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ABSTRACT A Finite-Difference Time-Domain (FDTD) simulation of broadband electromagnetic metasur-
faces based on direct incorporation of Generalized Sheet Transition Conditions (GSTCs) into a conventional
Yee-cell region has been proposed for arbitrary wave excitations. This is achieved by inserting a zero thick-
ness metasurface inside bulk nodes of the Yee-cell region, giving rise to three distinct cell configurations -
Symmetric Cell (SC), Asymmetric Cell (AC) and Tight Asymmetric Cell (TAC). In addition, the metasurface
is modelled using electric and magnetic surface susceptibilities exhibiting a broadband Lorentzian response.
As a result, the proposed model guarantees a physical and causal response from the metasurface. Several
full-wave results are shown and compared with analytical Fourier propagation methods showing excellent
results for both 1D and 2D field simulations. It is found that the TAC provides the fastest convergence among
the three methods with minimum error.

INDEX TERMS Finite-difference methods, time-domain analysis, electromagnetic metamaterials, metasur-

faces, computational electromagnetics, electromagnetic diffraction, Lorentz dispersion, Yee-cell.

I. INTRODUCTION

Electromagnetic (EM) metasurfaces are two-dimensional
equivalents of volumetric metamaterials and are composed
of 2D arrays of sub-wavelength scatterers. By engineering
these scatterers across the surface, various impressive wave-
shaping transformations can be achieved for multiple applica-
tions such as generalized refraction, holography, polarization
control, imaging, and cloaking, to name a few [1], [2].
Metasurfaces perform such wave transformations as a result
of the complex interplay between the electric and magnetic
dipolar moments generated by the scatterers, which is some-
times also referred to as a Huygens’ configuration [3], [4].
A convenient implementation of such metasurfaces is using
all-dielectric resonators, which naturally produce the elec-
tric and magnetic dipoles moments, and when properly
designed, provide zero back-scattering, resulting in a perfect
transmission [5]-[7].

A recently growing area of interest is re-configurable and
time-varying metasurfaces, where the surface polarizabilities
are real-time tunable. A more general description of such
dynamic metasurfaces is a space-time modulated metasur-
face, where the surface polarizabilities are a function of both
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space and time, resulting in a traveling-wave type pertur-
bation on the metasurface. They are the 2D equivalents of
general space-time modulated media [8], [9], which have
found important applications in parametric amplifiers and
acousto-optic spectrum analyzers, [10]-[12], for instance.
Space-time modulation has led to various exotic effects such
as harmonic generation and non-reciprocity [13], [14], that
has also been recently explored using metasurfaces [15], [16]
for advanced wave-shaping applications. Their attractive
features lie in achieving non-reciprocity using purely non-
magnetic materials, which has important practical benefits in
engineering systems, related to the high-frequency operation
and no requirement of a magnetic bias. Another equally
important class is that of nonlinear metasurfaces exhibit-
ing field-dependent susceptibilities for applications in beam-
shaping and advanced temporal frequency control [17]-[20].

The EM modeling of metasurfaces with such advanced
wave manipulations necessitates a need for efficient time-
domain simulation of these structures. While practical meta-
surfaces are sub-wavelength in thickness (§ < o),
they can be efficiently modeled as space-discontinuities,
described using electric and magnetic surface suscepti-
bilities, i.e. Xee(w) and Ymm(w), respectively. They thus
model practical metasurfaces as zero thickness structures,
thereby transforming them into a single-interface problem.
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Such space-discontinuities can be rigorously modeled using
Generalized Sheet Transition Conditions (GSTCs). Various
numerical approaches have been recently presented, where
the GSTC conditions are incorporated into bulk Maxwell’s
equations [21]-[23], including finite-difference formula-
tions in the frequency domain to accurately analyze the
transmitted and reflected fields of a general zero-thickness
metasurface [24]-[27].

In contrast to frequency-domain modeling, the rigor-
ous time-domain modeling of EM metasurfaces explicitly
requires causality considerations for accurate modeling of
practical metasurface responses. Since metasurfaces are con-
structed using sub-wavelength resonators, they are oper-
ated around the resonant frequencies where the EM waves
have maximum interaction with the metasurface. Conse-
quently, these metasurfaces are naturally very dispersive, i.e.
Xem(w) # const. The geometrical shapes of the consti-
tuting scatterers are primarily responsible for their resonant
behavior, in spite of their design being generally based on
non-dispersive materials (typically metals and dielectrics).
This operation of the metasurface in a dispersive (and thus
broadband) regime, demands a physical description of these
resonators consistent with the causality requirements. This
in turn, requires a causal description of the equivalent sur-
face xem of the metasurface, in frequency (or time domain),
ie. Xem = Xem(®) O Xem = Xem(?). This require-
ment is also critical in the accurate time-domain modeling
of general space-time modulated metasurfaces and nonlin-
ear surfaces, where new spectral frequency components are
generated. This subsequently further necessitates a com-
plete description of the surface xem encompassing these
frequencies as well, in addition to the bandwidth of the input
excitation.

Consequently, little work has been done in time-domain
modeling of metasurfaces, which necessitates these addi-
tional requirements of specifying the surface in terms of its
temporal dispersion, i.e., frequency-dependent constitutive
parameters. The work in [28], [29] presented a GSTC-FDTD
formulation of a dispersive metasurface for the first time,
where the surface polarizabilities were described using phys-
ically motivated Lorentz-Drude models, typical of the phys-
ical sub-wavelength unit cell resonators used in constructing
practical metasurfaces. Such a specification requires the
introduction of auxiliary equations, with the Lorentz-Drude
dispersion expressed in the time-domain using second-order
differential equations. This approach, known as the Auxiliary
Differential Equation (ADE) method, is well understood to be
compatible with the standard FDTD update equations [30].
However, the metasurface modeling of [28], [29] did not
rigorously integrate the GSTCs inside the Yee-cell, and com-
putes the fields scattering in the transmission and reflection
regions separately.

Other FDTD techniques for modeling dispersive meta-
surfaces have been proposed in works such as [31]-[36].
An approach in some of these works was to restrict the
frequency dependence of the surface susceptibilities to simple
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cases such as y o« 1/w [32], resulting in limited formulations
of the FDTD equations. A more general alternative suggested
is the piece-wise linear recursive convolution (PLRC) method
[33], [37], which has also been recently applied to model
metasurfaces [31]. PLRC is an integral approach, and numer-
ical convolution is needed for its implementation, unlike the
ADE method which is based on partial differential equations.
However, while methods based on recursive convolution,
including PLRCs, provide good accuracy and computational
efficiency, the formulation is non-physical, mathematically
opaque and requires the use of a partial fraction extraction
from a specified frequency response — which can pose prob-
lems with respect to passivity and causality. The method is
also limited to linear surfaces.

Conversely, the ADE method has a number of natural
advantages for modeling metasurfaces. For a complex sur-
face response, the extraction of the multiple Lorentz-Drude
resonances is relatively simple due to the underlying physics
being captured by the approach [21]. As the individual
Lorentz-Drude response is causal and, if required, passive,
the total response is guaranteed to be physical. The method
is also attractive as it can naturally be extended to model
nonlinear effects and thus is also a more suitable choice to
simulate space-time modulated metamaterials and metasur-
faces [38]. Moreover, the ADE method has identical accu-
racy and memory requirements for Lorentz media as the
PLRC [39], [40].

