD GO GO
EBG - Grazing STOP STOP
EBG (PMC type) - Close to normal PMC

The STOP and GO property of PEC and PMC surfaces for two principal polarizati-
ons is given in Table 1 (according to [9]).
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We do not often have a wave of only one principle polarization present, that is, we
have a more complex “mixed” case. Therefore, the question arises whether there is a
canonical surface that would have the STOP or GO property for both polarizations.
Such surfaces were described by P.-S. Kildal in the late 1980s; they were called soft
and hard surfaces [10], [11]. In their most basic canonical form, such surfaces consist of
PEC/PMC parallel stripes, as shown in Figure 2. In this way, an anisotropic structure is
obtained; therefore, the properties of EM waves propagating along the structure depend
on the direction of propagation. If the wave propagates perpendicular to the PEC/PMC,
we obtain the STOP property for both polarizations: the wave with parallel polarization
stops at the electric stripes (because E__= 0 on them), while the wave with perpendicu-
lar polarization stops at the magnetic stripes (because H = 0 there). On the contrary,
the wave propagating along the stripes propagates unhindered (not-obstructed), and thus
we obtain the GO property. The dispersion properties of the PEC/PMC structure have
been rigorously analyzed in [12], [13], confirming this intuitive approach in describing
their properties.

I PEC
[_IPMC

I STOP (Soft surface)
I GO (Hard surface)

Figure 2. Construction of soft and hard EM surfaces

With the theoretical concept in place, the question of the practical realization of
PEC/PMC canonical surface arises since there is no material that would successfully
“imitate” the PMC surface in the microwave frequency range. Fortunately, the basic the-
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ory of transmission lines states that a transmission line of a quarter-wavelength length
transforms a load of zero impedance (i.e., the PEC surface) into a load of infinite impe-
dance (i.e., the PMC surface). This is achieved by stacking a series of vertically oriented
parallel-plate waveguides (PPW) used as transmission lines, as shown in Figure 3. The
result is a corrugated structure with a corrugation depth of a quarter wavelength. and it
represents a practical realization of the PEC/PMC canonical surface in soft direction. In
hard direction, the condition is somewhat different, i.e., the depth of corrugations 4
needed to obtain the hard surface is %, =4, / 4\/5,_—1 (consequently, the corrugations
should be filled with dielectric in order to obtain the hard boundary condition).

<<< A << A

@) (b)

Figure 3. (a) Geometry of the corrugated surface — realization of soft and hard surfaces;
(b) E- and H-field distribution in /4 thick transverse corrugations.

After describing one realization of soft and hard surfaces, practical questions arise:
are corrugations soft surfaces only at one frequency (i.e., in a narrow range around that
frequency) or can we use corrugated surfaces to create structures with a wider frequen-
cy bandwidth? As will be shown in the next chapter, the bandwidth of corrugated soft
surfaces is 2:1, which is considered a significant bandwidth in the microwave frequency
range. The next question is whether it is possible to create a structure thinner than a
quarter wavelength (this can be a significant thickness at lower frequencies). Again,
this can be done in two ways — either by filling the corrugations with a dielectric that
reduces the wavelength, thus the thickness of the corrugations; or by changing the topol-
ogy of the corrugations according to Figure 4.a. The topology in Figure 4.a can further
be modified into a low-cost realization of soft and hard surfaces using printed circuit
board (PCB) technology. This is possible by using strips grounded by vias (as shown
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in Figure 4.b.). However, one should note that the bandwidth of such modified surfaces
will be smaller [14]).

As an illustrative example of using soft surfaces, let us consider a monopole antenna
with a corrugated ground plane. In a classic example case, the ground plane is simply a
conductor plate usually made of copper (as illustrated in Figure 5.a). However, due to the
finite size of the ground plane, vertically-polarized EM waves (excited by a monopole
antenna) will diffract at the ground plane edges, causing perturbations in the radiation
pattern, usually in a non-controllable way. Due to this, there is a requirement to suppress
the diffracted fields from the edges, as well as backside radiation, which can easily be
obtained by using rotationally-symmetric corrugated ground plane (Figure 5.b). Now
the radiation pattern resembles the one of the ideal antenna, with suppressed backside
radiation (see [16] — [18] for details).
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Figure 4. (a) Thickness reduction of corrugated surfaces,
(b) PCB realization of corrugated surfaces (according to [15])
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Figure 5. Comparison of radiation patterns of a monopole antenna with a flat metal (a)
and corrugated ground plane (b). Both considered structures are rotationally symmetric
(according to [16] and [18]).

