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Abstract— A modeling methodology to obtain the dispersion
characteristics of mirror- and glide-symmetric structures is
presented. A novel Green’s function is proposed as the integration
kernel of the electric-field integral equation solved by the method
of moments (MoM). Key aspects of implementation, such as
adapting the Ewald acceleration, accurate computation of singu-
lar integrals, and a zero-search algorithm to obtain solutions, are
presented. The proposed methodology is applied to fully metallic
2-D periodic unit cells with arbitrary geometries. The results of
the method are found to be in very good agreement with reference
results from the literature. Compared to the conventional MoM
analysis, the proposed approach obtains results in half the time
and gives additional information about the modal properties.

Index Terms— Computational electromagnetics, dispersion
diagram, glide symmetry, Green’s function, metasurfaces, peri-
odic structures.

I. INTRODUCTION

ODERN telecommunication systems have increasingly
higher demands in terms of data rates, due to the
increase of users and proliferation of video traffic [1]. With
5G and the emerging 6G technologies, the trend is to increase
bandwidth by moving to higher frequencies [2], [3]. This
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results in increased attenuation of electromagnetic waves in
materials and free space. One way to mitigate increased
losses in materials is to utilize fully metallic structures, thus
completely removing wave attenuation in dielectric materials.
On the other hand, free-space losses can be mitigated with
high-gain antennas.

A particular topic of interest, in recent years, to design
highly efficient structures, has been the use of glide-symmetric
metasurfaces [4]. Glide-symmetric structures are periodic and
invariant with respect to a translation by half a period and a
mirroring. The effects of introducing such higher symmetry
on propagation of waves in periodic structures have first
been studied in the 1960s and 1970s [5], [6]. Recently,
their properties have been exploited to design highly efficient
fully metallic graded index lens antennas [7], [8], leaky
wave antennas [9], [10], [11], and filters [12]. Furthermore,
glide symmetries have been used for suppression of leak-
age between two connecting parts of a waveguide [13] and
flanges [14].

As a result of increased interest, methods to accurately
compute the dispersion diagram (i.e., the propagation constants
of Bloch modes) of glide-symmetric structures have also gar-
nered attention from the antenna and microwave communities.
A commonly applied technique is mode matching [15], [16],
which is particularly suited to holey structures. At discontinu-
ities, the coupling of modes in different parts of the structure
is done by enforcing boundary conditions. If the structure has
known analytical field expansions, mode matching is a compu-
tationally efficient and a straightforward method to implement.
Furthermore, at lower frequencies, quasi-static approximation
can be used with mode matching to faster obtain the effective
refractive index [17]. Recently, a hybrid method named multi-
modal transfer matrix method (MMTMM) has been proposed
for the analysis of glide-symmetric structures [18]. In this
method, waveguide ports are placed at the edge of the unit
cell and a full-wave solver is used to compute the scattering
parameters. In this step, the definition of multiple modes on
each port is necessary for each waveguide in order to obtain
correct results. A postprocessing procedure is used to obtain
the propagation characteristics of Bloch modes in the structure.
The method can find both real and complex solutions and
has recently been applied to study the stopband attenuation of
glide-symmetric unit cells with circular holes [19].

© 2023 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
For more information, see https://creativecommons.org/licenses/by/4.0/
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In this work, we propose a method of moments (MoM)
modeling approach tailored to fully metallic glide-symmetric
structures. MoM has been previously used for modal analysis
of printed structures [20], [21], [22], [23], electromagnetic
bandgap structures [24], and 1-D periodic glide-symmetric
parallel-plate waveguides [25]. In this article, we present a
novel integration kernel for 2-D glide-symmetric structures,
which reduces the computational domain to the bottom half of
the unit cell only. The new kernel is applied to analyze a rect-
angular holey structure [15] and a circular holey structure [19].
The obtained results are compared to a commercial eigenvalue
solver and to the MMTMM analysis [19], finding, in both
cases, a very good agreement. Several benefits are offered
by the method presented here over other approaches. Most
importantly, the MoM is able to compute the attenuation con-
stant in the stopbands and for complex modes, both of which
are currently unavailable from commercial eigenvalue solvers.
Furthermore, the method provides additional information on
mode parity and can be easily applied to arbitrary geometries,
an advantage over mode matching. As opposed to MMTMM,
it does not require truncation of waveguide modes at the edges
of the unit cell [19]. Hence, less physical insight, necessary
to understand which modes to include in the computation,
is required to obtain accurate results. Furthermore, since com-
mercial software includes waveguide-port modes by following
a strict order of cutoff frequencies and cannot arbitrarily select
the modes to retain, using MMTMM can result in an increased
computational effort since many higher order modes must be
included in the simulation in order to keep a few modes of
very high order, as in [26].

This article is organized as follows. In Section II, the
integral equation formulation and the novel Green’s func-
tion are presented. Then, in Section III, the equation
discretization, the computation of singular integrals, and the
zero-search algorithm are described. In Section IV, numerical
results are compared to a commercial eigenvalue solver and
MMTMM analysis. The conclusion and perspectives are given
in Section V. Preliminary results of the proposed modeling
of 2-D periodic glide-symmetric structures were presented
in [27].

II. INTEGRAL EQUATION FORMULATION

A. Integral Equation and Periodic Green’s Function

Let us consider the task of finding modes in a fully
metallic periodic structure whose surface is described with the
geometry S. If losses due to finite conductivity of metal are
negligible, the surface can be described as a perfect electric
conductor (PEC) in free space without significantly impacting
the accuracy of the solution. On S, the tangential component
of the electric field is zero

Euw = _ijtan —Vs®=0 (])
where w is the angular frequency, w = 27 f, and the field is

decomposed into the vector and the scalar potentials, A and ©,
respectively. The vector potential represents the contribution

to En due to the electrical surface current density J
A(r) = /L/g(r, r') -J(r/) ds’ 2)
s

and the scalar potential represents the contribution of the
surface charge density

1 / / ’ /
d>(r)=—m/sv -J(r)G(r,r")ds". 3)

Both integrals are computed over the entire surface S. In (2)
and (3), ¢ and p are the permittivity and the permeability of
the surrounding medium, respectively, J(r') is the unknown
electrical surface current density at the source point r’, and
G(r,r’) is the scalar Green’s function at the observation
point r. The dyadic Green’s function G is defined as a product
of the identity dyad Z = xX + ¥y + 2z and the scalar Green’s
function as

G(r.,r'Y=ZG(r,r). 4)

Since the structure is periodic and thus spans to infinity in
both dimensions, the computation domain can be restricted
to the finite size of one single unit cell (the surface S
in (2) and (3) becomes the metallic surface of a single cell)
if the periodicity is captured in the Green’s function. This
is achieved by introducing the free-space periodic Green’s
function (FSPGF) that can be written as a double infinite sum
of free-space Green’s functions [28]

+o00 +00
G(r,r’) = Z Z Gun (5)
m=—0o0 n=—00
where
— o, Jkoop e_ijmn

Gmn =e m m (6)
Here, ky is the wave vector controlling the (possibly com-
plex) propagation between different points in the lattice. The
distance R,,, is given by

Rm" = \/(Z - Z/)z + |p - P’ - pmn|2 (7)
where
Pyn =MS| + 187, 8

Here, p,,, describes the translation from the unit cell indexed
by m = n = 0 to cell indexed by m and n of the lattice, §;
and s, being the lattice periodicity vectors.

