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ABSTRACT Existing modeling approaches for reconfigurable intelligent surfaces (RISs)—including scalar
approximations, boundary-condition-based formulations, and conventional full-wave solvers—either lack
accuracy in capturing aperiodic interactions or become computationally prohibitive for electrically large,
multi-scale structures. To address these limitations at least for a certain class of RISs, which are composed
of open-cavity-based meta-atoms, this paper presents a rigorous and computationally efficient hybrid
domain decomposition method (H-DDM). The method decomposes each meta-atom into interior and
exterior subproblems, enabling fast and accurate modeling of over-the-air mutual coupling effects while
preserving microscopic field behavior. The proposed H-DDM is cross-validated against CST full-wave
solvers and compared against two widely used approximate methods: macromodeling (MM) and the
element-in-array-pattern (EIAP) technique. Using RIS panels of varying sizes which are beamformed
to have a non-specular reflection under a normal plane wave incidence, we demonstrate that H-DDM
achieves very good agreement with full-wave reference solutions, while MM and EIAP exhibit increasing
deviations in sidelobe regions due to their inherent assumptions. The results confirm that H-DDM provides
a powerful and reliable tool for analyzing open-cavity based RIS panels and offers a promising pathway
toward fast, high-fidelity EM modeling of next-generation beamforming metasurfaces.

INDEX TERMS Metasurfaces, Surrogate Model, Domain Decomposition Technique, RIS

ETAMATERIALS and their 2D counterparts, meta-

surfaces (MTSs) [1], which consist of subwavelength
units and exhibit extraordinary properties not found in nature,
have recently received a surge of interest in their simu-
lation, design, and optimization. A representative example
of their real-world engineering realization is the concept
of reconfigurable intelligent surfaces (RISs) [2]-[4], which
has arguably been one of the research hotspots in both
the electromagnetic (EM) and wireless communities during
recent years. Belonging to the category of electrically large
EM problems, RISs which typically consist of multi-scale
components are in urgent need of an efficient full-wave

(FW) simulation and/or optimization toolbox tailored to their
quasi-periodic structures.

Generally speaking, all the RIS analysis methods proposed
in the literature to address the challenge can be classified
into three main categories [5]: (1) scalar approximation, (2)
boundary-condition-based methods, and (3) computational
electromagnetic methods, as follows in further detail. As-
suming MTS units as point scatterers, the scalar approxima-
tion method is the first category that resembles the antenna
array factor (AF) theory and has been widely used in the
design and optimization of RISs [6], [7]. Plus, low-cost
surrogate models based on equivalent circuit (EC) [8] and
microwave network [9], [10] theories can also be associated
with this approximate solution family and, in fact, fit well
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into the framework of AF theory. While providing fast ap-
proximate solutions, methods in this category exhibit limited
accuracy and do not account for aperiodic interactions, which
occur in reality as mutual coupling among a disordered
juxtaposition of meta-atoms.

The second category treats MTSs as polarizing discontinu-
ities with zero thickness and thus models them as boundary
conditions (BCs), either in the form of impedance BC [11]
or generalized sheet transition condition (GSTC) [12]. Meth-
ods in this well-established category avoid ill-conditioned
problems and hence considerably reduce the computational
burden of the analysis, but they are based on the local peri-
odicity assumption, can only handle single-layer structures,
and usually ignore the normal susceptibility components at
the interface.

The third category, consisting of such conventional com-
putational electromagnetic methods (CEMs) as finite element
method (FEM) [13] and integral-equation-based (IE-based)
method of moment (MoM) [14], provides rigorous solutions
and remains essential in simulating complex metamaterials,
especially when it is crucial to capture the microscopic fields
within each MTS resonator and/or their higher-order modes.
Moreover, the domain decomposition method (DDM), which
allows for dividing MTS panels into subdomains while
still preserving the interactions among meta-atoms, naturally
lends itself to the hybridization of FEM and IE and has
already been investigated in the framework of finite element-
boundary element- domain decomposition method (FEM-
BEM-DDM) [5]. Specifically, Jiang et al. [5] have used FEM
to analyze sensitive internal structures with relatively high
mesh resolution, ensured field continuity while stitching the
non-conformal FEM-BEM meshed regions at the interface,
and afterwards used BEM with a much coarser mesh density
to predict the far-field (FF) scattering pattern in the exterior
region. They have applied the technique to a comprehensive
range of metamaterials, both in scattering and radiation
paradigms, from a frequency selective surface (FSS) to an
artificial magnetic conductor (AMC) and also a lens-array
beamforming metasurface. However, their use of in-house
developed FEM to handle interior domains remains restricted
to the so-called ‘frozen coding patterns’ and does not include
lumped-element-based dynamic tunability.