As an example of using hard surfaces, let us consider a transverse electro-magnetic
(TEM) waveguide. In classical metallic waveguides (with rectangular or circular cross-
section), it is not possible to obtain TEM waves due to boundary condition at the metal-
lic walls, namely where tangential electric field should be zero. Therefore, for the domi-
nant mode, the classical rectangular waveguide can be considered a waveguide with
two hard and two soft surfaces. In order to obtain TEM wave, all walls should be hard,
i.e., this can be obtained using two PEC and two PMC walls (the PMC walls in this case
can be obtained in various ways, the simplest one is to use dielectric slabs attached to

o4, —1, see Figure 6 and [19] - [21]).

the lateral waveguide walls of thickness #,, =
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(@) (b)

Figure 6. () TEM rectangular waveguide realized with dielectric slabs attached to the
lateral walls, and (b) Distribution of the E-field in the waveguide at the hard frequency
defined with 4, =4h,,.[¢, —1 (according to [22]).

Electromagnetic band-gap structures

The introduced soft surfaces are anisotropic, i.e., they have “ideal” STOP property
in only one direction, but also exhibit this property in a relatively wide angular range.
However, the natural question is whether it is possible to realize an isotropic soft surfa-
ce with STOP property in all directions. In 1999, a new type of EM surfaces has been
introduced — the electromagnetic bandgap structures (EBGs) and its typical representa-
tive — the mushroom structure, see Fig. 7 [18]. By looking at its cross-section, one can
consider it as a two-dimensional version of corrugations realized using PCB technology
(as shown in Fig. 4.b). The obtained dispersion diagrams show that mushroom structure
exhibits STOP property in all directions, but in a smaller frequency band. Furthermore,
if we consider the reflections of waves propagating normal to the EBG surface, one can
realize that the phase of the reflected wave is around zero (the amplitude is naturally
equal to one), which means that such a structure is actually a realization of a PMC. The-
refore, EBG structures are interesting from two aspects — creating STOP property for
EM waves with grazing incidence, and an artificial magnetic conductor (AMC) for EM
waves with approximately normal incidence.
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Figure 7. () Sketch of the mushroom structure; (b) Dispersion diagram of mushroom
structure with indicated band-gap; (c) Measurement of phase of reflection coefficient
for nearly normal incidence (reprinted from [18]).

As illustration, let us consider a curl antenna over an EBG ground plane [23] (Figure
8.a). Since the height of the antenna above the ground plane is only 3 mm, the curl over
the PEC ground plane has very poor radiating properties (related to both impedance
matching and the obtained main beam E-field magnitude). In contrast, the curl over the
EBG ground plane shows improved radiating properties in the frequency range from 6
GHz to 8.5 GHz due to the in-phase reflection feature of the EBG ground plane.

The second example (in Figure 8.b) is related to a two-patch array separated in the
E-plane [24]. Since the E-plane coupled microstrip antenna array on a thick and high
permittivity substrate suffers from strong mutual coupling, the coupling reduction was
necessary; it was achieved by inserting an EBG structure between the patches. In other
words, the capability of EBG structure to suppress surface waves is used in the array
design. Note that four rows of EBG cells are used here to obtain a satisfactory result
(reduction of mutual coupling by 8 dB).
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Figure 8. A photograph of a low profile curl antenna (a) and of a microstrip antenna
arrays with the EBG structure for mutual coupling reduction (b). Pictures are reprinted
from [23] and [24], respectively.

Mathematical description and method of analysis

The properties of canonical surfaces can be investigated in various ways. The first
step in the analysis and design procedure is calculating the dispersion diagram that
gives information about how the EM waves propagate along the considered surface
(regardless of the analysis method chosen). The approach that is simple to implement
and understand is the so-called transverse resonant method [25]. If we consider an EM
surface without losses, there is possibility of propagation of waves that are trapped to
the surface boundary and do not radiate into the space above the surface. The way how
these modes are determined resembles the way how the microwave oscillators are ana-
lyzed — the sum of surface impedances looking upward and downward should be zero:

AR A 0))

In other words, for each frequency of interest, we are searching for the propagation
constant that fulfils eq. (1). If such propagation constant does not exist, the considered
frequency is in the bandgap, i.e., the waves cannot propagate along the surface and the
STOP property s obtained.