In this work, we develop a rigorous Finite-Difference
Time-Domain (FDTD) method, where the GSTCs are directly
integrated into the FDTD Yee-cell. Compared to the explicit
FDTD model presented in [28], [29], [38], where the meta-
surface is treated as a boundary of a given simulation domain,
the proposed method treats the metasurface as an EM scatter-
ing entity and is able to process arbitrary broadband excita-
tions. In this context, various strategies for integrating GSTCs
in a conventional FDTD Yee-cell are proposed and compared
here, assuming Lorentzian surface polarizabilities, which are
naturally causal and rigorously captures the fundamentally
dispersive nature of typical EM metasurfaces. Moreover,
issues related to the exact placement of the metasurface inside
the Yee-cell relative to the standard field node, are compre-
hensively discussed, which have important implications in
achieving desired computational accuracy.

The paper is structured as follows. Section II presents
the GSTC formulation of zero thickness metasurfaces, and
establishes analytical models for specific cases, for bench-
marking purposes. Section III proposes three possible dif-
ferent Yee-cell configurations where GSTCs can be incorpo-
rated in conventional cells. Section IV shows several simu-
lated results corresponding to these configurations, providing
detailed comparisons between them. Finally, Sec. V provides
concluding discussions and remarks on the applicability of
the Lorentzian surface susceptibilities, and conclusions are
provided in Sec. VI. Some important field derivations of the
proposed Yee-cell configurations are also provided in the
Appendix.
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FIGURE 1. A typical configuration of a zero-thickness uniform Huygens’
metasurface located at z = 0. It consists of orthogonal electric (p) and
magnetic (m) dipole moments, excited with a normally incident
plane-wave, resulting in reflected and transmitted fields governed by (1).
For simplicity, normal polarization is assumed without any variation of
the fields along the y —axis.

Il. METASURFACE DESCRIPTION

A. GENERALIZED SHEET TRANSITION

CONDITIONS (GSTCs)

A zero thickness metasurface, such as the one in Fig. 1, is a
space-discontinuity. The rigorous modeling of such discon-
tinuities based on Generalized Sheet Transition Conditions
(GSTCs) was developed by Idemen in [41], which were
later applied to metasurface problems in [42]. The modified
Maxwell-Faraday and Maxwell-Ampere equations can be
written in the time-domain as,

. dPs(x, 1)

z x AH(x, 1) = —u (1a)
~ dM(x, t)

AE(x, 1) x 72 = —a (1b)

where Ay represents the differences between the fields on
the two sides of the metasurface for all the vector components
of the field v, i.e., H or E fields. The other terms Py and
M; represent the electric and magnetic surface polarization
densities, in the plane of the metasurface, which depend on
the total average fields around the metasurface [43]. They are
defined by,

§m=mmwﬁ@) (2a)
M(®) = 20 Zmm(@)Hs(w) (2b)

where Xee and xmm are the frequency dependent electric
and magnetic susceptibilities and Eg and H; are the aver-
age EM fields at the surface. The EM coupling related to
the bi-anisotropic term is assumed zero here, for simplicity.
Furthermore, the surface susceptibilities Ye. and Xmm are
also treated a scalars for simplicity, as opposed to their most
general tensorial forms that account for more general wave
transformations.
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B. SURFACE POLARIZATION DENSITIES

A primary concern in modeling the metasurface response
is that a physical representation of the surface polarizations
must be consistent with causality. The metasurface unit cells
will have a number of natural resonances, and this response
must be captured for the correct broadband response to
be predicted. These resonances are naturally modeled by
Lorentzian functions, and a summation of correctly param-
eterized Lorentzians is an appropriate model of the surface,
chosen in this work, i.e.

N wz
Xee(@) = DR (3a)
g (wgo,n - w2) + jote n@
N wz
Fmm(®) = R (3b)
g (w,zno’n - 0)2) + jom n®

A key consideration in the use of Lorentzians is that they rep-
resent a physical process and therefore are implicitly causal.
Besides, they naturally take into account the dispersive effects
of the metasurface, which have practical importance in the
EM interaction of metasurfaces with broadband excitations.

While a typical metasurface requires several Lorentzian
contributions to accurately model broadband surface suscep-
tibilities, such as for all-dielectric unit cells [28], here we
assume a single resonant Lorentz response for the electric
and magnetic polarizations, for the sake of clarity and simpler
forthcoming analytical expressions, so that

b wh g 4
)= o) (4a)
My(w) = M%p  Hw)., (@b

(@2 — @2) + jomo

where w,, wo, and « are the plasma frequency, resonant fre-
quency, and the loss-factor of the oscillator, respectively. The
subscripts e and m denote electric and magnetic quantities.
It should be noted that the use of a single Lorentzian here is
strictly for simplicity. Therefore, it is possible to extend the
proposed method for multiple resonance contributions due to
linear field superposition.

To formulate a time-domain Yee surface cell, we need a
time-domain representation for the surface polarizations and
must transform (4) to the time domain, using the inverse
Fourier transform, leading to

d*p dP

TZS + Oled—ts + wZ()PS = GowszS (5a)
d*M dM
Tzs + am# + wpoMs = powp, Hy  (5b)

It is convenient to formulate these two equations as a 1%
order system using two variables. For example, for the case
of Fig. 1, defining Py and w.oP; = dPs/dt along the y—axis,
we obtain,

1 0 i P, L e weo | [ P
0 1]dt|Ps —We0 0 Py

2
€W, )
:[ 0 el(])/ 6O}Es

83029



IEEE Access

T. ). Smy et al.: FDTD Simulation of Dispersive Metasurfaces With Lorentzian Surface Susceptibilities

allowing us to write the first equation as,
d [Ps]

[Cp] +[Gpl[Ps] = [FplE,, [Pl =[P P]" (6)

In a similar manner we can define M; and w,,0M,
and obtain,

d[Mg
[Cun] [ ]+[Gm][Ms]—[Fm1Hs,

= dM;/dt

[Ms]=[M; M]". (7)
C. FOURIER TRANSFORM SOLUTION FOR NORMALLY
INCIDENT PLANE-WAVE

Let us first consider a specific case of a linear and uniform
metasurface, which is excited with a normally incident pulsed
plane-wave. It represents a simple case whose time-domain
transmitted, and reflected fields can be obtained using a
standard Fourier propagation method [44]; which provides
a baseline for comparison to the Yee cell simulations. Now,
consider a Huygens’ metasurface illuminated with a normally
incident plane-wave, as shown in Fig. 1. For simplicity, but
without loss of generality, the problem is assumed to be 2D,
where all y—variations are considered to be zero.

Assume a monochromatic excitation with a frequency w
and expressing ES and I:IS in terms of I:It(w), Er(w) and
Eo(w); the frequency domain representation of the transmit-
ted, reflected and incident plane-waves in the metasurface,
respectively. Substituting these corresponding fields into (2)
leads to,

f)s(a)) = éo)zee((l)) Et(a)) + Er;a)) —+ EO(C()) ’
M;(®) = poXmm(®) LA ;w) ) ’ 8)

For a normally incident plane-wave, (1) becomes

(—Ey — B, + Eo) = joo O"OXCe

(E; + E, + Eo) (9a)

(E, —E, — Ey) = jo

“‘;Xmm( E +E, —Ep). (9b)

Equations (9a) and (9b) can further be placed into a matrix
form by defining,

~ -r,—1 -I,—-1 r,—1
[G]_[fh—H —fh—l] and [F] = [r+1]

where I', = jwegnoXee/2 and 1:‘;, = jwoXmm/2n0, resulting

in,
Et(w) &
(G] [ i )} [FlEo(@)

Using this equation after specifying Eo(a)) = F{Ep(0_, 1)},
we can then determine E;(04,?) and E.(0O_,¢) using an
inverse Fourier transform, i.e.
EO1.0] _ SAERY
[ Eo | =F {16 k) (10)

which finally represents the time-domain reflection and
transmission of the metasurface.
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FIGURE 2. Three different Yee-cell configurations integrating a zero
thickness metasurface in bulk nodes, investigated in this work.