This study, which is an extension of the authors’ work
originally presented at ICEAA-IEEE APWC 2025 [15],
bears some similarity to [5], in the sense that it proposes
a hybrid rigorous method for simulations of metamaterials.
Compared to [5], the distinction, however, is that the IE
solver of a commercial software package (CST Microwave
Studio Suite®), instead of an in-house developed FEM, is
used in our study to allow for handling all sorts of interior
domains, including the sophisticated ones with embedded
lumped elements. In other words, and to be in line with
the acronym FEM-BEM-DDM defined in [5], our proposed
method can be considered as CST-MoM-DDM, which we
just refer to as hybrid DDM (H-DDM) for short hereafter.

Therefore, the first contribution of this study is to introduce a
novel hybrid IE-DDM technique for analyzing a certain class
of metasurface beamforming panels. Although this technique
limits practical realizations to open-cavity based structures
only and is therefore best applicable to over-the-air coupling
scenarios, it proves to have major computational advantages
and paves the way for further characterization of this family
of beamforming panels. Furthermore, the proposed technique
is cross-validated with FW analyses and also compared
in terms of accuracy versus Macromodeling (MM) [9], a
local-periodicity-based surrogate modeling technique from
the literature. The second follow-up contribution of the work
is then to utilize the developed H-DDM in the framework of
element-in-array pattern (EIAP) analysis [16], [17] to study
over-the-air mutual coupling effects in beamformed panels
with different sizes.

The remainder of the paper is organized as follows. The
problem formulation and mathematical background of H-
DDM, along with a summary of the algorithms taken from
the literature for comparison, are provided in Section II.
Section III presents the numerical results of simulating
several beamforming panels using these algorithms, followed
by a brief discussion on the accuracy and limitations of each
method. Concluding remarks and directions for future studies
are finally presented in Section IV.

Il. MODELING METHODS

It is a common practice in the design of metasurfaces to
use perfect electric conductor (PEC) baffles, either in the
form of substrate integrated waveguide (SIW) vias [2] or
a solid metallic septum [18], in order to suppress the inter-
element cross-talks at the substrate level among meta-atoms.
While this may come at a cost of added manufacturing
complexity, the encagement of unit cells with PEC walls
can open up other possibilities from analytical point of view
by allowing us to revisit Harrington’s original work [19]
on aperture problems where the application of method of
moment (MoM) to the integral field equations (EFIEs &
MFIEs) leads to the concept of generalized admittance
matrix. In particular, these types of reflective, open-cavity
based RIS panels can be cast into the domain decomposition
framework of Fig. 1 by considering it at each individual unit
cell level as a cavity-to-exterior space coupling problem in
which EM energy couples only between two regions of space
which are isolated except for one aperture. In accord with
this line of reasoning, we adopt a cavity-based unit cell with
varactor tunability, whose geometric details are described in
Section III.

A. HYBRID DOMAIN DECOMPOSITION METHOD

Summarizing our recently published DDM framework [15],
Fig. 1 shows the underlying concept behind the method in
conjunction with Love’s equivalence theorem which results
in both magnetic and electric surface current densities M
and J¢, J. This leads to a formulation based on a magnetic
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FIGURE 1. The conceptual idea behind DDM at (a) the unit cell level where the original scattering problem is decomposed into interior equivalent fields
in region b and exterior equivalent fields in region « and (b) at the panel level where the generalized admittance matrix concept [19] is cast into a

MoM-based DDM framework [15].

field integral equation (MFIE) and two electric field integral
equations (EFIEs) as further revealed below. Note that the
normal unit vectors to the aperture surface Sy, for two equiv-
alent internal and external regions (labeled as b and a, respec-
tively) are set to point in opposite directions in the figure. In
other words, 7% = —#” and since the tangential electric field
component across the surface should remain continuous, one
can conclude that 2 x M® = —a® x M?, i.e. there exists
a single magnetic surface current M¢ = —M? = M for
the two regions. As emphasized in the figure, the interior
electric surface current J Z is, however, different from the
exterior electric surface current J9, essentially leading to
the existence of two distinct EFIEs later on.