B. Glide-Symmetric Periodic Green’s Function

We will now extend the concept of FSPGF to introduce a
novel Green’s function, which exploits the structure’s inter-
nal symmetry. For mirror- and glide-symmetric structures,
we introduce the scalar higher-symmetric periodic Green’s
function (HSPGF)

G(r,r) = G £ Gt )

where Gp represents the bottom array of sources as
+oo 400

Gg(r,r') = Z Z Gon

m=—00 n=—00

(10)
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Fig. 1. Higher symmetric periodic Green’s function, represented as double

array of point sources. Here, by = b, = 0.5.

and Gt represents the top array of sources as

+00 +00

GT(", l‘/) = e—jk:()O'ﬂg Z Z Gmn,t-

m=—0o0 n=—00

(1)

The Green’s function is represented in Fig. 1 as a double array
of point sources. To complement the scalar higher symmetric
periodic Green’s function (HSPGF), its dyadic counterpart is
defined as

G(r.,r'Y=IGg+R,Gr (12)
where the mirroring dyad R, is defined as
R,=XX+yy — 2z (13)

In the computation of Gr, the additional factor, e koo pg
is added due to the translation of the source points of the
top part by

pe = bis1 + basy (14)

where b; and b, are translation factors in terms of vectors
s1 and §,, respectively. For mirror-symmetric structures, b; =
b, = 0, and for glide-symmetric structures, by = b, = 0.5.
Only a combination of the values of 0.0 and 0.5 is possible,
as in other cases, the higher symmetry is broken and the
current of the top part of the structure cannot be expressed
with a phase shift and attenuation of the current in the bottom
part [6]. The terms G, are defined as

" e—ikRuni
G =g 0P 15
mn.t a7 Ry (15)
similar to (5), but with the distance R,,,, changed to
Runi =@+ 2 +1p =0 = Py — P (16)

The choice of summing or subtracting in (9) represents two
different types of symmetries. For mirror-symmetric struc-
tures, these correspond to perfect magnetic conductor (PMC)
(summation) and PEC (subtraction) mirrored modes, but for
glide-symmetric structures, we will refer to them as the
plus (+) and minus (—) symmetries.

C. Ewald Acceleration

Expressions (9) and (12) could be used in simulations as
they are, but, in practice, their use is prohibited by a very
slow convergence [29], [30], [31], [32], [33]. In this work,
we extend the Ewald method [34], [35] to the concept of
HSPGF to allow for efficient computation of the Green’s
function.

First, we consider the evaluation of (10) and (11) as two
separate sums. Then, the individual sums are separately split
into spatial and spectral sums [35], [36] as

+o0 ~+00 to
Z Gmn = Z G + Z ngﬂz

m,n=—00 m,n=—00 P,g=—00

a7

where all sums are double sums with summation indices m and
n for the spatial sums and p and ¢ for the spectral sums. When
numerically computing the Green’s function, the series in (17)
are truncated. In this work, the truncation limits are determined
by the procedure described in [37]. For producing the plots
in this article, we have not observed values larger than £3.
The Ewald method introduces the splitting parameter £, which
controls the convergence properties. For frequencies where the
wavelength is larger than the periodicity of the unit cell, the
value of & = +//A, which provides fastest convergence,
can be used [38]. Otherwise, when the wavelength is smaller
than the periodicity of the unit cell, the values of the spectral
and spatial parts become similar in magnitude but different in
sign. Due to the subtraction of two large numbers and the finite
precision arithmetic, this leads to a loss of significant digits.
The issue can be alleviated by changing the value of £ at the
cost of slower convergence. The procedure from [37] is used in
this work to choose £ which ensures automatically, without the
need of setting a threshold value of frequency, a set number of
significant digits even at higher frequencies. The values of the
summands in (17) are

e_jkIOU‘pmn . jk
GS, = ———| e *merfe| RpnE — =
o TR [e er c( & 28)
+ eRmerfe( R + 15 (18)
and
~ —Jkipg-(p=p") . _ ik
ge =¢ "7 7 - e~k exfe ( L2200 _AJE
pa 4jk pg A 28
o ik,
+ e/kz’”’Azerfc(Jz—EM+Azé')i| (19)

for (10). For the contribution of the top part of the struc-
ture (11)

eI k100 0y . jk
G¢ = — e *Rmigrfc( R, £ — =
mn,t 87TRmn.t |: mn,t o€

. .k
I eij,,ln,terfc(RmnA,tg + é_g)] (20)
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Fig. 2. Meshing process. The inside of the structure is meshed and additional
triangles (orange) are added by translating their periodic counterparts (blue)
in the original unit cell.

and
e~ ikipg (0—0'=py)

4k pg A
4 ik
ket erfe( L2220 _ AtE
X [e er c( Y ;

~c
pq.t

. ik,
+ e’k""'A;erfc(]z—gpq + Ajg)]. (21)

Here, A, = |z— 7|, A} = |z+ 7|, erfc is the complementary
error function, k,p, = k> —kipg - kipg., A = Z- (81 X 52)
is the unit cell area, and ki,, is the transverse phasing wave
vector of the p and ¢ indexed mode

2p7r(szx2) an(ixsl)
A A ’

The cost of computing the Green’s function can be then fur-
ther reduced by exploiting the properties of the complementary
error function

ktpq = k[OO + (22)

erfc(a—jb) = erfc(a + jb) (23)

and

erfc(—a + jb) = 2 — erfc(a + jb) 24)

where a and b are real numbers and bar represents conjugation.
Using (23) and (24) reduces the evaluations of the complex
complementary error function, which is the most computation-
ally expensive task in the evaluation of the Ewald sums.