As an example, let us consider the corrugated surface (Fig. 3) and the EM wave
propagating in some general direction along the surface (i.e., both k£ and k components
of the propagation constant are different from zero; here ko = 27[/ /10 is the free-space
wave number). If we consider one corrugation as a vertical parallel plate waveguide,
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according to the classical transmission line theory, the short circuit at the bottom of
corrugations (i.e., zero surface impedance) is transformed into the following surface

impedance
Exm =- tan( N EKS —k; ) ()
H] \ /g k k

Let us focus on the waves propagating normal to the corrugations. i.e., let us con-
sider transverse corrugations. The polarization of interest is the vertical (TM) one, for
which corrugations act as impedance transformer. The surface impedance of the free-
space for TM polarized-waves is equal

ZZTM 770:2 2 s (3)
0

where 1, is the free-space characteristic impedance m, = / 1, / g, and k_, is the
z-component of the propagation constant in air. Since the waves are bounded to the sur-
face interface, they do not radiate into half-space above the surface, and we have expo-
nentially-attenuating evanescent waves in the direction normal to the surface, i.e., k_, =
-ja_,. In other words, free space is capacitive for TM evanescent waves, and the surface
impedance should be inductive in order to have wave propagating along the surface.

Using the equations (1)-(3), one obtains the characteristic equation for transverse
corrugations

Zcorr — _ZZTM

W 1 Q)

J 5 tan(hmrrk Ve, ) Jﬂo
P ke, k,

Here the factor w/P is approximatively taking into account that the surface is actu-

ally an average of PEC (teeth of the corrugations) and of short-circuited PPW. By ex-

amining equation (4), one concludes that for the depth of corrugations A/4 <d <A/2, the
surface impedance of corrugations is capacitive, i.e., the dispersion equation (1) is in the
stop-band, and the waves cannot propagate normal to corrugations.

The frequency that defines the hard surface is determined by considering the TEM
wave propagating along the corrugations — the required propagation constant is k = k;
(i.e., the free-space propagation constant) and longitudinal EM field components are re-
quired to be zero. The propagating mode inside (narrow) corrugations is TE mode with
E, H and H, components present (the coordinate system is given in Fig. 3). The propa-
gation constant in z-direction within the corrugations is equal , /kozg, —k;, and in order to
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obtain longitudinal component of magnetic field equal to zero, the phase shift between
bottom and top of corrugations should be n/2. The resulting hard frequency condition is
V4 A

h (ks —k>== or h =—TU_ 5
corr 0 r 0 2 corr 4 £ _1 ()

r

3 Gap waveguide technology

The STOP and GO concept has inspired the development of new technologies for the
realization of various electromagnetic components, in particular in mm-wave frequency
range. A lot of applications have moved to higher frequencies, mostly due to the occu-
pation of lower frequency bands and to the ultimate request for higher data transmission
speeds (i.e., the 5G communication systems have moved part of the used spectrum to
mm-waves in order to enable wide bandwidth, low-latency data transmission at speeds
that exceed 1 Gbps). However, the practical realization of mm-wave components has a
lot of challenges, mostly due to higher losses both in dielectric and metallic patterns. For
example, if one wishes to realize a bit more complex component in waveguide techno-
logy (note that waveguide technology has the lowest losses in comparison to other tech-
nologies suitable for production of mm-wave components), then it will be traditionally
made from two plates containing the desired pattern, as illustrated in Fig. 9.a. In order
to avoid cracks and gaps responsible for a serious leakage of energy in an undesired
direction, one should use numerous screws in order to ensure good contact between two
plates, which can become very unpractical (see Fig. 9.b). Therefore, there was a quest for
new technologies that will simplify the production of mm-wave technologies.