Ill. YEE CELL FORMULATION

In this section, we will describe the integration of GSTCs
into bulk Yee-cells, using three possible configurations. The
formulation will be developed for 2D propagation in the x —z
plane. However, the proposed approach can be straightfor-
wardly extended into a full 3D simulation. The entire simu-
lation region consists of two types of nodes: bulk nodes for
modeling the reflection and transmission region following
Maxwell’s equations, and surface-nodes modeling the zero
thickness metasurface following the GSTCs. For a bulk 2D
Yee-cell defined for propagation on the x — z plane (see
Fig. 2), the basic equations for the electric and magnetic
fields, are given by conventional update equations,

At (Bl — Bl
Ho A

At (BB
H "2 — g " 1/2.+%<_y t+1,JA vlij

n—1/2

n+1/2
H| H |lj+1/2_

ijrie =
i+1/2,j i+1/2,j

1/2 1/2
H |n+ / H |n+ /

EH — By At xlip1/2 — Hxli—10,j
vlij = Eylij+— A
€0

n+1/2 n+1/2
Hz|i,j+1/2 - HZ'i,j—1/2

A

where the subscript is the spatial position (with i and j rep-
resenting node positions in z and x respectively), and the
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superscript denotes the time-step. A field evolution is then
obtained by stepping in time using the following procedure:

1) Update the H’s at n + 1/2 (ty41/2 = t, + At/2) using

previous E’s and the boundary conditions.

2) Update E’s at n + 1 (t,41 = t, + At) using the H’s

calculated at n + 1/2.

A key feature of this procedure is that it determines the
unknown current fields using only previously calculated
fields. For example E"!’s are determined from the H"+1/%’s,
Therefore the method is a strict explicit time marching
method. As an explicit method the spatial step, A, and the
time step, At, should always satisfy the Courant condition
uv/2At < A (where u is the local speed of light) to guarantee
stability [30].

Next is the metasurface region. When forming the update
equations for the metasurface cells, the nature of the GSTC
equations in (1) keep the H,|""!/2 and the E,|"™! fields
coupled, which not allows them to be solved in a simple
sequential manner. This is due to the polarizations being
naturally solved at the time point associated with their fields.
Thus, we solve for M,|"+1/% and P|"*! by formulating a self-
consistent solution to the unknowns present in each cell and
then update all fields after a complete time step.

A. YEE-CELL CONFIGURATIONS

In this section, we present three different possibilities to
incorporate a zero thickness surface via GSTCs inside a bulk
Yee-cell region with minimal disruption. The three following
surface cells we wish to consider are shown in Fig. 2:

1) Symmetrical Surface Cell (SC): This cell is identical in
form to the cell used in [28] for formulating an explicit
surface as an internal boundary condition. The surface
is inserted midway between two electric field nodes
(Eylk—1 and Ey|¢) and the Hy node present at the position
k-1/2 is split into two nodes on either side of the surface
denoted as Hy|,- and Hy|s+.

2) Asymmetrical Surface Cell (AC): The second cell is
formed by simply inserting the surface midway between
an Hy node and E, node. This requires no new nodes to
be defined but produces an asymmetrical cell structure.

3) Tight Asymmetrical Surface Cell (TAC): The third
structure is similar to the AC cell but inserts new nodes
either side of the surface. On the left side a new electric
field node is inserted (Ey|,-) and on the right a magnetic
field node is inserted (Hy|+).

B. YEE-CELL UNKNOWNS

A self-consistent solution for the surface cell requires a clear
identification of the variables defined at and near the surface.
Although most of the nodes are essentially bulk nodes, there
are still irregular nodes that require a special update equation.
See, for example, the Ey|; node in the SC cell, it relies
on the value of Hy|s+ ; that is not known until the surface
cell is solved. Assuming all bulk nodes (H,|"t!/2, H_|"t1/2
and Ey|"+l) were updated, we obtain the following unknown
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vectors, X, by inspecting each of the surface cells:

Xscl =[BT, Bl

n+1/2
aly Hl -

n+1/2
st

1/2 121"
H,| LATRSENIYSTRS

_ n+1 n+1 n+1/2
[XAC] = [Ey|k,j Ey|k_1,j Hx|k_1/2’j

2 121"
LTSS R

+1 +1 n+1/2
Xuacl = (B B HAT

n+1/2

1/2 1277
FARVERRN (A |V N/l

Hy|

Given these unknowns, we now need to formulate a linear
set of equations with the GSTCs of (1) and the polarization
responses in (6) and (7), so they can be integrated into the Yee
cell algorithm.

The update equations for the surface cells derived in the
following sections are complex requiring the self-consistent
solution of variables at two times (n+ 1/2 and n+ 1). To clar-

ify them we have used boxed variables such as E},|Z_er.1 to

denote the unknowns. Other values will be known at the time
of solution for the fields in the cell.

C. METASURFACE FIELD EQUATIONS

The first GSTC equation (1a) specifies a relationship between

the field across the surface (AEy) and the magnetic polariza-

tion. To discretize this equation we have two choices:

(a) As a first choice, we naturally impose the electric field
across the surface at the time point n + 1 and use central
difference in time for the polarization M, (which will be
solved on the half steps n + 1/2) providing,

n+3/2 n+1/2
Ms|j / _Ms|j /

AE, " =

At

. .. . 3/2. .
This equation is problematic, however, as M |]'.hL / is in

the future and not part of our solution. We must therefore
make an approximation and use,

+1/2 —1/2
VA B VA

AE, "™ ~ v . (11)

(b) The second choice is to center AE, at the time step n,
allowing us to write,

n+1/2
AE,|" = d
Yis T At
However, this choice is also not useful, as for small xee,
the above equation becomes problematic. This can be
seen by setting xee = 0, which produces,

n—1/2

M| K

— M|

AE[" = 0.

Such an equation does not provide a relationship between
any of the unknowns presentin AE)|; and will produce an
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under-determined set of cell equations. We will therefore
use (11) in the subsequent formulation.

The use of this assumption may require the spatial and
time steps of the simulation to be smaller then that typically
used for Yee based FDTD modeling and as we will see in
the results section where convergence with respect to dis-
cretization is investigated the consequence of modeling the
dispersive surface is a need to use relatively fine meshes.

The first GSTC equation (1a) relating AH, to the electric
polarization can be handled more straightforwardly. Using
the H, values at the surface centered on the time stepn+1/2,
we have,

1/2 PSU'H_I - Psl}1

n—+ _

AHx|w. == (12)
Both of these equations (11) and (12) differ for the three
surface cells only in the definition of AEy|; and AH,ls.
Defining the fields for the surface at the position (s, j) we have
for the three cells,

SCIAC: AE[T = |EH =BT,

TAC: AE[S' =B =Bl

and

_ ntlj2 n+1/2 n+1/2
SC: AHls,j = HX|k+1/2,j - HX|k71/2,j

1/2 1/2 1/2
AC: AHTY? = H T = H

1/2 1/2 1/2
TAC: AH[)} 2= Hx|;’f’j/ —|HT ljz,j,

where the difference is obtained by simply using the appro-
priate nodes on either side of the surface.