III. NUMERICAL SOLUTION
A. Discretization of the Equation

Now, we can proceed with numerically solving (1). First,
the surface inside the enclosed structure is discretized into
triangles. During meshing, it is necessary to ensure that the
edge triangle vertices coincide perfectly after a translation
by a period. Then, additional triangles are added, as shown
in Fig. 2. These triangles must be exact copies of their periodic
counterparts as they ensure continuity of current between two
adjacent unit cells. Then, we discretize (1) by expanding the
surface current density J(r') into

3y = 2 Iutia(r)

where A, are basis functions and I, are their scaling coef-
ficients. Here, Rao—Wilton—Glisson (RWG) basis functions
are used, which are defined as linear interpolation functions

(25)

over triangle pairs with a shared edge [39]. Then, a system
of equations is obtained with a testing procedure. In this
work, the testing functions used on (2) and (3) are also RWG
basis functions, performing the so-called Galerkin testing.
Ultimately, we obtain expressions for

Lo =u/ dSAm(r)~/ dS'G(r.r') - Au(r')  (26)
N S
and

Spun = é/ dSV~Am(r)/ dS'G(r,r) V' - Au(F)  27)
S S

which are combined to form the elements of the N x N
impedance matrix [Z], where each element is equal to
) 1
Zun = jJoLpn + —Spn. (28)
jo
To evaluate the dispersion diagram of the structure under
analysis, we assume no incident field (i.e., no impressed field

is necessary for modes to exist in the structure), obtaining the
following system of equations:

[Z (Ko, HI] = [0]

where [/] is an N x 1 vector collecting the coefficients I,
of (25) and [0] is the N x 1 vector of zeros. The system
in (29) has a nontrivial solution when the value of the wave
vector kyo at a frequency f is such that the matrix [Z] is
singular. However, due to finite precision of evaluation of
integrals in (26) and (27), the matrix is never truly singular.
When the matrix is evaluated at frequency and wave-vector
pairs close to the solutions, its determinant goes to zero. The
solutions of the system are therefore the set of values of kyy
at f where the determinant is small and at a local minimum.

(29)

B. Evaluation of Singular Integrals

An important aspect of evaluating the impedance matrix
in (29) is a careful treatment of integrals (26) and (27).
For basis functions that are overlapping or are adjacent,
the integrals become singular and integration by standard
Gaussian quadrature rules cannot produce an accurate result.
To efficiently and accurately compute singular integrals, a sin-
gularity cancellation procedure named radial-angular method
has been proposed in [40]. This method was developed to work
with free-space Green’s function, which only contains one
singularity. Thus, in the HSPGF, the application of the method
cancels the singularity corresponding to 1/Rgo in (6). Since
we have a function with multiple singularities, this method
must be modified such that the most important singularities
are canceled. Note that the method computes interaction
between individual cells (here triangles) and not the entire
basis functions. The matrix elements Z,,, are thus obtained by
summing all four individual interactions between the elements
of the two basis functions. In the following, we describe how
to apply the radial-angular method in the case of the proposed
HSPGF to cancel singularities arising from periodic source
replicas and quasi-singularities in (6) and (15) (i.e., sources
from adjacent unit cells) and the quasi-singularities in the
case of a small gap between the surfaces arising from the
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Fig. 3. Translation of the test element (orange) for proper cancellation of
periodic singular elements. (a) Before translation, the periodic image element
indexed 11 (blue dashed) is closest to the test element. (b) After translation,
the source element indexed 00 (blue) becomes the closest.

top sources, contained in (11). Here, we describe the two
possibilities in the following.

First, the periodicity of the function requires a modification,
which ensures that the singularity closest to the observation
element is canceled. For example, if the source element, shown
in blue in Fig. 3, is on the opposite side of the unit cell than the
test element (orange), the periodic image of the source (dashed
blue) is the dominant singularity. Thus, the singularity of the
periodic image element 1/R;; is not appropriately canceled as
the radial-angular method cancels only the 1/Rqy singularity.
To rectify this problem, these element interactions are treated

by first shifting the test elements with substitution of
r —r+ Mys; + Nys, 30)

where the factors of shifting My and Ny can be obtained
through

My = —L(r—r’) : —(”: ) 405 (31)
and
L , (ixsl) J
N0=— (r—r)-T—i-O.S . (32)

In Fig. 3, My = Ny = —1. After the translation, the dominant
singularity becomes 1/Rg, and the radial-angular method
can be applied to properly cancel the singularity, as shown
in Fig. 3(b). Since shifting one of the elements causes it to be
outside of the original unit cell, the result of the integration is
different from a multiplicative constant. Then, the integral is
backpropagated using the Floquet theorem

le1(1ln — Z}’;ln e.iktoo-(M0S1+Nosz) (33)
where Z! = here represents the contribution of interaction
between elements k and / to the total interaction between
the two basis functions. The procedure described here could
be adapted to shift the source and not the test element to
ensure that 1/Rg is the dominant singularity. In our case,
we choose to shift the test element as it corresponds to the
outer loop of the impedance matrix evaluation and is thus
easier to implement in our code.

Second, there are cases when a quasi-singular behavior
of the top Green’s function must be canceled for accurate
integration. This is particularly true for structures with a small

() (W)

Fig. 4. Mirroring of the test element (orange) for proper cancellation of
singular elements from Gt. The top mesh is faded as it is present through
the HSPGF. (a) Before mirroring, applying radial-angular method cancels the
bottom singularity (full blue). (b) After mirroring, the top singularity can be
canceled.

gap between the top and bottom plates, where singularities
from both contributions to Green’s function of top and bot-
tom sources are appreciable, such as the example presented
in Fig. 4. Here, the blue and dashed blue triangles are the
bottom and top source elements, and the test element (orange)
is sufficiently close to both such that 1/Rg and 1/R¢o, need
to be canceled. In these cases, the radial-angular method is
applied twice, once to the contribution of the bottom part of
the structure, using only the Green’s function in (10), and
once to the contribution of the top part, with the Green’s
function in (11). For the bottom part, the radial-angular method
is applied directly. For the top part, the test element is first
mirrored by mirroring the test element in z, as shown in Fig. 4.
The integral is then evaluated with (10), which is the Green’s
function of the bottom part. In this way, the roles of Ry and
Roo,; are exchanged and the radial-angular method cancels the
singularity.

C. Zero-Search Algorithm

To find the solutions of (29), we search for all numerical
singularities in the lowest eigenvalue, Ay, of the impedance
matrix [Z] within a given frequency region. Here, both plus
and minus branches of (9) and (12) must be considered in the
search. To accelerate obtaining the results, we use interpolation
of the individual matrix elements to obtain a finer sampling of
the impedance matrices. We start to fill the dispersion diagram
with the case of real modes (i.e., kyy is real). The first three
steps are shown in Fig 5. The procedure is given as follows.

1) Compute N, impedance matrices in linearly equis-
paced frequency points (at cross markers in Fig. 5) in
the frequency range of interest.

2) Use spline interpolation to obtain a finer sampling of
impedance matrices with Niyerpol €quispaced frequency
points.

3) Compute the smallest eigenvalue Ay, of these matrices.
The magnitude of the eigenvalues is presented in full line
and the phase is presented in the dashed line in Fig. 5.

4) Find solutions where the phase of A\, crosses zero and
the magnitude is a local minimum.

5) Use bisection on the phase of Ay, to refine the solution
up to the desired precision.



