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Abstract—This paper describes a numerical modeling frame-
work toward analyzing large-scale finite-sized reflectarrays and
reconfigurable intelligent surfaces. A domain decomposition
method (DDM) is proposed, where a single reflecting unit cell
can be characterized in isolation from its embedded structure.
The mutual coupling between unit cells is occurring only over-
the-air and is modeled through a generalized admittance matrix
approach. Both the radiated and scattered fields, which are com-
puted for a transmitting and scattering problem, respectively, are
in excellent agreement with those computed by CST Microwave
Studio and a plain MoM approach. Recommendations and future
directions are provided as part of the herein presented roadmap,
among which the hybridization with fast methods and high-
frequency techniques capable of handling the large-scale exterior
domain, and the use of a finite difference/element method for
modeling the interior domain of complex unit cells.

Index Terms—Reflectarrays, multiscale structures, method of
moments, reconfigurable antennas, metasurfaces.

I. INTRODUCTION

HE research on reconfigurable intelligent surfaces (RIS)

has grown tremendously in recent years due to their
transformative potential in applications such as 5G and beyond
wireless networks, radar systems, and electromagnetic wave
control. These technologies promise enhanced performance,
energy efficiency, and spatial reconfigurability [1].

The analysis of large-scale arrays typically assume periodic
boundary conditions (PBC), by treating the array cells as part
of an infinitely large periodic structure [2], [3]. An interesting
example is the macroscale modeling of such arrays using ray-
based approaches [4]. However, these approximations become
inaccurate when the coupling between cells depends heavily
on finite array effects or when the surface reflectivity becomes
aperiodic.

To address these challenges, an efficient numerical approach
that can accurately model mutual coupling and multiscale
array effects is essential. Numerous studies have proposed
frameworks that combine different techniques to handle these
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Fig. 1. (a) Printed circuit board employing via-fences to realize open-
cavity-based reflectarray elements with backside control circuitry, and; (b)
Generalized admittance matrix equivalent network representation for the
multi-solver multi-mode domain decomposition method. A total of N aperture
modes are distributed over K reflectarray cells.

complexities [5]-[9]. The present paper contributes to this
body of work by introducing a hybrid modeling framework,
which synergistically integrates various methods to efficiently
address these problems.

The baseline reflectarray geometry in this study is shown



in Fig. 1(a), consisting of a (multilayer) printed circuit board
(PCB). The PCB employs via-fences to create open-ended
cavities that house the reconfigurable reflectarray elements.
This way, the mutual coupling between reflectarray elements
occurs only through over-the-air coupling, not via the sub-
strate. This slight limitation in design flexibility significantly
reduces the computational complexity of the problem, as we
now can model the cells as metal cavities with apertures, dis-
tinguishing our approach from methods that model substrate-
based coupling through open boundaries [5], [6].

Furthermore, each reflectarray cell can now be modeled
independently from their surrounding environment through the
use of surface equivalence principles. In fact, a null-field is
assumed in the complementary/exterior domain. This leads to
both electric and magnetic surface currents at the domain inter-
face. The perfect electric conductor (PEC) boundary condition
is imposed on this fictitious surface. Equivalent magnetic cur-
rent only reside on apertures, not on metal boundaries; aperture
field modes are modeled by corresponding magnetic currents,
which are then used as a sources to construct a generalized
admittance matrix for that domain. This is repeated for each
domain after which the K cells and outer region domain
are interconnected by interconnecting multiport admittance
matrices in a circuit-like manner as shown in Fig. 1(b). The
voltage at each port is the amplitude of the corresponding
magnetic current modeling an aperture field mode. Fig. 1(b)
shows N aperture magnetic currents/modes in total, thus N/K
aperture modes per cell, provided that equal cells are used.
Each aperture mode can be represented by an entire-domain
basis function for modeling the respective magnetic current.
This will drastically reduce the number of current modes
relative to employing subsectional basis functions and suits
the Characteristic Basis Function Method (CBFM) well [8]—
[11].