D. SURFACE POLARIZATION EQUATIONS

The time domain surface polarization equations (6) and (7)
need to be discretized in time. As these equations repre-
sent a 2" order system, a trapezoidal formulation was used
producing,

A
<[Cp] + t[sz]>

At[Gyp] "
= ([Cp] -— )[Psuj

[P+

E\|"T + Ey"

+ AL[Fy] (% (13a)
At[G n
([Cm] + %) M
A?[Gm] .
= ([Cm]— = )[Msuj i
x|’H'_1/2+Hx|n_'l/2

+ Af[Fm] = 5 = . (13b)
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For the three cells these two equations only differ in the nature
of the forcing terms Ey |, ; and H, | ; — the average field at the
surface. For the three cells, we have by inspection,

_Eylk—1j+ Eyli,

SC/AC: Eyls; = > (14a)
TAC: El,j = w (14b)
and
SC: Hyls; = w
AC: Hyyj= Hylk—1/2,) erHxlkH/z,j
TAC: Hyls, = Hxlk—l/z,j2+ Hx|s+’j. s

It is important to note that for the two asymmetrical cells
the fields applied to the surface Ey|;; and Hy|s ; are not co-
incident in space. For the AC cell the Ey |, ; is applied at the
position k-1/2 and H, | j at k. For the TAC cell Ey |, ; is applied
at the position k-1/4 and Hy|s; at k-3/4. This mismatch can
be expected to produce some error in the It is largest for the
AC cell and a possible modification is to use,

Hylg—32j + Helks12,
2

which brings the forcing function into alignment at k — 1/2.

Unless otherwise noted, the AC cell will use the symmetrical

forcing formulation.

AC: Hly; = (16)

E. SPECIAL CELL UPDATE EQUATIONS

In addition to equations defining the GSTCs and the polariza-

tions, each cell has a number of nearby nodes which, although

placed in the bulk, are dependent on the surface equations and

thus must be solved at the same time.

(a) For the SC, we have special update equations for the
nodes Ey'ﬁi,j and Ey|’,:jl, given by

+1
E)"Z—l,j
:E)"Z—l,j
nt1/2] g )2
A [1HE Hylp 23 AHZ'Zt]L/jZ
€0 A A
(17a)
Bl
=Ey|2,,-
n+1/2 n+1/2
L [l | M) amgt
€0 A A
(17b)

where AH; |k ; = Hylk j+1/2 — Hzlk j—1/2-
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(b) The AC cell only requires one special update for E),|ZJ_F} i
given by

Eylit
—E|"
Yik—1,j
nt1/2 n+1/2
A [ Bl | = Bl A2
€0 A A
(18)

(c) The TAC cell has two update equations, one for E, |”+1

and one for H, | el 1 /2 7 given by

Ey|n+1
= Ey|Z,j
s [ Helizy = | Hl AH
T 0.75A A
(19a)
Hl} 53,
= H,["\)3,
A E |nj-1 —E |Z+}j
+E 0.75A (19)

F. IMPLEMENTATION

For each cell configuration, the equations (11-13) and one
of (17), (23) or (19) form a complete set of linear equations
defining the surface variables. These equations can be assem-
bled into a compact matrix form, given by

[Fs][Xs] = [Fs] (20)

For the specific case of the TAC cell, [['s] and [Fg] are

presented in the appendix as an example. A field evolution is

then simply obtained by stepping in time using the following

procedure:

(a) Update the bulk H’s atn+1/2 (ty41/2 = t,+ At/2) using
previous E’s and the boundary conditions.

(b) Update bulk E’s atn + 1 (t,4-1 = t,, + At) using the H’s
calculated at n 4 1/2.

(c¢) Update surface Hy’s, and My at n + 1/2 (th112 = t, +
At/2) and Eg’s and Pgs at n + 1 (t,41 = t, + At) using
[Xs] = [Ts] ' [Fs].

IV. VALIDATION

To test the various Yee-cell configurations, the algorithm
above was integrated into a standard 1D/2D Yee-cell based
simulator, with a metasurface configured as an SC, AC or
TAC cell. The simulation setup was configured as a source
applied to the left side of the computation region, and
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perfectly matched layers (PMLs) on the other three sides.
A metasurface was placed vertically half way along the
z-axis, at z = 0. The intent of this section is to evaluate the
robustness and accuracy of the three cell configurations, and
do a detailed comparison between them.

A. TRANSPARENT SURFACE

To provide an initial evaluation of the surface cells, simula-
tions were performed for transparent surfaces (or no metasur-
face), where Py = M = 0. For such a case the GSTCs reduce
to

AE," =0, and AH,|"™/? =0 Q21

which gives,

SC: E |n+l_E |n+1 H |n+1/2_H |n+l/2_H |n+l/2

V-1, Xlk—1/2,j
+1 +1 n+1/2 _ n+1/2
AC: Eyi5 = Eyli Dy Helyyny = HeliZin
1 1 +1/2 +1/2
TAC: E, |"+ =E |”f H, |” / —HXIZ_lfz,f

As of course, the polarization equations are no longer relevant
for a transparent region with no metasurface, which can now
be represented by one of the update equations from (17-19)
and equation (21). More specifically, they are given for each
of the three Yee-cell configurations as follows:

(a) For the SC cell, we obtain,

+1
E |Z 1,j
=Eyl;_y;
+1/2 +1/2 +1/2
At HX|271§2J - Hx|’1273§2,j AHZ&A,/]
+_ f—
€0 A A
(22a)
E |n+1
=Eyl,
n+1/2 nt1/2 n+1 /2
At Hili i) — Helg 212, _ AH |
€0 A A
(22b)

These are identical to bulk equations in absence of a
metasurface, however, the relationship E, |”"’l =E, |’,Z‘_"} ;
imposed by the GSTCs (21) is not correct for this conﬁg-
uration, and we can thus expect some errors to be present.

(b) For the AC cell we get,

n+1 n
Eyli iy = Bl
nt1/2 n+1/2 n+1/2
At (Hilioiypg = Bz Ay
€0 A A

This is again the bulk update equation Unlike the SC
case, the relationship Ey|,’{‘fjf1 = E | produces the
correct update equation this time for the adJacent nodes.
The surface is essentially removed from the simulation
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mesh producing the bulk update equations, and we can
expect perfect transparency.
(c) For the TAC cell, we obtain the following update equa-

tions,
+1 _
El; =Bl
n+1/2 n+1/2 n+1/2
+£ Hylpyyp—Heli i, _AH
€ 0.75A A
n+1/2
Hyly 172,
gy 172
=Hxly_172
n+1/2 n+1/2
ﬂ Ey|k,j _Eylk—l,j
%0 0.75A

These are identical to the bulk update equations except
for a 0.75 factor due to a shortening of the cells either
side of the surface. This slight distortion of the cell is
due to the use of complimentary E and H field nodes
on either side of the surface. We can expect near perfect
transparency from this configuration.

Figure 3(a) shows the computed fields in the reflection
(z < 0) and transmission region (z > 0), when the meta-
surface is numerically removed ((ee(®) = Xmm(w) = 0).
The figure shows the response of all three Yee-cell config-
urations (SC, AC and TAC), and compared with analytical
Fourier propagation method of Sec. II-C. The modulation
frequency of the input pulse is 230 THz throughout this paper.
The transmitted pulse shows a similar response for all Yee-
cell simulations with a slight discrepancy from the Fourier
propagation result. The spatial step size was A = Xo/100
and was chosen to produce a negligible amount of numeri-
cal dispersion. As this dispersion is the same for all cases,
this slight pulse distortion can be attributed to bulk effects,
which can be reduced by lowering the spatial step size. The
reflection, of course, should ideally be zero, and is found to be
negligible for AC and TAC cases. However, the SC exhibits a
significant amount of reflection due to not producing the bulk
update equations correctly (see (22)).

Next, a stepped continuous-wave (CW) Gaussian beam
with a width of Ay was launched from the left side, with
strongly divergent wavefronts. Figure 3(b) shows the com-
puted steady-state E-field distribution obtained for each of the
three Yee-cell configurations. As can be seen, no significant
reflection is present except in the case of a SC configu-
ration. We can conclude from these observations, that for
transparent or nearly transparent surfaces (i., Xce, mm ~ 0),
the SC is inappropriate due to existence of spurious numerical
reflections.