<o
5
T

L[] L

@ (b)
Figure 9. (a) Sketch of the waveguide component realized from two plates with a gap between

the plates; (b) Practical realization of a waveguide component with screws used to avoid gaps
and cracks between the plates.
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In 2009, a new technology called the gap-waveguide technology was proposed by
P.-S. Kildal [26], [27], as a generalization of a waveguide containing corrugated surface
as one wall [28], [29]. The basic idea is to replace the lateral walls of waveguide com-
ponents with a periodic structure that exhibits a band-gap in the operating frequency
range. In other words, due to the STOP property of the periodic structure, there is no
need for lateral waveguide walls or for tight connections secured with numerous screws
between metallic parts forming a waveguide component. One should note that the STOP
property is now related to modes propagating within a parallel-plate waveguide, not
along an open structure as in the previous examples.

The idea behind this lies in the fact that in parallel-plate waveguide having one PEC
wall and one PMC wall, there is no wave propagation if the thickness of such waveguide
is smaller than a quarter of the wavelength, see Figure 10. In order to ensure controlled
wave propagation in this part of the waveguide (i.e., in order to form a transmission
line), a PEC strip is set to be part of the otherwise PMC wall (as shown in Fig. 10.).

><

PMC

PEC

PMC

Figure 10. The gap waveguide concept.

As a periodic structure, it has been proposed to implement a two-dimensional array
of metallic pins, usually with a square cross-section (the so-called bed-of-nails), see Fig.
11. Since this periodic structure is in the band gap, additional special structure should
be introduced to guide the EM waves in the desired direction, and for that either a ridge
or groove (Figs. 11.a and 11.b) inside the parallel-plate waveguide is used (the PCB rea-
lization is also shown in Figs. 11.c and 11.d). Therewith, the transmission line losses (the
basic parameter in selecting the technology in mm-wave and sub-THz frequency bands)
are kept at low level, smaller than substrate—integrated waveguide (SIW) or microstrip
line technology (more precisely, more than three times and ten times smaller transmi-
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ssion losses, respectively). The frequency band in which such a structure can be used
in stop band is typically larger than 2:1, which is more than enough for most waveguide
components. Table 2 offers a comparison of losses for various transmission lines in mm-
wave frequency range [30].

Metal plate

Substrate
Bottom metal
plate with

periodic pins

(@

I I Il[ I i"‘i‘“ I, lh<m

Metal plate

\ } l.’:-:)q’—l \ ) h< M4
d= A/ I I I W I I I
(©

Substrate with
mushroom-like
patch

Bottom metal
plate with
periodic pins

Figure 11. Different realizations of transmission line embedded into the bed-of-nails structure:
(a) Ridge, (b) Groove, (c) Inverted microstrip, (d) Microstrip ridge (reprinted from [30]).
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Table 2. Losses for different versions of gap waveguides in 60 GHz frequency band

Prototype (frequency) Simulated loss (dB/cm) | Measured min-max loss (dB/cm)
Rectangular waveguide (50 -75 GHz) 0.0136 0.0295 - 0.042
Groove gap (50 - 75 GHz) 0.019 0.03 - 0.0442
Ridge gap (50 - 75 GHz) 0.0373 0.058 - 0.0705
Microstrip-ridge gap (56 - 68 GHz) 0.0805 0.162 - 0.23
Invert-micro gap (56 - 72 GHz) 0.0934 0.21 -0 .288

Microstrip line (50 - 75 GHz)

. () ¢
0.127 - 0.2 mm substrate Rl R

Microstrip line (50 - 75 GHz) <« A0N3- () 97 R
0.127 - 0.2 mm substrate Rogers 4003: 0.271 0.7055
Air-filled STW (50 GHz) 0.0621 0.0615

Rogers-5880, SIW (50 GHz) 0.1327 0.2172

Various components have been realized in gap-waveguide technology, mostly
in mm-wave frequency band, such as automotive radar arrays, phased arrays for 5G
communication systems, and contact-free waveguide flange adapters for rapid connec-
tion of different waveguide components [31] — [35]. Furthermore, the technology is
successfully used for packaging of mm-wave components, by which the resonances
associated with metallic boxes used for packaging are avoided [36] — [38]. An example
how the introduced concepts of various EM structures can be applied in the design of
EM devices is illustrated in Fig. 12. The goal was to design a leaky-wave antenna by in-
troducing controlled leakage from one wall of a waveguide transmission line. Therefore,
the waveguide is realized using the gap-waveguide technology having three rows of pins
on the one side (almost no leakage of energy), and only one row on the other (the ratio of
leakage can be controlled by the height of the pins and by the width of the waveguide).
Additionally, to prevent the radiation in undesired direction from the radiating aperture,
the corrugations are implemented outside, on the top and bottom walls of the parallel-
plate waveguide. More details about this antenna design can be found in [39].
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t=11.5 GHz|