PETEK et al.: MoM FOR THE DISPERSION MODELING OF GLIDE-SYMMETRIC PERIODIC STRUCTURES 761

10°° ‘ ‘ : - _
o -
§ ] 3
g’ ' -==4 /\min o
© ’ % Initial points 2
= 1010 Step 1 |+ Next computed points <
0 10 20 30 40
[} —
E E
= E
f 2
= <
[ -
E B
.E E
g 2
1610 Step 3 o
0 10 20 30 40 50 60
Frequency [GHZ]
Fig. 5. Zero-search algorithm for Nipit = 12 and Nigterpot = 600. From

top to bottom, found singularities are added to the interpolation scheme.
In the second step, the higher frequency solution converges, so only the lower
frequency solution is added.

6) Compute impedance matrices at the found unconverged
solutions (plus markers in Fig. 5).

7) Reobtain the solution frequencies with the procedure
listed in steps from 2) to 5) and with new impedance
matrices added to the set of previous initial points Nypj;.

8) Repeat steps 6) and 7) until the scheme converges.

The frequency solution is considered to have converged when

’f next — f previous|

(34
f previous

) search

where we select the pairs of previous solution frequency
Sprevious and next solution frequency frexx as the closest
two frequencies. In this work, the precision value is set to
Ssearch = 1073, The entire procedure is then repeated for the
next value of k.

Once real modes are tracked, we can move to the anal-
ysis of complex modes: the procedure is analogous, but a
2-D search is needed. We start by identifying the maximum
and minimum frequencies in the computed real part of the
dispersion diagram. In many cases, they lie at the edge of the
irreducible Brillouin zone (usually I", X, or M). In these cases,
it is possible to do only a 1-D search as described previously
by fixing the real part of components of ko according to the
considered stopband and finding frequencies of all singular
matrices for the desired level of attenuation «. However, when
the beginning of a new complex mode is not at an edge of the
Brillouin zone, both real and imaginary parts are unknown.
In this case, we fix a frequency value close enough to the last
frequency of the mode already tracked. Then, we follow the
procedure.

1) Compute Nj,; (initial points) impedance matrices in a

grid in the search region in the real and imaginary space
of ki (cross markers in Figs. 6 and 7).

2) Use natural interpolation [41] to obtain finer sampling

of impedance matrices in Njperpol PoINts.

)

imag(k

300

400

% [Initial points
+ Found solution

250 300 350 400 250 300 350 400
real(k‘) real(kt)

Fig. 6. Magnitude in first three steps of the complex zero-search algorithm
with Njpie = 36 and Nimerpol = 1600.
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+ Found solution f =3 + Found soluti =
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Fig. 7. Phase in first three steps of the complex zero-search algorithm with
Ninit = 36 and Ningerpol = 1600.

3) Compute the minimum eigenvalues of the matrices
obtained in the previous step. The magnitude and phase
are presented with color in Figs. 6 and 7.

4) Find the regions of the solutions by finding the coin-
cidence of 2-D local minimums of magnitude and a
change in sign of the phase.

5) Progressively refine the region of the solution around the
local minimum until the desired precision in both real
and imaginary parts of k; is reached. The found solutions
are presented as plus markers in Figs. 6 and 7.
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Fig. 8. Meshes of the rectangular holey structure. From left to right, they are
(a) original, (b) refined 1, and (c) refined 2 meshes. Here, zyi, = —1.25 mm
and Zpax = —0.25 mm. The parameters periodicity is p = 4 mm, the depth of
hole is 4 = 1.5 mm, the width of hole is w = 3 mm, and the gap is 0.5 mm.

6) Evaluate the impedance matrix in the solution point and
repeat steps from 1) to 5) until the scheme converges.
First, three steps can be seen in Figs. 6 and 7. Each time,
the finer sampling of matrices is obtained with one more
initial point, located at the previous solution.

7) Move to the next frequency. Estimate the next solution
with linear extrapolation and center the search region
around it.

The convergence criterion to terminate the search is applied
to both real

’real (kt,previous) — real (kt,current) |

< Bsearc (35)
|real (kt,previous) | "
and imaginary parts separately
|imag (kt,previous) - imag (kt,current) | < Search. (36)

} imag (kt,previous) |

Thus, (35) and (36) need to be satisfied for achieving
convergence.

IV. NUMERICAL RESULTS

In this section, we present the results of the modeling
procedure described in Sections II and III. Two different
geometries, for both mirror- and glide-symmetric unit cell,
are considered. Solutions are computed for different levels
of mesh refinement to ensure the convergence and stability
of the scheme. The obtained results are compared to CST
Eigenvalue Solver (CST ES) [42] for propagative modes and
to MMTMM [19] for evanescent modes (including the real
part of the complex modes).

Note that, differently from the CST ES and the MMTMM
methods, singularities in MoM arise when modes are sup-
ported either inside or outside of the structure. Using the
methodology presented in this article, modes corresponding to
solutions in the unbounded pin structure in the external region
can appear. However, they can be easily identified as having
zero fields inside the bounded region and nonzero fields in the
external region. As they are not of interest to this work, these
solutions are not shown here. Furthermore, the evanescent
modes of the interior region not presented in [19] are also
not included for clarity of the plots.

A. Rectangular Holey Structure

First, we consider a rectangular holey structure, whose
meshed bottom part is shown in Fig. 8. This geometry is
chosen as it consists of flat surfaces only, and hence, a direct
subdivision of one triangle to four results in a refined mesh
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Fig. 9. Dispersion diagrams for (a) mirror- and (b) glide-symmetric
rectangular holey structures with the geometry simulated and the irreducible
Brillouin zone depicted in the insets.

with four times more elements. Such division is applied to
the original mesh in Fig. 8(a) once to obtain the mesh of
Fig. 8(b) and twice for Fig. 8(c). From the coarsest to the
most refined mesh, the number of unknowns N is 177, 708,
and 2832. These values correspond to ratios of wavelength to
the largest triangle edge of approximately 3.5, 7, and 14 at
60 GHz (the highest considered frequency). The solutions of
the first two meshes were computed using Ny, = 12 starting
points in the frequency from 0.5 to 60 GHz and Niyerpor =
500 interpolation sampling points. The finest mesh refinement
was only computed in a 1-GHz region surrounding the coarser
solution with Niy = 4 and Nigerpot = 40.

Full dispersion diagrams for the irreducible Brillouin zone
obtained with the proposed HSPGF are shown in Fig. 9(a)
for the mirror-symmetric unit cell and in Fig. 9(b) for the
glide-symmetric unit cell. In both cases, a very good agree-
ment is obtained with respect to the solutions obtained with
CST ES, already with the coarsest mesh (cross markers),
although it can be observed that the accuracy of the solu-
tion slightly deteriorates at the highest frequencies. Refining
the mesh once (plus markers) and twice (square markers)
improves the result. In the mirror-symmetric case, all modes
are PEC-symmetric, while, in the glide-symmetric case, the
first mode is minus-symmetric, while the second and third
modes are plus-symmetric. Here, the second mode is in
fact a Floquet harmonic of the first mode as reported in [19]
and could also be obtained by extending the ky search space
of the first mode.
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Fig. 10.  Rectangular holey structure meshes for (a) original mesh and

(b) refined mesh. Here, zy.x = —0.025 mm and zp,j; = —1.025 mm. The
dimensions marked are periodicity p = 3.2 mm, hole diameter d = 2.56 mm,
hole depth # = 1 mm, and the gap between the top and bottom plates is
0.05 mm. The meshing software used is Gmsh [43].