B. LORENTZIAN METASURFACE

Let us now introduce a metasurface inside the computational
region, at z = 0. Fig. 4(a) shows the transmitted and reflected
pulses, corresponding to a normally incident Gaussian pulsed
plane-wave on a matched surface (¥ee = Xmm) for three
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FIGURE 3. Scattered E-field distribution in the absence of the
metasurface (i.e. transparent region), emulated using jee = xmm = 0, for
sanity-check purposes. (a) Uniform metasurface excited with a normally
incident Gaussian-pulsed plane-wave, compared with analytical Fourier
propagation method. (b) Steady-state scattered fields for a stepped
Gaussian beam. In all cases, fields obtained from all three Yee-cell
configurations of Fig. 2 are shown for comparison. The simulations
parameters are: Excitation frequency fy, = 230 THz, Gaussian pulse width
o¢ = 10715 5, Gaussian beam width ox = 1¢, Yee-cell step size

A = 19/400.

AsyMmMETRIC CELL (AC)

T pm

different step sizes (A = Ag/25, A0/100 and A(/400) and
a symmetric forcing function in the surface susceptibilities.
As can be seen all three surfaces produce similar results. The
pulse is strongly dispersed by the presence of a metasurface
with Lorentzian susceptibilities. Furthermore, the metasur-
face response matches very well with the FT propagation
result albeit with some numerical dispersion determined by
the spatial step size. A matched metasurface should produce
no reflections, and the FT result does show this. For the larger
step sizes all of the surfaces produce non-negligible reflection
with the AC cell, arguably producing the most and the TAC
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FIGURE 4. Transmission and reflection response of a uniform metasurface excited with a normally incident Gaussian-pulsed plane-wave,
corresponding to (a) a matched metasurface [fee(w) = Xmm(w)] with gradually increasing spatial step-size A, and (b) a mismatched metasurface
[Xee(®) # Xmm(w)]. The Gaussian pulse parameters are the same as in Fig. 3. The metasurface susceptibilities are defined using a single Lorentzian,
for simplicity, with the following parameters: wep = 3.01 x 10'! rad/s, wgg = 27(230 THz) and e = 7.54 x 1012, For the mismatched metasurfaces
©eg — ®mo = 27(15 GHz). The input pulse is Gaussian with full-width-half-maximum (FWHM) of 1015 s with a modulation frequency of 230 THz.

the least. For all the Yee-cell configurations, the field reflec-
tion can be reduced to a negligible value by decreasing the
spatial step size to A = A¢/400. Figure 4(b) further shows the
transmitted and reflected fields for a mismatched metasurface
(Xee # Xmm) With a spatial step size of A Ao/400,
where a significant amount of reflection is expected. All of
the Yee-cell configurations produce an excellent match to the
FT result, with again the TAC cell producing the least amount
of error. Finally, to further evaluate the impact of the forcing
function in the Lorentzian susceptibilities, a simulation using
the AC cell with asymmetrical forcing (15) is also shown
in Fig. 5. It can be clearly seen that even for a very small step
size (A = X/400), significant reflections are produced. We
can therefore conclude that Lorentzian polarizabilities must
be excited with symmetrical forcing functions for all three
Yee-cell configurations.

Figure 6 further shows the impact of the spatial step size
on the scattered fields for both cases of matched and mis-
matched metasurfaces. The total normalized EM energy is
computed in both transmission and reflection regions as a
function of step size A, and compared with the ideal results
obtained using the Fourier transform propagation method.
A monotonic convergence is observed for all the three Yee-
cell configurations, and in particular, AC and TAC are seen
to converge faster than the SC, in all cases. It should be noted
that the total normalized energy in the computation region is
less than 1, due to non-zero «’s accounting for dissipation
losses in the metasurface.
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FIGURE 5. Comparison of the transmitted and reflected fields from a
uniform metasurface of Fig. 4, computed using the asymmetric cell (AC),
using a symmetric and asymmetric forcing function in the surface
polarization.

Finally, Fig. 7 shows the scattered fields from a matched
and mismatched metasurface, excited with a stepped CW
Gaussian beam, computed using the TAC configuration.
As expected, the matched surface produces a phase discon-
tinuity at the surface but with no disruption of the beam
propagation. On the other hand, the mismatched metasurface
creates a more complex response as the reflected waves from
the surface cause a standing wave to form in the reflection
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FIGURE 6. The convergence plots for the transmitted and reflected fields
of Fig. 4, as a function of Yee-cell grid spatial step size, for the cases of
(a) matched metasurface and (b) mismatched metasurface,
corresponding to all three Yee-cell configurations of Fig. 2, and compared
to analytical Fourier propagation results.
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FIGURE 7. Steady-state scattered E-fields of a stepped Gaussian beam
input excitation, shown for a matched and mismatched metasurface. All
the simulation parameters are the same as in Fig. 4. The signal step is
modelled using a slowly rising Gaussian edge of FWHM 105 s.

region, as compared to purely forward propagating waves in
the transmission region.

While the use of the Lorentzian metasurface guarantees a
causal physical system, the numerical technique employed in
the description of the surface could introduce numerical insta-
bilities. Detailed simulations of the case of Fig. 7 were run to
harmonic steady state for up to 0.25 ns (roughly 6000 optical
cycles) without observing any instabilities. Moreover, for
broadband temporal pulses, such as the ones investigated
here, this approach has been found to be adequate.
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V. CAUSALITY CONSIDERATIONS FOR CONSTANT
SURFACE SUSCEPTIBILITIES

The prime motivation for modeling metasurface suscep-
tibility densities using Lorentzian profiles inside of a
Yee-cell region, is to incorporate a physically motivated
causal response from the metasurface sub-wavelength unit
cells. While an assumption of a constant susceptibil-
ity will greatly simplify the proposed Yee-cell algorithm,
it fails to rigorously capture two important physical effects:
a) causality, and b) dispersion. While it is clear that con-
stant surface susceptibilities are inherently non-dispersive,
the causality aspect is not straightforward. This aspect is
clarified in this section, to emphasize the importance of
using Lorentzian susceptibilities in the proposed FDTD
method.

Let us consider a lossless uniform matched metasurface
[Xee(®@) = Xmm(w) = xo, where xo € R] excited with
a pulsed Gaussian plane-wave, whose envelope is given by
Eo(t,z = 0_) = exp[—(¢/ To)z]. The transmission function
of a matched metasurface is given by (9), as

2¢ — jwxo .1 {®X0
Tw)=[ ——— ) =—ex {2 tan (—}), 23

@ (20 + joXxo P 2¢ @3)
where the last equality is based on the fact that |T(w)| = 1
VY w, i.e., an all-pass transfer function. For small arguments of
the inverse tangent function, T (w) ~ exp{—jwxo/c}, so that
the output of the metasurface is given by

E/(t,04) = F~{FIEo(t, 0)]T(w)}
exp | — (L= Koxo ?
p —To ,
where kyp = w/c. Therefore, the metasurface output is also a
Gaussian pulse, as expected. However, its peak is now located

at a time instant fpeak = ko x0. There are now two following
possibilities:

1) xo > 0: The output pulse is located at fyeax > 0, ie., a
positive time-delay.

2) xo < 0: The output pulse is now located at fpeax < 0,
i.e., a negative time-delay or a time advance.

While Case 1 is naturally causal, Case 2 represents a
non-causal response, as the output pulse appears before
the input. Therefore, for this simple case of a matched
metasurface, it can be concluded that negative and con-
stant surface susceptibilities, represent a non-physical sys-
tem, and thus are not allowed. This is consistent with the
fact that causal EM metamaterials with negative constitu-
tive parameters € < 0 and u < 0, must be dispersive
to allow positive time-average stored electric and magnetic
energies [45], [46].