Our method belongs to a class of so-called domain decom-
position methods (DDMs). In most of the DDMs, such as
the generalized transition matrix (GTM) approach [7], Love’s
equivalence principle is employed. It is often favored because
it leads to well-conditioned numerical systems and integrates
well with hybrid computational techniques. In our case, for the
exterior equivalence, the entire array structure can be modeled
as a PEC structure. Moreover, for large arrays the backside
current is small, so that the PEC array of closed cavities
can then be reduced to a PEC sheet. We can subsequently
use high-frequency techniques, such as the Physical Optics
(PO) approximation, to find the induced PEC current. In turn,
the admittance matrix of each interior cavity domain can
be characterized by a commercial solver employing a finite
difference/element technique. Furthermore, by reducing the
array of volumetric PEC cavities to a single sheet, it is believed
that the relatively ill-conditioning of the proposed method, e.g.
due to the interior resonance problem, will then be mitigated.
The solver hybridization and geometrical dimension reduction
as described above is subject of future study, but it is still
mentioned here to motivate our currently preferred choice of
equivalence principle. Also, the DDM as proposed in this
paper will be at the heart of the RIS modeling framework and
will be used to validate the integration of different solvers in
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Fig. 2. Scattering problem: (a) Original configuration, split into: (b) exterior
equivalent fields in region a; (c) interior equivalent fields in region b.

the future. In terms of the hybridization of different solvers in
a DDM context, the reader is kindly referred to [6].

Finally, it is worth pointing out that the above-proposed
DDM framework constitutes a valuable tool for optimizing the
global response of active metasurfaces [12], [13]. It allows
for the optimization of array configurations by leveraging a
database of pre-characterized reconfigurable unit cells. Ma-
chine Learning techniques combined with optimization algo-
rithms are then employed to optimize the distribution of these
cells [14].

This paper is organized as follows. Sec. II details the
mathematical formulation of the herein proposed DDM. The
numerical results validating the methodology are described
in Sec. III. The paper ends by providing the conclusions in
Sec. IV.

II. FORMULATION

The present method is based on the generalized aperture
admittance matrix approach as described in [15], albeit without
the need to introduce a correction current.

In the original problem, in Fig. 2(a), the tangential compo-
nents of the E- and H-fields are continuous across the aperture
surface Sy, i.e.,

Ea} — Eb

tan tan (1)
where a denotes the exterior region and b the interior waveg-
uide region. For the exterior problem, in Fig. 2(b), we assume
the original fields in region a and zero fields in region b. The
jump in E“|wn = —n* x 1® x E* must now be accompanied
by an aperture surface magnetic current through the boundary
condition Ea’tan =n" x M¢?. The jump in H®| leads to a
surface electric current in the aperture. Furthermore, the PEC

and H“’ b|

tan tan’



surface is removed and replaced by an electric source current
J¢ representing the induced current across the exterior PEC
surface as indicated in Fig. 2(b). The null-field interior region
can now be filled with the exterior medium material a, so
that all currents radiate in a homogeneous medium. The total
exterior field in region a is therefore

E" = E"' + E" (M) + E*(J})
H®=H"" + H*(M?) + H*(J%).

(2a)
(2b)

Similarly, equivalence principles can be applied to obtain the
total interior fields in region b, as also shown in Fig. 2(c), i.e.,

E’'=E" + E"(M") + E*(J?)
H' = H" + H"(M?) + H"(J?),

(3a)
(3b)

where the interior current J° is different from the exterior
current J3. However, because of Eq. (1), where

Eob = — A%« M?b 4)

as well as that % = —A® in the aperture, results in the single

magnetic current

M®=—-M"= M,. (5)

An equation for My can be found by substituting (5) in
both (3b) and (2b), and then in (1), yielding

[H®(M,) + H"(M,)]

+ [H*(J2) — H'(J7)]

tan

H*

.y
=[H" - an T € Sap,

(6)

where 7 denotes the observation point. The exterior and
interior currents J g”’ depend on M ;. These relations follow
from the E-field boundary conditions in (4), which must hold
across the entire boundary surface, including the aperture.
Note that, outside of the support of M, the PEC boundary
condition for the E-field is correctly enforced. The interior and
exterior electric currents will be resolved first, after which the
unknown current M ; is solved through (6).

Substituting (3a) and (2a) in (4) and using (5), gives the
Electric Field Integral Equations (EFIE)

[Ea,i +Ea(Ms) +Ea(‘]g)]tan -
{Eb,i _ E(M,) +Eb(Jg)] =

tan

n® x M,
b
—-n’ x M,.