B. Circular Holey Structure

For the second structure, we aim to verify the applicability
of the code to find complex and evanescent modes. For this
purpose, the geometry was chosen to compare the results in
[19, Fig. 8]. Two meshes were generated to have a ratio of
wavelength to largest triangle edge of approximately 4 and
8 at 100 GHz, corresponding to 255 and 831 basis functions,
as shown in Fig. 10(a) and (b). Here, due to the curved
surface, the entire structure is remeshed instead of splitting
each triangle into four. For the generation of the dispersion
diagrams, the frequency range considered is 0.5-100 GHz
with Ny, = 20 initial points in the interpolation scheme. For
evanescent modes, the frequency ranges are set to coincide
with the stopbands at I', X, and M. The number of initial
points Nj,ie varies depending on the width of the stopband
such that the impedance matrices are computed every 5 GHz
and the number of interpolation points is Njperpol = 500.

The full dispersion diagram for the mirror-symmetric unit
cell can be seen in Fig. 11. The attenuation in the stopband
is shown in Fig. 12(a) and (b) for the cases of TX and
MT regions, respectively. Overall, the results agree very well
with [19], with a reduction of accuracy as the frequency
increases for the coarsest mesh. Here, the difference is not
only due to the larger relative size of the unit cells when
compared to the wavelength but also due to approximation
of the curvilinear surface with planar triangular elements.
Only PEC-mirrored modes are found in both original (cross
markers) and refined (plus markers) meshes, which is expected
as the gap between top and bottom plates is small enough to
suppress any PMC-mirrored modes.

The dispersion diagram for the glide-symmetric unit cell can
be seen in Fig. 13. The attenuation in the stopband is presented
in Fig. 14(a) and (b) for the cases of ’'X and MT, respectively.
Four modes are found, two minus-symmetric (yellow and
green markers) and two plus-symmetric (orange and purple
markers). As before, the original mesh is presented with cross
markers and the refined mesh is presented with plus markers.
It is worth noting that, due to the extra information of the mode
symmetry, utilizing the HSPGF helps with interpretation of
the mode evolution. For example, the plus-mirrored evanescent
mode in Fig. 14(b) is found at M for the lower frequencies and
transitions to a propagative mode at about 30 GHz. Then, with
increasing frequency, the mode gradually moves from M to I".
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Fig. 11.  Dispersion diagram for the irreducible Brillouin zone and the
mirror-symmetric unit cell, both depicted in the insets.
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Fig. 12. (a) Attenuation in the T'X region for the mirror-symmetric unit cell
depicted in the inset. The solutions from 30 to 60 GHz were found at X,
from 76 to 85 GHz at I' and the mode from 85 to 89 GHz is a complex
mode with the real part shown in Fig. 11. (b) Attenuation in the MI" region
for the mirror-symmetric unit cell depicted in the inset. The solutions from
49 to 60 GHz were found at M and from 75 to 100 GHz at T'.

At T, it becomes again evanescent and does not transition into
a propagative mode in the frequency range considered.

C. Computational Time Analysis

The computational time to evaluate the impedance matrices
is presented in Table I. The structure studied is the rectangular
holey unit cell from Fig. 8 in both mirror- and glide-symmetric
configurations. Times for both FSPGF and the HSPGF pro-
posed in this article are presented. All computations were done
on an HP ProBook 430 G8 Notebook with Intel i7-1165G7
and 16 GB of RAM. Note that the times presented are obtained
with a single-threaded program. As the computational time
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Fig. 14. (a) Attenuation in the I'X region for the glide-symmetric unit cell
depicted in the inset. The solutions from 46 to 59 GHz are located at I" and the
solutions from 59 to 87 GHz are a complex mode with the real part presented
in Fig. 13. (b) Attenuation in the M region for the mirror-symmetric unit
cell depicted in the inset. The solutions from 49 to 60 GHz were found at M
and the solutions from 75 to 100 GHz at T.

has slight frequency dependence, the numbers are the average
time of ten evaluations of linearly spaced frequencies from
0.5 to 60 GHz and rounded to 1 s. For a fair comparison,
the mesh of the full structure (corresponding to the use of
FSPGF) is obtained by a mirror and a translation of (14)
and thus has twice the number of basis functions. It can
be observed from Table I that using the HSPGF results in
twice faster evaluation of the matrix. While the matrix is
reduced to one-fourth number of entries, introducing the top
part of the structure in HSPGF results in about double the
computational effort in evaluating the Green’s function. The
average times necessary to find all the solutions (frequencies)
for a given value of ko in Fig. 9 is presented in Table II.

TABLE I

AVERAGE COMPUTATIONAL TIME (IN SECONDS) FOR ONE
IMPEDANCE MATRIX EVALUATION

Mesh kind
Green fnc. | Symmetry | Fig. 8(a) | Fig. 8(b) | Fig. 8(c)
FSPGF Mirror 23 140 1332
HSPGF Mirror 12 71 668
FSPGF Glide 22 140 1319
HSPGF Glide 12 70 668
TABLE II

AVERAGE COMPUTATIONAL TIME (IN MINUTES) FOR OBTAINING THE
SOLUTIONS (FREQUENCIES) IN FIG. 9 FOR FIXED ko

Mesh kind
Green fnc. | Symmetry | Fig. 8(a) | Fig. 8(b) | Fig. 8(c)
HSPGF Mirror 5 42 153
HSPGF Glide 5 36 130

The difference in solution times when comparing the mirror-
and glide-symmetric structures can be attributed to a larger
computational load of the zero-search algorithm since the first
and the second mode are not separated in the XM region. The
simulation time for obtaining the entire dispersion diagram
in Figs. 9, 11, and 13 with CST ES is from 7 to 9 min for
30 values of k.

V. CONCLUSION AND PERSPECTIVES

In this work, a novel Green’s function with a model-
ing approach to obtain properties of modes of mirror- and
glide-symmetric structures has been presented. Using the pro-
posed Green’s function with the MoM, we obtained accurate
results for both propagative and evanescent modes when com-
pared to results from CST ES and MMTMM [19]. Moreover,
the Green’s function evaluation accelerated via Ewald and the
adapted use of the radial-angular method [40] to correctly
cancel singular integrals were presented. The solutions were
found via a technique for the search of singularities of a matrix
function. Using the proposed Green’s function was found to
reduce the computational time of one matrix evaluation to one
half. Furthermore, the Green’s function provides additional
information on the mode parity, which was found helpful
in understanding and tracking the evolution of modes. The
presented method can be easily integrated into an existing
MoM code and is able to obtain information not directly
available from commercial solvers, such as attenuation in the
stopband. In the future work, we aim to extend the code to
work with dielectric materials and utilize it to study hexagonal
unit cells.