To numerically demonstrate this, consider a broadband
pulsed excitation of a uniform metasurface with a very
short Gaussian pulse. Fig. 8 shows the computed response
corresponding to both analytical Fourier transform propa-
gation approach and the proposed Yee-cell using the TAC
configuration, for the two cases when Re{xo} > 0 and
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FIGURE 8. Demonstration of a non-causal response from the metasurface
(assumed to be matched, for simplicity), whose surface susceptibilities
are defined as frequency independent. (a) Re{Xee(»)} > 0 V , and

% =4.8731 x 10~7 — j2.8616 x 10~8. (b) Re{fee(w)} < 0 V o, and

i =—5.0881 x 10~7 —j3.1207 x 108,

Re{xo} < 0. As expected, the TAC simulation and the
FT simulation match perfectly for the first case providing a
positive time delay. The second case with negative real part of
Xo produces a phase advance for the transmitted field, thereby
creating a non-causal response in the FT simulation with the
transmitted pulse running ahead of the excitation envelope.
As we would expect, for the Yee-cell simulation, this causes
an instability which is indicated by the amplification and
gross distortion of the transmitted pulse [47]. This further
demonstrates the need for the use of a physical causal surface
representation, such as a Lorentzian response in a numerical
Yee-cell model.

Vi. COMPUTATIONAL IMPACT

The presence of a metasurface in the simulations above
has an impact on the simulation time due to an increase
in computational intensity. The surface Yee-cell updates are
considerably more numerically intensive then a simple bulk
Yee-cell update. However, this is mitigated by the fact that
there are far fewer of the surface cells than the bulk cells.
A primary consideration is that for simple geometries the
number of surface cells will scale linearly with the resolution
of the meshing, whereas the number of bulk cells will increase
geometrically.

This trade-off is illustrated in Fig. 9 where for two geome-
tries we present the simulation time as a function of the
spatial step size. The first geometry is a quasi-1D simulation
of 20 um long strip with a fixed number of cells in the y
direction, and variable number in the x direction. The sec-
ond geometry is a 2D simulation of a rectangular region
20 x 20 um? as shown in Fig. 4. For all simulations the phys-
ical dimensions were kept constant, and simulations were
run for increasing mesh densities from 12 to 95 steps per
wavelength for all surfaces and the case of no surface, using
the later as a reference case. As can be seen from the figure,
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FIGURE 9. Simulation time as a function of the spatial step size (on a
log-log scale) for two simulation geometries (Quasi-1D strip and a 2D
simulation) as presented in Fig 4. All three implicit surface configurations
are shown and compared with no surface present. Simulations were run
using Matlab on a iMac using an i5 processor (3.4 GHz).

for the quasi-1D case the presence of a surface produces a
noticeable increase in simulation time for low mesh densities.
In this case the computation overhead is constant as the
number of surface cells is fixed.

For the second geometry, the situation is similar, but more
pronounced. At low mesh densities the CPU cost of the sur-
face calculations is substantial, however, as the mesh density
increases, the number of bulk cells increases geometrically,
as opposed to only a linear increase of number of surface
cells. Thus, for moderate or fine meshing, the CPU cost of
the surface becomes almost insignificant. In both examples,
the computation overload of the surface, expressed as a per-
centage of the total simulation time, decreases as the mesh
density increases, due to larger number of bulk cells.

VII. CONCLUSIONS

An FDTD simulation of broadband electromagnetic meta-
surfaces has been proposed based on direct incorporation of
GSTCs inside of Yee-cell region, for arbitrary wave excita-
tions. This has been achieved by inserting a zero thickness
metasurface inside bulk nodes of the Yee-cell region, giving
rise to three distinct cell configurations - SC, AC and TAC.
In addition, the metasurface has been modelled using electric
and magnetic surface susceptibilities exhibiting a broadband
Lorentzian response. As a result, the proposed model guar-
antees a physical and causal response from the metasurface.
Several full-wave results have been presented, and compared
with analytical Fourier propagation methods showing excel-
lent results, for both 1D and 2D fields simulations. It has
been further found that the TAC provides the fastest conver-
gence among the three methods with minimum error. While
the case of scalar surface susceptibilities exhibiting a single
Lorentzian resonant contribution is described here, and was
found to be adequate, the proposed method can be extended
to full tensorial susceptibilities with an arbitrary number
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of Lorentzians within a fully 3D simulation environment.
Finally, the Lorentzian description surface polarizabilities
enables a physical, intuitive and practically useful description
of the metasurface, thereby easily extendable to space-time
modulated metasurface cases, where for instance the resonant
frequency and the loss-coefficient of the Lorentz function can
be easily modulated in time [38]. In such cases, the ADE-
FDTD technique becomes a preferred choice compared to
other FDTD techniques for modeling material dispersion,
including PLRC methods. Future works include extension of
the proposed methods to model more exotic metasurfaces and
performing its detailed stability analysis.

APPENDIX
A. TIGHT ASYMMETRICAL SURFACE CELL MATRIX

FORMULATION

To illustrate the formation of field matrix equation (20), let us
take an example of a tight asymmetrical cell among the pos-
sible three configurations of Fig. 2. The equations describing
the tight asymmetric cell are given by (11-13) and (23). Using
them, we obtain the following set of field equations:

1) The pair of GSTCs for both E- and H-fields.

2) The pair of special update equations, for the nodes Ey |"+]
1/2
and H, ;"3 .
E |n+1 _Ey”’{lyj
n+1/2 n+l/2
Az [ Fxle 12— Hxlgr _AH; |"+1/2
<« 0.75A A
E n+1 _Ey n+1 .
P i At - =1,
k=172 |7 k=172, 0.75A

3) The pair of Lorentzian surface polarization densities for
both E— and H-fields.

A
([cp] + ’[2(;*’])

At[Gpl R
= ([Cp] -— )[Psn,»

[P+

M"Y o2 +1 +1
B - [Ee] = sl sl EZ I+ Bl | H B+ B
J At +At[Fp] 2
Pt = Py
nt1/2 nt1/2 | J At[Gm] n+1/2
H, Is*] - Hxlk—l/Z,j - At ([Cm]+—2 [Ms]lj
[Xpac] = [E |n+1 Ey|?i1- H, |n+1/2 HleJ_rllﬁ,j S|n+1 M, |n+1/2] (24)
At —At 0 0 [0 0] [0 —1] 7
0 0 At —At [0 —1] [0 0]
At
1 0 _ 0 0 0 0
€00.75A [ 1 [ ]
0 0 0 1 [0 0] [0 0]
Trac] = . - - 25
Wl =1 _\F, A, 0 0 G o A6, 0 0 (23)
4 4 0 0 rt 0 0
0 0 —AtF,, —AtF, 0 0] c AtG,,
o 0 4 4 0 0 nt )]
r M, |n 1/2 7
_P |l’l 1
+1/2 +1/2
EY'Z,j O75A |Z+1/2] (AH |n )
— 2
(Fracl = Hyli 2y + ) 75A(E |" — Bl (26)
- AtG AtF
(G = — PR+ — LB+ B )
- AtG,, AtF
(Cp — )M |n 1/2 m(H |l]: M%] +H, |n 1/2)
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= <[Cm] - M) M7~ "% + At[F]

2 J
n+1/2 n+1/2 n—1/2 n—1/2
Hx|]<_1/2’j + Hx|s+,j +Hx|k_1/2’j+Hx|X+’j

4

These equations can be placed in appropriate matrix forms
as given in (24)-(26), as shown at the bottom of the previous
page, which can be now used to update the subsequent fields
on the Yee-cell nodes.

REFERENCES

[1]

[2]

[3]

[4]

[5]
[6]
[71

[8]

[9]

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

N. Yu, P. Genevet, M. A. Kats, F. Aieta, J.-P. Tetienne, F. Capasso,
and Z. Gaburro, “Light propagation with phase discontinuities: Gener-
alized laws of reflection and refraction,” Science, vol. 334, no. 6054,
pp. 333-337, Oct. 2011.