(7a)
(7b)

The current-dependent fields must be interpreted in terms of
the integro-differential operators [17, Eq. (2.127)]:

1

Ha,b(Jg,b) 7ﬁa,b % Jg,b’ (8)

=[x

and where the scalar Green’s function for a homogeneous
medium

— (g8t -
where

Kb (X x VG (r —7)dS’, (9)

efjka’b|r77"|
Ga,b(r - r’) = m (10)

The wavenumber in the medium is given by its material
constitutive parameters, i.e., k%’ = wy/pu®be®b, and 7’ is
a point in the source domain. Furthermore,
b by pad )b

E“(J57) = LY(JS), (11)

where
LY(X) = fjwu“’b/ X (rG"P(r — 1) dS’
s
1
+ %bV/ V' X ()G (r —2')dS". (12)
Jwe® s
Finally, using duality,

Ha,b(Mg,,b) iyl b(

nab
—K% b(

3 (13)

1
E* (MY = )+ 57 b M. (13b)

These surface integrations need to be interpreted in the Cauchy
principal value sense. The EFIEs in (7) are now written as

. 1 a
_ﬁa(Jg)Lan - [_ K4(M) + Ea’z]tan - §n x M,
(14a)
—Lh(I)| = KM + B+ % « M. (14b)

for the exterior and interior electric surface currents, respec-
tively, given an M . We can solve the EFIEs through the
method of moments using the following discretizations

N© N®
Ji(r)=> Itip(r), Jo(r)=>_ Ihin(r),
n;l n=1 (15)
= Z‘/}Lmn(r)
n=1

Testing (14) by the basis functions {7},
product (a,b) = [a-bdS, yields

} using the symmetric

N
Z a %= Z D2V, + Vi (16)
ZZ;",mIﬁ:—ZDb Vo + V2 (17)
for m = 1,2,..., N*®, respectively, where
Zyh = = (il L (30°)) (18a)
Dy = i K my)) — (i A xmy) (18)
Vel = (3% E™Y and VY= (3% E™), (18¢)
or simply
Z°1° = DV + V*! (19a)
Z°1° = —DV + V¥ (19b)
Thus, the solution becomes
1* = (%)~ (V"' + D*V) (20a)
I’ = (2" (vb»i f va) . (20b)



Similarly, applying the same discretization process to the
Magnetic Field Integral Equation (MFIE) in (6) and testing
by the basis functions {m,,}, yields

Z e, +Y>h |V,
n=1

+ Z ChIb = Cn Is =15 — 1IN (1)
i1
where
Vil =~ (mp £ (m,) (22a)
Na,b
Ot = (i K@) = 3 (2 5%) - (220)
1% = (my,, H*") and 1% = (m,,, H""), (22¢)
or simply
Y+ YV +C1P — 1 =17 — 1" (23)
One can now substitute (20) in (23) to finally arrive at
[Ygt + ont] V=1, (24)
where
Yl =Y*-C%Z")'D* (25a)
Yo =Yl -z’ 'D® (25b)

| = [Ia,z _|_Ca(za)—1va,i] _ [lb’i —|—Cb(Zb)_1Vb’i], (250)
and where the matrix elements are computed using (22)
and (18). Once V is solved for an incident field |, the exterior
magnetic current M, is known through the basis function
expansion (15), as well as the exterior electric current J¢
through the expansion coefficient vector (20a). These currents
radiate the exterior scattered field in a homogeneous medium
{n®, €%}, and together with the incident field, the total field is
obtained as per (2a). Note how Fig. 1(b) visualizes Eq. (24),
with the difference that the voltage sources are now replaced
by current sources that are dependent on the field excitation.

III. NUMERICAL RESULTS

For the purpose of validation, consider the rectangular
waveguide element in Fig. 3(a). The element is of size a xbXc,
where its aperture opening is in the z = 0 PEC ground
plane. The ground plane is of size W x W. We consider
two scenarios: (i) a dielectric filled waveguide (¢, = 2.2)
considered in the transmitting situation that is excited by
a monopole PEC feed as shown in Fig. 3(b), and; (ii) a
2 x 1 reflectarray of empty air-filled waveguides, excited by
a Huygens point source placed along the z-axis and radiating
into the negative z-direction.

Our objective is to validate the DDM-computed input
impedance and radiation pattern for the probe-excited waveg-
uide using both CST Microwave Studio (2020) and a plain
EFIE approach. Additionally, the DDM-computed scattering
characteristics of the 2 x 1 reflectarray are compared to a plain
MoM approach (EFIE only). In all our simulations we have
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Fig. 3. Dimensions in cm: (a) Open waveguide; (b) Monopole strip and port.

employed Rao-Wilton-Glisson (RWG) basis and test functions
(Gelerkin’s approach) for both the electric and magnetic
currents.