Gain [dB]

O] ®

Figure 12. (3) Picture of the gap waveguide leaky wave prototype; (b) E-field distribution of the
leaky antenna at 9.5 GHz; (c) Dispersion diagram of a periodic pin unit cell; (d) Dispersion dia-
gram of the groove gap waveguide unit cell; (e) Calculated far-field radiation pattern at 10 GHz; (f)
Measured radiation patterns in frequency range of interest (9—11.5 GHz). Reprinted from [39].

More recently, in 2016, a new version of gap-waveguide technology was introduced
based on drilling holes in waveguide walls (see Fig. 13). The holes should follow the so-
called glide symmetry, i.e., a higher symmetry that combines the translation symmetry
for half of the period, and the mirror symmetry through the plane in the middle of the
structure [40], [41]. The easiest way to imagine the glide symmetry concept is to look
at people’s footprints as they walk, for example, in the sand (as sketched in Fig. 13.a).
Two properties can then be obtained — either a bandgap with typically 2:1 stopband
[42], [43] or a non-dispersive guiding structure related to the first propagating mode
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(below the first stopband) [44], [45]. Compared to the technology based on pins, the
size of the holes is typically larger than the size of pins (which can be advantageous in
a higher part of mm-wave frequency range); if the structure is produced using classical
CNC technology, it is easier to drill holes than machining the pins (other technologies
can be used for production of gap-waveguide components such as sheet metal proce-
ssing or metallized plastic injection molding). The latter property, the non-dispersive
guiding property of the dominant mode, is successfully implemented in the realization
of broadband components, such as two-dimensional lenses [44], [46]. The higher-order
symmetry principles have recently been used in the development of numerous mm-wave

components (example of a Luneburg lens is shown in Fig. 14.), see e.g. [47].

o: o8 o0

S-parameters (dB)

40 45 Slﬂ 5‘5 o0
Frequency (GHz)

(e)

Figure 13. (a) Sketch of glide-symmetric periodic structure; (b) Glide-symmetric holey unit cell; (c)
Dispersion diagram of the glide-symmetric holey unit cells; (d) Eperimental prototype of straight
and double 90° bent waveguide lines; (€) Comparison of S-parameters corresponding to straight

waveguides with and without glide-symmetric holey periodic structure (reprinted from [42]).
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Gain (dBi)

(a)

Figure 14. A glide-symmetric Luneburg lens antenna. (@) The manufactured prototype;
(b) Simulated and measured radiation patterns at 28 GHz (reprinted from [46]).

4 Metasurfaces

In the early 2000s, metamaterials began to develop intensively — volumetric perio-
dic structures with a period much smaller than the wavelength. The main goal was to de-
velop structures with permeability or permittivity that cannot be found in nature. Thus,
materials with negative permittivity/permeability or with structural parameters close to
zero were constructed. For many new ideas, proof-of-concept prototypes were created,
such as structures with the reversed Snell’s law, invisibility cloaks, superluminal lenses,
etc. (see e.g. [48], [49]). Split-ring resonators were considered the basic building element
for achieving negative permeability, and periodic arrays of parallel wires for negative
permittivity [50]. The materials under consideration were often difficult to implement,
and many of them had problems with the operating frequency band and losses (one rea-
son being frequent use of resonant structures).