ACKNOWLEDGMENT

The authors thank Prof. Donald R. Wilton for fruitful
discussions on the topic. They also thank Dr. Qiao Chen for
providing the reference data used in Figs. 11-14.



PETEK et al.: MoM FOR THE DISPERSION MODELING OF GLIDE-SYMMETRIC PERIODIC STRUCTURES

[1]

[2]

[3]

[4]

[6]

[7]

[8]

(10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

[20]

REFERENCES

International Telecommunication Union. (2015). IMT Traffic Estimates
for the Years 2020 to 2030. Accessed: Nov. 22, 2022. [Online]. Avail-
able: https://www.itu.int/pub/R-REP-M.2370-2015

Y. Wang, J. Li, L. Huang, Y. Jing, A. Georgakopoulos, and P. Demes-
tichas, “5G mobile: Spectrum broadening to higher-frequency bands
to support high data rates,” IEEE Veh. Technol. Mag., vol. 9, no. 3,
pp. 39-46, Sep. 2014.

W. Jiang, B. Han, M. A. Habibi, and H. D. Schotten, “The road towards
6G: A comprehensive survey,” IEEE Open J. Commun. Soc., vol. 2,
pp. 334-366, 2021.

0. Quevedo-Teruel, Q. Chen, F. Mesa, N. J. Fonseca, and G. Valerio,
“On the benefits of glide symmetries for microwave devices,” IEEE J.
Microw., vol. 1, no. 1, pp. 457469, Jan. 2021.

P.J. Crepeau and P. R. Mclsaac, “Consequences of symmetry in periodic
structures,” Proc. IEEE, vol. 52, no. 1, pp. 3343, Jan. 1964.

A. Hessel, M. Hui Chen, R. C. M. Li, and A. A. Oliner, “Propagation in
periodically loaded waveguides with higher symmetries,” Proc. IEEE,
vol. 61, no. 2, pp. 183-195, Feb. 1973.

O. Quevedo-Teruel, J. Miao, M. Mattsson, A. Algaba-Brazalez,
M. Johansson, and L. Manholm, “Glide-symmetric fully metallic Luneb-
urg lens for 5G communications at Ka-band,” IEEE Antennas Wireless
Propag. Lett., vol. 17, no. 9, pp. 1588-1592, Sep. 2018.

F. Fan, M. Cai, J. Zhang, Z. Yan, and J. Wu, “Wideband low-profile
Luneburg lens based on a glide-symmetric metasurface,” IEEE Access,
vol. 8, pp. 85698-85705, 2020.

O. Zetterstrom, E. Pucci, P. Padilla, L. Wang, and O. Quevedo-Teruel,
“Low-dispersive leaky-wave antennas for mmWave point-to-point high-
throughput communications,” IEEE Trans. Antennas Propag., vol. 68,
no. 3, pp. 1322-1331, Mar. 2020.

Q. Chen, O. Zetterstrom, E. Pucci, A. Palomares-Caballero, P. Padilla,
and O. Quevedo-Teruel, “Glide-symmetric holey leaky-wave antenna
with low dispersion for 60 GHz point-to-point communications,”
IEEE Trans. Antennas Propag., vol. 68, no. 3, pp. 1925-1936,
Mar. 2020.

X. Zeng, Q. Chen, O. Zetterstrom, and O. Quevedo-Teruel, “Fully
metallic glide-symmetric leaky-wave antenna at Ka-band with lens-
augmented scanning,” IEEE Trans. Antennas Propag., vol. 70, no. 8,
pp. 7158-7163, Aug. 2022.

A. Monje-Real, N. J. G. Fonseca, O. Zetterstrom, E. Pucci, and
0. Quevedo-Teruel, “Holey glide-symmetric filters for 5G at millimeter-
wave frequencies,” IEEE Microw. Wireless Compon. Lett., vol. 30, no. 1,
pp- 31-34, Jan. 2020.

Z. Sipus, K. Cavar, M. Bosiljevac, and E. Rajo-Iglesias, “Glide-
symmetric holey structures applied to waveguide technology: Design
considerations,” Sensors, vol. 20, no. 23, p. 6871, Dec. 2020.

M. Ebrahimpouri, A. A. Brazalez, L. Manholm, and O. Quevedo-Teruel,
“Using glide-symmetric holes to reduce leakage between waveguide
flanges,” IEEE Microw. Wireless Compon. Lett., vol. 28, no. 6,
pp. 473475, Jun. 2018.

G. Valerio, F. Ghasemifard, Z. Sipus, and O. Quevedo-Teruel, “Glide-
symmetric all-metal holey metasurfaces for low-dispersive artificial
materials: Modeling and properties,” IEEE Trans. Microw. Theory
Techn., vol. 66, no. 7, pp. 3210-3223, Jul. 2018.

A. Alex-Amor et al., “Glide-symmetric metallic structures with elliptical
holes for lens compression,” IEEE Trans. Microw. Theory Techn.,
vol. 68, no. 10, pp. 4236-4248, Oct. 2020.

B. Fischer and G. Valerio, “Quasi-static homogenization of glide-
symmetric holey parallel-plate waveguides with ultra-wideband validity,”
IEEE Trans. Antennas Propag., vol. 70, no. 11, pp. 10569-10582,
Nov. 2022.

F. Mesa, G. Valerio, R. Rodriguez-Berral, and O. Quevedo-Teruel,
“Simulation-assisted efficient computation of the dispersion diagram
of periodic structures: A comprehensive overview with applications to
filters, leaky-wave antennas and metasurfaces,” IEEE Antennas Propag.
Mag., vol. 63, no. 5, pp. 33-45, Oct. 2021.

Q. Chen, F. Mesa, X. Yin, and O. Quevedo-Teruel, “Accurate char-
acterization and design guidelines of glide-symmetric holey EBG,”
IEEE Trans. Microw. Theory Techn., vol. 68, no. 12, pp. 4984-4994,
Dec. 2020.

M. Bozzi, S. Germani, L. Minelli, L. Perregrini, and P. de Maagt,
“Efficient calculation of the dispersion diagram of planar electromag-
netic band-gap structures by the MoM/BI-RME method,” IEEE Trans.
Antennas Propag., vol. 53, no. 1, pp. 29-35, Jan. 2005.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

(32]

[33]

[34]

[35]

[36]

[37]

[38]

(39]

[40]

[41]

765

P. Baccarelli, C. Di Nallo, S. Paulotto, and D. R. Jackson, “A full-
wave numerical approach for modal analysis of 1-D periodic microstrip
structures,” IEEE Trans. Microw. Theory Techn., vol. 54, no. 4,
pp. 1350-1362, Jun. 2006.