N. Yu and F. Capasso, “Flat optics with designer metasurfaces,” Nature
Mater., vol. 13, no. 2, pp. 139-150, Feb. 2014.

A. Arbabi, Y. Horie, M. Bagheri, and A. Faraon, “Dielectric metasurfaces
for complete control of phase and polarization with subwavelength spatial
resolution and high transmission,” Nov. 2014, arXiv:1411.1494. [Online].
Available: http://arxiv.org/abs/1411.1494

M. Decker, I. Staude, M. Falkner, J. Dominguez, D. N. Neshev, I. Brener,
T. Pertsch, and Y. S. Kivshar, “High-efficiency dielectric huygens’ sur-
faces,” Adv. Opt. Mater., vol. 3, no. 6, pp. 813-820, 2015.

M. Kerker, The Scattering of Light and Other Electromagnetic Radiation.
New York, NY, USA: Academic, 1969.

S. Jahani and Z. Jacob, “All-dielectric metamaterials,” Nature Nanotech-
nol., vol. 2, no. 11, pp. 23-36, Jan. 2016.

C. Pfeiffer and A. Grbic, “Metamaterial Huygens’ surfaces: Tailoring
wave fronts with reflectionless sheets,” Phys. Rev. Lett., vol. 110, no. 19,
May 2013, Art. no. 197401.

R. S. Chu and T. Tamir, “Wave propagation and dispersion in space-time
periodic media,” Proc. Inst. Electr. Eng., vol. 119, no. 7, pp. 797-806,
Jul. 1972.

E. S. Cassedy and A. A. Oliner, “Dispersion relations in time-space
periodic media: Part [—Stable interactions,” Proc. IEEE, vol. 51, no. 10,
pp. 1342-1359, Oct. 1963.

R.-S. Chu and T. Tamir, “Guided-wave theory of light diffraction by
acoustic microwaves,” IEEE Trans. Microw. Theory Techn., vol. 17,no. 11,
pp. 1002-1020, Nov. 1969.

J. Goodman, Introduction to Fourier Opticals, 3rd ed. Greenwood Village,
CO, USA: Roberts, 2004.

B. E. A. Saleh and M. C. Teich, Fundamentals of Photonics, 2nd ed.
Hoboken, NJ, USA: Wiley, 2007.

N. Chamanara, S. Taravati, Z.-L. Deck-Léger, and C. Caloz, “Optical
isolation based on space-time engineered asymmetric photonic band gaps,”
Phys. Rev. B, Condens. Matter, vol. 96, no. 15, Oct. 2017, Art. no. 155409.
G. Trainiti and M. Ruzzene, “Non-reciprocal elastic wave propagation in
spatiotemporal periodic structures,” New J. Phys., vol. 18, no. 8, 2016,
Art. no. 083047.

Y. Hadad, D. L. Sounas, and A. Alu, “Space-time gradient metasurfaces,”
Phys. Rev. B, Condens. Matter, vol. 92, no. 10, Sep. 2015, Art. no. 100304.
A. Shaltout, A. Kildishev, and V. Shalaev, “Time-varying metasur-
faces and lorentz non-reciprocity,” Opt. Mater. Express, vol. 5, no. 11,
pp. 2459-2467, Nov. 2015.

A. Krasnok, M. Tymchenko, and A. Allu, “Nonlinear metasurfaces:
A paradigm shift in nonlinear optics,” Mater. Today, vol. 21, no. 1,
pp. 8-21, Jan. 2018.

G. Li, S. Zhang, and T. Zentgraf, “Nonlinear photonic metasurfaces,”
Nature Rev. Mater., vol. 2, no. 5, May 2017, Art. no. 17010.

L. Wang, S. Kruk, K. Koshelev, I. Kravchenko, B. Luther-Davies, and
Y. Kivshar, “Nonlinear wavefront control with all-dielectric metasur-
faces,” Nano Lett., vol. 18, no. 6, pp. 3978-3984, Jun. 2018.

S. Keren-Zur, O. Avayu, L. Michaeli, and T. Ellenbogen, ‘“Nonlinear
beam shaping with plasmonic metasurfaces,” ACS Photon., vol. 3, no. 1,
pp. 117-123, Jan. 2016.

S. A. Stewart, S. Moslemi-Tabrizi, T. J. Smy, and S. Gupta, “Scattering
field solutions of metasurfaces based on the boundary element method for
interconnected regions in 2-D,” IEEE Trans. Antennas Propag., vol. 67,
no. 12, pp. 7487-7495, Dec. 2019.

VOLUME 8, 2020

(22]

(23]

[24]

(25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

[36]

(37]

(38]

(39]

(40]

[41]

[42]

(43]

[44]

T.J. Smy, S. A. Stewart, and S. Gupta, *“Surface susceptibility synthesis of
metasurface holograms for creating electromagnetic illusions,” Feb. 2020,
arXiv:2002.07910.  [Online].  Available:  http://arxiv.org/abs/2002.
07910

M. Dehmollaian, N. Chamanara, and C. Caloz, “Wave scattering by a
cylindrical metasurface cavity of arbitrary cross section: Theory and appli-
cations,” IEEE Trans. Antennas Propag., vol. 67, no. 6, pp. 4059-4072,
Jun. 2019.

Y. Vahabzadeh, K. Achouri, and C. Caloz, “Simulation of metasurfaces
in finite difference techniques,” IEEE Trans. Antennas Propag., vol. 64,
no. 11, pp. 4753-4759, Nov. 2016.

Y. Vahabzadeh, N. Chamanara, K. Achouri, and C. Caloz, “‘Computational
analysis of metasurfaces,” IEEE J. Multiscale Multiphys. Comput. Techn.,
vol. 3, pp. 37-49, Apr. 2018.

S. Sandeep, J.-M. Jin, and C. Caloz, “‘Finite-element modeling of metasur-
faces with generalized sheet transition conditions,” IEEE Trans. Antennas
Propag., vol. 65, no. 5, pp. 2413-2420, May 2017.

K. Wu, P. Coquet, Q. J. Wang, and P. Genevet, “Modelling of free-
form conformal metasurfaces,” Nature Commun., vol. 9, no. 1, pp. 1-8,
Dec. 2018.

T. J. Smy and S. Gupta, “Finite-difference modeling of broadband
Huygens’ metasurfaces based on generalized sheet transition condi-
tions,” IEEE Trans. Antennas Propag., vol. 65, no. 5, pp. 2566-2577,
May 2017.

S. Stewart, S. Moslemi-Tabrizi, T. J. Smy, and S. Gupta, ‘““Modified explicit
finite-difference time-domain method for nonparaxial wave scattering
from electromagnetic metasurfaces,” IEEE Antennas Wireless Propag.
Lett., vol. 18, no. 6, pp. 1238-1242, Jun. 2019.

A. Taflove and S. Hagness, Computational Electrodynamics: The Finite-
Difference Time-Domain Method. Norwood, MA, USA: Artech House,
2005.

K. Hosseini and Z. Atlasbaf, “PLRC-FDTD modeling of general GSTC-
based dispersive bianisotropic metasurfaces,” IEEE Trans. Antennas
Propag., vol. 66, no. 1, pp. 262-270, Jan. 2018.

Y. Vahabzadeh, N. Chamanara, and C. Caloz, “Generalized sheet transi-
tion condition FDTD simulation of metasurface,” IEEE Trans. Antennas
Propag., vol. 66, no. 1, pp. 271-280, Jan. 2018.

T. Uno, T. Arima, and A. Kurahara, “FDTD modeling of nonpe-
riodic antenna located above metasurface using surface impedance
boundary condition,” EPJ Appl. Metamaterials, vol. 6, Jul. 2019,
Art. no. 17.