Another origin of metasurfaces is also found in Frequency Selective Surfaces (FSS).
The development of FSS was intensive in the last quarter of the 20™ century, with the
goal to develop surfaces with tailored reflection/transmission properties in terms of
frequency and angle of incidence. The elements of FFS are usually designed to have
resonant properties, i.e., the typical length of FSS element is around half wavelength. In
this way, the FSS based on patches is reflective around the patch-resonant frequency and
transmissive otherwise, while the FSS based on slots has opposite properties. Typical
applications of FSS are in multi-reflector systems, in which one sub-reflector (realized
using FSS) acts as a reflector for one frequency band and is transparent for other frequ-
ency band. An overview of FSS can for instance be found in [6], [51], and [52].
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Around 2010, metasurfaces began to develop — two-dimensional variants of meta-
materials [53] — [55]. The period was still much smaller than the wavelength, however
the traditional process of producing printed circuit boards (PCBs) was considered a
manufacturing method, and recently, additive manufacturing (the so-called 3D printing)
has been explored. Furthermore, resonant structures were not used, which allowed for
wider operating frequency bands and lower losses. The first considered application was
diffraction surfaces, i.e., printed structures that redirect the propagation direction of EM
waves. Metasurfaces that focus EM waves in the near field (2D variant of a superluminal
lens) were also considered [56], as well as metasurfaces that represent microwave holo-
grams [57], [58]. These were followed by many other applications, which can roughly
be categorized into two groups — metasurfaces that change the direction of propagation,
polarization, and other properties of the incident EM wave (the so-called transparent
metasurfaces), and metasurfaces that direct and control the scattering of EM waves pro-
pagating along the metasurface (the so-called surface wave metasurfaces). Both types
of metasurfaces are shown in Figure 15.

7 Xs(p)

@ (b)

Figure 15. (a) Metasurfaces for plane wave manipulation (both the direction of propagation
and polarization of the incident EM wave can be modified); (b) Metasurfaces for surface wave
manipulation (the direction of propagation along the surface can be modified and transition to

leaky-waves can be obtained).
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While metamaterials were described by volumetric parameters — effective perme-
ability and permittivity, metasurfaces are most commonly described by surface para-
meters — effective surface impedance. Since often both electric and magnetic responses
are desirable, i.e., we would like to obtain a metasurface with bianisotropic response,
in general we can model the metasurface with a surface polarizability matrix relating
the averaged tangential fields to the induced dipole moments per unit area (p* and m®).
For the time-harmonic case, the dipole moments can be expressed as a surface current,
resulting in the following idealized model of a metasurface:

~
NIl |

E(; o
H ave

tan

N N
m Y
The obtained boundary conditions are called generalized sheet transition conditions
(GSTC), and with them we can accurately model thin metasurfaces corresponding to an
array of isolated scatterers (the so-called metafilms) [59] — [61]. The surface parameters
Y, Z, ;? and 7 describe the electric, magnetic and magneto-electric properties of the
considered metasurface.

Original problem Equivalent problem

Figure 16. Surface equivalence principle; (a) Mathematical approach in which we define

an equivalent problem with the same EM field distribution in the outside region and zero-

field distribution in the inside region (Love’s theorem), (b) Physical approach in which the
metasurface currents achieve the desired EM field distribution in the outside region.
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The theoretical framework for transmission metasurfaces (i.e., for metasurface for
plane wave manipulation) can be described using the surface equivalence principle [62].
The equivalence principle is a tool for analyzing many EM problems (see Figure 16.a).
A complex EM problem is divided into two parts (two volumes); the goal is to obtain a
solution to the observed problem in volume 2 without going into details of the EM field
distribution in volume 1. Therefore, we define an equivalent problem that is identical to
the original problem in volume 2, while in volume 1, we have a different distribution of
the EM field — the only condition is that it satisfies Maxwell’s equations (often, for sim-
plicity, we assume that the EM field within volume 1 is zero — the so-called Love’s equi-
valence principle). Since, in the equivalent problem, there is generally a discontinuity in
the tangential components of the electric and magnetic fields at the boundary between
the two volumes, this discontinuity is accounted for using the equivalent magnetic and
electric currents:

J,=nx(H,-H,), M, =-ix(E,-E,). (7

A similar principle is used in the approximation of good conductors — perfect electric
conductor (PEC) — where the discontinuity in the tangential magnetic field is accounted
for by surface currents flowing along the PEC.

Before the emergence of metamaterials, the principle of equivalence was exclusively
a theoretical framework for solving EM problems. With the appearance of metasurfaces,
the idea to experimentally apply the equivalence principle emerged. Specifically, if we
consider a typical problem of transmission metasurfaces (Figure 16.b), we want the EM
field distribution in volume 2 not to correspond to the distribution excited by the feeding
structure. In other words, in volume 1, we have an excitation distribution of the EM field
(excited by the feeding structure), while in volume 2, we would like to have the desired
EM field distribution. The natural discontinuity in the EM field distribution will be “co-
vered” by the corresponding metasurface, where the equivalent electric and magnetic
currents will correspond to the currents flowing along the considered metasurface. In
this way, the principle of equivalence becomes an experimental framework for creating
new EM structures [63] — [67].