P. Baccarelli, S. Paulotto, and C. Di Nallo, “Full-wave analysis of bound
and leaky modes propagating along 2D periodic printed structures with
arbitrary metallisation in the unit cell,” IET Microw., Antennas Propag.,
vol. 1, no. 1, pp. 217-225, 2007.

G. Valerio, P. Burghignoli, P. Baccarelli, and A. Galli, “Input impedance
of nonperiodic sources exciting 1-D periodic shielded microstrip
structures,” IEEE Trans. Microw. Theory Techn., vol. 58, no. 7,
pp. 17961806, Jul. 2010.

A. S. Barlevy and Y. Rahmat-Samii, “Characterization of elec-
tromagnetic band-gaps composed of multiple periodic tripods with
interconnecting vias: Concept, analysis, and design,” IEEE Trans. Anten-
nas Propag., vol. 49, no. 3, pp. 343-353, Mar. 2001.

S. Amari, R. Vahldieck, and J. Bornemann, “Accurate analysis of peri-
odic structures with an additional symmetry in the unit cell from classical
matrix eigenvalues,” IEEE Trans. Microw. Theory Techn., vol. 46, no. 10,
pp. 1513-1515, Oct. 1998.

P. Castillo-Tapia, F. Mesa, A. Yakovlev, G. Valerio, and
O. Quevedo-Teruel, “Study of forward and backward modes in
double-sided dielectric-filled corrugated waveguides,” Sensors, vol. 21,
no. 18, p. 6293, Sep. 2021.

J. A. T. Véasquez, J. Rivero, G. Valerio, and F. Vipiana, “Periodic integral
equation formulation for the numerical analysis of glide structures,” in
Proc. 16th Eur. Conf. Antennas Propag. (EuCAP), Apr. 2022, pp. 1-3.

G. Valerio, P. Baccarelli, P. Burghignoli, and A. Galli, “Comparative
analysis of acceleration techniques for 2-D and 3-D Green’s functions in
periodic structures along one and two directions,” IEEE Trans. Antennas
Propag., vol. 55, no. 6, pp. 1630-1643, Jun. 2007.

A. L. Fructos, R. R. Boix, and F. Mesa, “Application of Kummer’s
transformation to the efficient computation of the 3-D Green’s function
with 1-D periodicity,” IEEE Trans. Antennas Propag., vol. 58, no. 1,
pp. 95-106, Jan. 2010.

R. E. Jorgenson and R. Mittra, “Efficient calculation of the free-space
periodic Green’s function,” IEEE Trans. Antennas Propag., vol. 38,
no. 5, pp. 633-642, May 1990.

N. Kinayman and M. I. Aksun, “Comparative study of acceleration
techniques for integrals and series in electromagnetic problems,” Radio
Sci., vol. 30, no. 6, pp. 1713-1722, Nov. 1995.

S. Boutami and M. Fall, “Calculation of the free-space periodic Green’s
function using equivalent finite array,” IEEE Trans. Antennas Propag.,
vol. 60, no. 10, pp. 4725-4731, Oct. 2012.

N. Guerin, S. Enoch, and G. Tayeb, “Combined method for the compu-
tation of the doubly periodic Green’s function,” J. Electromagn. Waves
Appl., vol. 15, no. 2, pp. 205-221, Jan. 2001.

P. P. Ewald, “Die berechnung optischer und elektrostatischer gitterpo-
tentiale,” Annalen der Physik, vol. 369, no. 3, pp. 253-287, 1921.

S. Oroskar, D. R. Jackson, and D. R. Wilton, “Efficient computation of
the 2D periodic Green’s function using the Ewald method,” J. Comput.
Phys., vol. 219, no. 2, pp. 899-911, 2006.

C. M. Linton, “The Green’s function for the two-dimensional Helmholtz
equation in periodic domains,” J. Eng. Math., vol. 33, no. 4,
pp. 377-401, May 1998.

F. T. Celepcikay, D. R. Wilton, D. R. Jackson, and F. Capolino,
“Choosing splitting parameters and summation limits in the numerical
evaluation of 1-D and 2-D periodic Green’s functions using the Ewald
method,” Radio Sci., vol. 43, no. 6, pp. 1-11, Dec. 2008.

K. E. Jordan, G. R. Richter, and P. Sheng, “An efficient numerical
evaluation of the Green’s function for the Helmholtz operator on periodic
structures,” J. Comput. Phys., vol. 63, no. 1, pp. 222-235, Mar. 1986.

S. Rao, D. Wilton, and A. Glisson, “Electromagnetic scattering by
surfaces of arbitrary shape,” IEEE Trans. Antennas Propag., vol. AP-30,
no. 3, pp. 409418, May 1982.

M. A. Khayat, D. R. Wilton, and P. W. Fink, “An improved transfor-
mation and optimized sampling scheme for the numerical evaluation of
singular and near-singular potentials,” IEEE Antennas Wireless Propag.
Lett., vol. 7, pp. 377-380, 2008.

I. Amidror, “Scattered data interpolation methods for electronic imaging
systems: A survey,” J. Electron. Imag., vol. 11, no. 2, pp. 157-176, 2002,
doi: 10.1117/1.1455013.


http://dx.doi.org/10.1117/1.1455013

766 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 72, NO. 1, JANUARY 2024

[42] CST Studio Suite 3D EM Simulation and Analysis Software. Accessed:
Feb. 22, 2023. [Online]. Available: https://www.3ds.com/products-
services/simulia/products/cst-studio-suite/

[43] C. Geuzaine and J.-F. Remacle, “Gmsh: A 3-D finite element mesh
generator with built-in pre- and post-processing facilities,” Int. J. Numer.
Methods Eng., vol. 79, no. 11, pp. 1309-1331, Sep. 2009.

Martin Petek (Graduate Student Member, IEEE)
received the B.Sc. degree in electrical engineer-
ing from the University of Ljubljana, Ljubljana,
Slovenia, in 2017, and the M.Sc. degree in electro-
physics from the KTH Royal Institute of Technol-
ogy, Stockholm, Sweden, in 2020. He is currently
pursuing the Ph.D. degree with the Department of
Electronics and Telecommunications, Politecnico di
Torino, Turin, Italy.

His current research interests include numer-
ical techniques, periodic structures, and higher
symmetries.

Javier Rivero received the M.S. degree in telecom-
munication engineering from the University Carlos
III de Madrid, Madrid, Spain, in 2008, and the
Ph.D. degree in telecommunication engineering from
the University of Extremadura, Badajoz, Spain,
in 2012.