Q. Zhou, M. Li, and R. Chen, “FDTD-GSTC for simulation of realistic
free-form metasurface,” in Proc. IEEE Int. Conf. Comput. Electromagn.
(ICCEM), Mar. 2019, pp. 1-2.

D. Mu, Y. Wang, and Q. Cao, “Analysis of controllable metasurface using
the GSTC-FDTD method,” in Proc. IEEE Int. Conf. Comput. Electromagn.
(ICCEM), Mar. 2019, pp. 1-3.

L. Fezoui and S. Lanteri, “Finite volume scheme for the 1D Maxwell equa-
tions with GSTC conditions,” Res. Centre Sophia Antipolis-Méditerranée,
Paris, France, Res. Rep. RR-9156, Mar. 2018, pp. 1-14.

D. F. Kelley and R. J. Luebbers, ““Piecewise linear recursive convolution
for dispersive media using FDTD,” IEEE Trans. Antennas Propag., vol. 44,
no. 6, pp. 792-797, Jun. 1996.

S. A. Stewart, T. J. Smy, and S. Gupta, “Finite-difference time-domain
modeling of space—time-modulated metasurfaces,” IEEE Trans. Antennas
Propag., vol. 66, no. 1, pp. 281-292, Jan. 2018.

M. Okoniewaki, M. Mrozowski, and M. A. Stuchly, “Simple treatment of
multi-term dispersion in FDTD,” IEEE Microw. Guided Wave Lett., vol. 7,
no. 5, pp. 121-123, May 1997.

K. Chun, H. Kim, H. Kim, and Y. Chung, “PLRC and ADE implemen-
tations of Drude-critical point dispersive model for the FDTD method,”
Prog. Electromagn. Res., vol. 135, pp. 373-390, Dec. 2012.

M. M. Idemen, Discontinuities in the Electromagnetic Field. Hoboken, NJ,
USA: Wiley, 2011.

E. F. Kuester, M. A. Mohamed, M. Piket-May, and C. L. Hol-
loway, “Averaged transition conditions for electromagnetic fields at a
metafilm,” IEEE Trans. Antennas Propag., vol. 51, no. 10, pp. 2641-2651,
Oct. 2003.

K. Achouri, M. A. Salem, and C. Caloz, “General metasurface synthesis
based on susceptibility tensors,” IEEE Trans. Antennas Propag., vol. 63,
no. 7, pp. 2977-2991, Jul. 2015.

G. Agrawal, Nonlinear Fiber Optics, 5th ed. New York, NY, USA:
Academic, 1980.

83039



IEEE Access

T. ). Smy et al.: FDTD Simulation of Dispersive Metasurfaces With Lorentzian Surface Susceptibilities

[45] E.J.Rothwell and M. J. Cloud, Electromagnetics, 2nd ed. Boca Raton, FL,
USA: CRC Press, 2008.

[46] C. Caloz and T. Itoh, Electromagnetic Metamaterials, Transmission Line
Theory and Microwave Applications. Hoboken, NJ, USA: Wiley, 2006.

[47] P. Triverio, S. Grivet-Talocia, M. S. Nakhla, F. G. Canavero, and R. Achar,
“Stability, causality, and passivity in electrical interconnect models,” IEEE
Trans. Adv. Packag., vol. 30, no. 4, pp. 795-808, Nov. 2007.

TOM J. SMY received the B.Sc. and Ph.D. degrees
in electrical engineering from the University of
Alberta, Edmonton, AB, Canada, in 1986 and
1990, respectively. He is currently a Professor with
the Department of Electronics, Carleton Univer-
sity, Ottawa, ON, Canada. He has authored or
coauthored more than 100 journal articles. He has
coauthored the OptiSpice, Atar, SIMBAD, and 3-
D-Films simulators. His current research interests
include the optical, thermal, and multiphysics sim-
ulation of electronic devices/packages and modules, the study and simulation
of thin-film growth and microstructures, and the fundamental electromag-
netic simulation of metasurfaces.

SCOTT A. STEWART was born in Ottawa, ON,
Canada, in 1992. He received the B.Eng. degree
in engineering physics and the M.Sc. degree in
electrical and computer engineering from Carleton
University, Ottawa, in 2015 and 2017, respectively,
where he is currently pursuing the Ph.D. degree in
electrical and computer engineering, with a focus
on the modeling of space-time-modulated optical
materials in the time-domain, which includes the
simulation of 2-D space-time-modulated Huygens
metasurfaces. He was a recipient of the 2017 Ontario Graduate Scholarship.

83040

JOAO G. N. RAHMEIER received the B.S. degree
in electrical engineering from the Universidade
Federal do Pampa, in 2016, and the M.S. degree
in electrical engineering from the Universidade
Federal de Minas Gerais, in 2018. He is currently
pursuing the Ph.D. degree with the Department
of Electronics, Carleton University. He is also a
Research Assistant with the Department of Elec-
tronics, Carleton University. His research interests
are in theoretical electromagnetism, nanomagnetic
logic, and numerical methods for simulating metasurfaces.

SHULABH GUPTA was born in Etah, India,
in 1982. He received the B.Tech. degree in elec-
tronic engineering from IIT (Indian School of
Mines) at Dhanbad, Dhanbad, India, in 2004,
the M.S. degree in telecommunications from the
Energie Materiaux Telecommunications Research
Center, Institut National de la Recherche Sci-
entifique, Université du Québec, Montreal, QC,
& Canada, in 2006, and the Ph.D. degree in electri-
cal engineering from the Ecole Polytechnique of
Montreal, Montreal, in 2012.

From 2009 to 2010, he was a Visiting Research Fellow with the Tokyo
Institute of Technology, Tokyo, Japan. He was a Postdoctoral Fellow with
the University of Colorado at Boulder, Boulder, CO, USA, in 2012, and
with The University of Hong Kong, Hong Kong, from 2012 to 2014, and
also with the Ecole Polytechnique of Montreal, from 2014 to 2016. Since
2016, he has been an Assistant Professor with the Department of Electronics,
Carleton University, Ottawa, ON, Canada. He is also a Licensed Professional
Engineer of Ontario. He was a recipient of the Young Scientist Award of
International Symposium on Electromagnetic Theory Ottawa 2007, the Inter-
national Union of Radio Science-General Assembly, Chicago, in 2008, and
the ISAP Jeju 2011. His thesis received the Best Doctoral Dissertation Award
from the Ecole Polytechnique of Montreal, in 2012, the Prix d’excellence de
I’ Association des doyens des etudes supérieures au Quebec Edition 2013,
QC, Canada, and the Academic Gold Medal of the Governor General of
Canada.

VOLUME 8, 2020



	INTRODUCTION
	METASURFACE DESCRIPTION
	GENERALIZED SHEET TRANSITION CONDITIONS (GSTCs)
	SURFACE POLARIZATION DENSITIES
	FOURIER TRANSFORM SOLUTION FOR NORMALLY INCIDENT PLANE-WAVE

	YEE CELL FORMULATION
	YEE-CELL CONFIGURATIONS
	YEE-CELL UNKNOWNS
	METASURFACE FIELD EQUATIONS
	SURFACE POLARIZATION EQUATIONS
	SPECIAL CELL UPDATE EQUATIONS
	IMPLEMENTATION

	VALIDATION
	TRANSPARENT SURFACE
	LORENTZIAN METASURFACE

	CAUSALITY CONSIDERATIONS FOR CONSTANT SURFACE SUSCEPTIBILITIES
	COMPUTATIONAL IMPACT
	CONCLUSIONS
	TIGHT ASYMMETRICAL SURFACE CELL MATRIX FORMULATION

	REFERENCES
	Biographies
	TOM J. SMY
	SCOTT A. STEWART
	JOÃO G. N. RAHMEIER
	SHULABH GUPTA