One can conclude from Fig. 4(a) that the magnitude of the
port reflection coefficient |S;| as computed by CST’s integral
solver, time-domain solver, and frequency-domain solver are
in good agreement with our proposed DDM results. The shift
in resonance frequency is seen to be dependent on CST’s
solver type (default solver and mesh settings are used). CST’s
integral equation (IE) solver agrees best with our MoM-based
DDM. Furthermore, the E- and H-field radiation patterns in
Fig. 4(b) are visually almost indistinguishable from the DDM-
computed patterns. Note that only CST’s IE-solver patterns
results are shown, since CST’s other solvers yield visually
identical patterns and are therefore omitted. The DDM mesh
density is A/12 @1 GHz. At this high mesh density the
predicted resonance frequency is only weakly dependent on
the mesh. The results generally confirm that the proposed
DDM is working as expected.

Next, the 2 x 1 reflectarray in Fig. 5 is considered. A
Huygens point source with unity electric dipole moment
& [Am] and magnetic dipole moment —n,y [Vm] are placed
at (x = 0,y = 0,z = A) and radiates in the negative z-
direction. The reference induced surface current is shown in
Fig. 5(a) as computed by a plain MoM approach (EFIE only).
The induced electric surface current as computed by the DDM
is shown in Fig. 5(b). The exterior and interior current are
summed to form the total electric current, so that this total
current in Fig. 5(b) can be compared to the MoM current in
Fig. 5(a). The current distributions agree very well, despite that
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Fig. 4. DDM vs. CST radiation characteristics comparison: (a) Port reflection
coefficient; (b) Power pattern in two principal planes @0.85 GHz.
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Fig. 5. Current distribution of 2 x 1 array of air-filled waveguides as computed
by the DDM and a plain EFIE approach (a) EFIE current; (b) DDM current.

the total electric current in the aperture in Fig. 5(b) does not
fully vanish. The latter, however, does not have a detrimental
effect on the E- and H-plane scattering patterns as shown in
Fig. 6(a). The relative pattern error is computed as

B HUEFIE _ UDDMHFro

€= HUEFIE H
Fro

where “Fro” denotes the Frobenius norm and where U is a
vector of uniformly sampled radiation intensities across a far-
field sphere.

We noticed that an unusually dense mesh had to be taken to
get accurate results, as shown in Fig. 6(b). This may be due
to the non-vanishing aperture current in Fig. 5(b), requiring a
denser mesh near the edges. Furthermore, MATLAB issued a
high condition number warning for the densest mesh (\/24).
This may be attributed to the well-known interior resonance
problem this formulation is susceptible to. We expect not to
have this problem in the future, since large reflectarrays will
have negligible current on the backside, so that the potentially
resonant cavities can be removed when solving the exterior
problem as a sheet problem, which also significantly alleviates
the computational complexity. For the interior problem we
will then use a commercial solver (CST/HFSS), enabling us
to model more complex and realistic unit cells. The DDM
as presented in this paper will be used to interconnect the
multi-solver domains and also to validate the overall obtained
solution.

x 100%

(26)

IV. CONCLUSION

A domain decomposition method for open-cavity based
reflectarrays is proposed. The surface equivalence principle
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Fig. 6. (a) Comparison EFIE vs. DDM of E- and H-plane gain pattern; (b)
3-D pattern error for DDM as a function of mesh density relative to reference
solution (EFIE with \/24 mesh density).
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is employed to model the exterior problem as a full metal
structure for which, in the future, fast methods can be used
(e.g. CBFM + PO). Furthermore, if the backside current can
be neglected, it is believed that the exterior structure may
even be reduced to a metal sheet. The interior problem (i.e.
the reflectarray element) is characterized by a generalized
admittance matrix through an in-house MoM solver. The
present paper has shown that the domains, each of which
is characterized by a generalized admittance matrix, can be
interconnected in a circuit-type manner. The overall array
response has been validated for: (i) a radiating dielectric-filled
waveguide, and; (ii) a 2 x 1 reflectarray element with Huygens
source excitation. The successful validation with CST and
a plain MoM approach of both the radiation and scattering
characteristics show that the proposed DDM approach can
serve as the future interface for connecting commercial field
solvers to fast integral-equation based methods for solving
large-scale reflectarray and reconfigurable intelligent surface
problems. This hybrid solution method will also eliminate
the interior resonance problem that the current formulation
is susceptible to.
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