Metasurfaces obtained to be implemented in this way are often bianisotropic (des-
cribed by equations (6)); in practice, it is not always clear how to implement this. For-
tunately, they can be implemented via multilayer metasurfaces with electric response
only (Figure 17). It should be noted that this is still a printed circuit board technology,
thus simple to fabricate. The number of layers needed depends on the desired number of
degrees of freedom. Typically, we want to choose the amplitude of the transmitted and
reflected EM waves, as well as the phase of the transmitted wave (in practice described
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by S-parameters). Therefore, we usually have three degrees of freedom related to the
structure we are designing. Such a structure can be implemented with a three-layer me-
tasurface with electric response only, or sometimes a four-layer structure is used with
an additional degree of freedom to achieve a wider operating frequency band [68] —[72].

Yal Ys2 Yf3
m By M2 33

dy do

Figure 17. A cascade of three patterned metallic sheets having electrical response only.
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Figure 18. Beam-refracting transmitarray; (@) Geometry of the outer and middle sheets of three-
layer realization of the transmitarray, (b) Photography of the transmitarray, (c) Time snapshot of
the co-polarized electric field of a incident and transmitted plane wave — the incident wave is
linearly polarized, and the transmitted wave is circularly polarized, (d) Efficiency of the beam-
refracting transmitarray and the axial ratio of the transmitted field in the direction of the main

beam. Figures are reprinted from [64].
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As an example of the transmission metasurfaces, let us consider a transmitarray that
refracts a normally incident plane wave to an angle 45° and converts the polarization
from linear to circular. The working frequency is 77 GHz. The transmitarray is real-
ized as a three-layer metasurface with equal first and third layer. In Figure 18, the unit
cell of the outer and middle sheets is given, as well as the photography of the structure.
Figure 18 further shows propagation properties of the normal incident EM wave, and
the comparison of calculated and measured efficiency and axial ratio of the generated
circularly-polarized wave. The details of the structure and the design procedure can be
found in [64].

Surface wave metasurfaces can be described in various ways. When it comes to 2D
lens antennas, it is natural to consider methods of geometric optics [73]. For example, if
we wish to design a 2D lens antenna (placed within the parallel plate waveguide (PPW),
similar to previously described design in Fig. 14), the characteristic equation needed for
the design process is obtained by the transverse resonance method (here X  is the surface
reactance of metasurface PPW wall, and 4, is the thickness of the PPW; details can be
found in [74], [75]):
(24
X s (k p) =1, k;
However, we often want to achieve not only the propagation of EM waves along the

tanh(a_,,,, ). ®)

metasurface, but also the controlled radiation. For this purpose, it is necessary to intro-
duce a perturbation in the surface impedance of the metasurface. This can most easily
be considered using the holographic principle.

Gabor first introduced holography as a technique in optics to record a 2D inter-
ference pattern of a reference light wave and the light wave reflected from an object
[76]. By illuminating the 2D hologram (the recorded interference pattern) with the
reference light wave, usually a laser source, it is possible to reconstruct a virtual 3D
image of the object [77]. Optical principles can be applied in the microwave region for
metasurface design, as Sievenpiper shows in [57], [58], [78]. In optics, V,,; Tepresents
the object wave (beam), while y_ represents the reference wave (beam). The interfer-
ence pattern is then proportional to y/objy/:ef . When the hologram is read, i.e., the in-
terference pattern is illuminated by the reference wave, the following term is obtained:

2

l//ref ’ (9)

(y/objl//r*ef )‘//ref =V i

which is a copy of the original object wave. In the metasurface design, y_ is
substituted with y_ ., which represents currents generated by the antenna (meta-
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surface), and . is substituted with y_, that corresponds to the near field we would
like the antenna to radiate. In the simple case, in the case of 1D propagation along
metasurface structure in x-direction, v, takes the form of a plane wave:

W =€ 7, (10)

where 7, is the effective refractive index seen by the currents (i.e., effective in-
dex of the surface wave mode excited by source), and k, is the propagation constant
in free space. If the desired radiation pattern of the metasurface is a pencil beam
with an elevation angle 0, y_ takes the form of:

l//rad — e—jkoxsinHL ) (11)

Then, the surface reactance has the following expression:

X, (x)=X, (1 +M Re{z//mdgy:urf}) =X, (14—Mcos(k0 (neﬁ. —sin6, )x))

(12)
=X, 1+Mcos(%[xj

X

where X is the average surface reactance, P_is the period of sinusoidally modulated
metasurface, and M is the modulation ratio. In Figure 19, the structure of such modu-
lated surface is shown together with the variation of surface reactance and the obtained
radiation pattern. The working frequency of the obtained leaky-wave antenna is f'= 20
GHz, the substrate is thick 1.5 mm, and has relative permittivity €= 3.5, the average
surface reactance is X, = 0.75n, the period of sinusoidally modulated metasurface is P,
=9.42 mm and the modulation index is M = 0.2. The procedure for determining the geo-
metrical shape of the metasurface is described in [79], and the details about the realized
antenna can be found in [80]. The extension to two-dimensional leaky-wave antennas is
given in [81] —[83].
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Figure 19. One-dimensional metasurface leaky-wave antenna; (a) Picture of the antenna,
(b) Values of surface reactance used in the design (the full line are the values obtained using
holographic approach; the dots represent the sampled values used in practical realization),
(c) Calculated and measured radiation pattern.

Conclusion

The paper gives an overview of the theoretical background and the concepts that
have led to the development of surface electromagnetics — a broad spectrum of EM sur-
faces, from canonical uniform surfaces to complex metasurface structures. Practice has
shown that almost all innovative and successful designs of EM structures originate from
a clear picture of the physical phenomena that was used for the operation of the studied
structure. Therefore, the aim of this article is to identify and convey the ideas that have
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led to the introduction of certain EM surfaces widely used today. It has been demon-
strated through several examples how these concepts can be applied in the development
of novel structures that are of particular interest for demanding industrial applications.
Finally, this overview covered passive EM surfaces. Recently, however, significant rese-
arch focus has shifted to tunable and time-varying metasurfaces, which offer a new set
of possibilities not covered in this review article.
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POVRSINSKI ELEKTROMAGNETIZAM: RAZVOJ,
MODELIRANJE I PRIMJENE

Sazetak

Idealni rubni uvjeti Siroko su prihvaéeni u vecini elektromagnetskih
racunalnih programa za aproksimaciju stvarnih povrsina ili materijala. Na
primjer, uobiCajeno je zamijeniti metalne vodice sa savrSenim elektricnim
vodi¢em, ¢ime se znaCajno smanjuje potreba za raCunalnim resursima.
Iako magnetski vodi¢i na mikrovalnim frekvencijama ne postoje u prirodi,
rubni uvjet za savrSeni magnetski vodic¢ takoder se Cesto koristi u prvoj fazi
elektromagnetskog dizajna. Razlog tome je Sto neke umjetne povrsine po-
kazuju svojstva savrSenog magnetskog vodi¢a u odredenim frekvencijskim
pojasevima. Takoder, osim gore spomenutih, tijekom posljednjih godina po-
javile su se i mnoge druge vrste umjetnih povrsina, koje se koriste u raznim
primjenama. Ovaj rad daje pregled povrsinskog elektromagnetizma, pojma
koji se odnosi na Sirok spektar elektromagnetskih povrsina, pocevsi od najj-
ednostavnijih kanonskih uniformnih povrsina do sloZzenih metapovrsinskih
struktura. Pritom se razmatra razvoj i primjene kanonskih elektromagnetskih
povrsina za mikrovalne primjene, pokazujuéi njihovu sposobnost poboljsanja
svojstava vodenja i zracenja elektromagnetskih valova. To ukljucuje uprav-
janje elektromagnetskom spregom izmedu razlicitih dijelova razmatranih
komponenata te kontrolu svojstava zraCenja antena poput smjera zracenja,
Sirine glavne latice, razine bocnih latica i polarizacije. Rad takoder pred-
stavlja teoretske modele koji se mogu koristiti u pocetnoj fazi dizajna u ko-
joj se razmatrana struktura modelira pomo¢u kanonskih elektromagnetskih
povrsina. Povrsinski elektromagnetizam pokazao se kao svestrano, robusno i
isplativo rjeSenje za dizajn nove generacije elektromagnetskih komponenata,
omogucujuci potpunu prilagodbu Zeljenih svojstava komponenti.
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