From 2012 to 2017, he was a Research Assistant
at the Department of Technologies of Computers
and Communications, University of Extremadura.
From 2015 to 2017, he conducted a post-doctoral
research stint at the Department of Electronics and
Telecommunications, Politecnico di Torino, Turin, Italy, where he worked
as a Research Assistant from 2018 to 2022. From 2017 to 2018, he was
with the Advanced Computing and Electromagnetics (ACE) Division, Istituto
Superiore Mario Boella (ISMB), Turin. Since 2022, he has been a Senior
Engineer in research and development at Sandia National Laboratories,
Albuquerque, NM, USA. His research interests encompass various areas,
including fast integral equation methods and method-of-moment approaches
in computational electromagnetics, metamaterials, nanoplasmonics, Green’s
function regularization, advanced quadrature integration schemes, periodic
Green’s functions, and high-Q cavities.

Jorge Alberto Tobén Vasquez (Member, IEEE)
received the Electronics Engineering degree from
the Universidad de Antioquia, Medellin, Colombia,
in 2010, in a double degree program, and the
master’s degree in electronic engineering and the
Ph.D. degree in electronics and telecommunication
engineering from the Politecnico di Torino, Turin,
Italy, in 2010 and 2014, respectively.

He is currently an Assistant Professor with the
Politecnico di Torino. His main research activities
correspond to modeling, designing, and analyzing
systems for microwave imaging applications, specifically in the biomedical
and food industry fields, and the numerical modeling of complex and
nonhomogeneous media propagation.

Dr. Tobén Viasquez received the “Premio Latmiral,” an award granted by
the Italian Society of Electromagnetism in 2018, the URSI General Assembly
Scientific Symposium Young Scientist Award, and the Sorrentino URSI
Italy National Meeting Young Scientist Paper Award in 2020.

Guido Valerio (Senior Member, IEEE) received the
M.S. degree (cum laude and Hons.) in electronic
engineering and the Ph.D. degree in electromagnet-
ics from La Sapienza University, Rome, Italy, in
2005 and 2009, respectively.

From February to August 2008, he was a Visiting
Scholar at the University of Houston, Houston, TX,
USA. From 2011 to 2014, he was a Researcher at the
Institute d’Electronique et de Télécommunications
de Rennes (IETR), Rennes, France. Since September
2014, he has been at Sorbonne Université, Paris,
France, where he is currently a Professor with the Laboratoire de Genie
Electrique et Electronique de Paris. His scientific research interests involve

antenna design and numerical methods for wave propagation and scattering
in complex structures, namely, periodic Green’s function computation, modal
properties of multilayered structures, full-wave methods for SIW, and model-
ing and design of periodic structures.

Dr. Valerio was a recipient of the “Leopold B. Felsen Award for Excellence
in Electrodynamics” in 2008; the “Barzilai Prize” for the best paper at the
National Italian Congress of Electromagnetism (XVIII RiNEm) in 2010; and
the RMTG Award for junior researchers presented at the IEEE Antennas and
Propagation Society Symposium, Memphis, TN, USA, in 2014. In 2018 and
2020, he was a coauthor of the best papers in Electromagnetic and Antenna
Theory at the European Conference on Antennas and Propagation. In 2022,
he was a coauthor of the Best Student Paper Award at the 16th European
Conference on Antennas and Propagation. He is serving as an Associate Editor
for IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION and IEEE
ACCESS journals and is the Main Chair of the COST Action SyMat on “Future
communications with higher symmetric engineered artificial materials.”

Oscar Quevedo-Teruel (Fellow, IEEE) received the
Telecommunication Engineering and Ph.D. degrees
from the Carlos III University of Madrid, Madrid,
Spain, in 2005 and 2010, respectively.

From 2010 to 2011, he was with the Department
of Theoretical Physics of Condensed Matter, Univer-
sidad Autonoma de Madrid, Madrid, as a Research
Fellow. He went on to continue his post-doctoral
research at the Queen Mary University of London,
London, U.K., from 2011 to 2013. In 2014, he joined
the Division of Electromagnetic Engineering and
Fusion Science, School of Electrical Engineering and Computer Science, KTH
Royal Institute of Technology, Stockholm, Sweden, where he is currently a
Professor and the Director of the Master Programme in Electromagnetics
Fusion and Space Engineering. He has made scientific contributions to
higher symmetries, transformation optics, lens antennas, metasurfaces, and
high-impedance surfaces. He is the coauthor of more than 130 papers in
international journals and 200 at international conferences.

Dr. Quevedo-Teruel has been a member of the European Association on
Antennas and Propagation (EurAAP) Board of Directors since January 2021.
He has been the Chair of the IEEE APS Educational Initiatives Programme
since 2020. He was an Associate Editor of IEEE TRANSACTIONS ON
ANTENNAS AND PROPAGATION from 2018 to 2022, where he has been a
Track Editor since 2022. He has also been the Founder and the Editor-in-Chief
of Reviews of Electromagnetics (EurAAP journal) since 2020. He was the
EurAAP Delegate for Sweden, Norway, and Iceland from 2018 to 2020. Since
January 2022, he has been the Vice-Chair of EurAAP. He was a Distinguished
Lecturer of the IEEE Antennas and Propagation Society from 2019 to 2021.

Francesca Vipiana (Senior Member, IEEE)
received the Laurea and Ph.D. degrees in electronic
engineering from the Politecnico di Torino, Turin,
Italy, in 2000 and 2004, respectively. Her doctoral
research was carried out partly at the European
Space Research Technology Center, Noordwijk,
The Netherlands.

From 2005 to 2008, she was a Research Fellow
with the Department of Electronics, Politecnico di
Torino. From 2009 to 2012, she was the Head of the
Antenna and EMC Laboratory, Istituto Superiore
Mario Boella, Turin. Since 2012, she has been an Assistant Professor with
the Department of Electronics and Telecommunications, Politecnico di
Torino, where she has been an Associate Professor since 2014 and a Full
Professor since 2021. She is currently involved in the modeling and design
of microwave imaging systems for medical and industrial applications. Her
current research interests include numerical techniques based on the integral
equation and method of moment approaches, with a focus on multiresolution
and hierarchical schemes, domain decomposition, preconditioning and fast
solution methods, and advanced quadrature integration schemes.

Dr. Vipiana received the Young Scientist Award at the URSI General
Assembly in 2005, the First Prize in the Poster Competition at the IEEE
Women in Electromagnetics Workshop in 2009, the ISMB Best Paper Award
in 2011, the Lot Shafai Mid-Career Distinguished Award from the IEEE
Antennas and Propagation Society in 2017, and the INDRA Best Paper
Award at the XXXVIII Spanish National URSI Symposium in 2023. She
serves on the Editorial Board of IEEE TRANSACTIONS ON ANTENNAS AND
PROPAGATION and IEEE Antennas and Propagation Magazine.

Open Access funding provided by ‘Politecnico di Torino’ within the CRUI CARE Agreement