The MFIE formulation, whose derivation can be found in
the Appendix, begins by enforcing continuity of tangential
magnetic fields across the aperture, i.e. H%, = HY,, and can
be cast into the framework of MoM and Galerkin weighted
residual approach by expanding the surface currents in terms

of RWG basis functions [20] {m,,, %, i’} as follows

N
)= Z Ve, (7)), for r e Sy (1)
n=1
N N?
Ji(r) = Lig(r), Jir)=> Lin(r), @

n=1 n=1

where N is the number of expanding sub-domain basis func-
tions for M and V = [V1,Va,--- , V|1 is the vector of
unknown coefficients to be determined as the ultimate goal of
solving the DDM equations, while I¢ = [I¢, 1§, I%,]T
and I = [13, 15, --- ,1%,])" are dependent variables and can
be conveniently found once V is solved for. By applying
the standard Galerkin testing procedure (explained in more
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detail in the Appendix), deﬁning the aperture admittances
for each region as (—m,,, H “P(m,)) = Y,%P, and setting
(M, HYY and (m,, HYY) equal to 1% and 1%, respec-
tively, we obtain a set of N linear equations which can then
be conveniently represented in the following compact vector-
matrix multiplication form:

Y+ Y ] V4+CT —CT1* =1 -1, (3)
where C%0 = (m,,,, HZ?(%?)). As stated before, the ulti-
mate goal is to find M, of which V is an N-term variational
approximate solution. In fact, I* and I’ are intermediate,
dependent variables and can therefore be expressed in terms
of V by enforcing the second set of boundary conditions,
i.e. ensuring electric field continuity which results in the
following two EFIEs:

Z°1* = DV + V! “)
ZbIb _ _DbV + Vb,i’ (5)
where
Zuh = —(in!, By (i%")) (6)
Dt = (i3, Bl (ma) =" xmy) ()
Vit = (@0, Eg), Vot = (i, By ®)

Finally, by rearranging the above equations and substituting
I and I’ back into Equation (3), we obtain the final
generalized admittance formula as:

Yo+ Y] V=L ©9)
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where
Y. =Y - CYZY) D" (10a)
Y?, =Y’ -tz 'D? (10b)

I= [Ia,i T Ca(za)—lva,i] _ [Ib,’i 4 Cb(zb)—lv’b,i}.
(10c¢)

Once V is known from solving Eq. (9), one can obtain I* and
I’ from Egs. (4) and (5) and then find the magnetic surface
current distribution through RWG basis function expansion
of Eq. (1) as well as the electric surface current distributions
using Eq. (2). Having M ¢ and J¢ at hand, the scattered field
from the panel in region a can then be easily calculated as
E*(M) + E“(J%) using the operator relations which are
explicitly expressed in terms of the scalar Green’s function
of each region in the Appendix.

Equipped with the developed DDM methodology above,
we can now proceed to extend the method to all sorts of
open-cavity based beamforming panels, including reconfig-
urable ones that may have lumped circuit elements such as
Varactor or PIN diodes embedded in their interior region.
To this end, we interface the above method with CST and
propose a hybrid CST-MoM-DDM framework called hybrid
DDM (H-DDM) henceforth. As for the interior domain,
Y, can be conveniently computed using CST, allowing for
the analysis of complex cells having highly inhomogeneous
material distributions. This hybrid method essentially re-
places the MoM-based calculation in (10b) by the numerical
calculation per aperture type through a plane wave (PW)
characterization scheme in CST as summarized below:

e Each unique unit cell type, based on its geometry or
reflection configuration, is characterized as a single
isolated reflectarray element in CST by letting a plane
wave be normally incident while monitoring the total
aperture E- and H-fields. Let these fields for unit cell
g be E? and H? defined over the aperture Sg,.

e From E? and HY, one can determine the aperture
admittance looking into the interior unit cell [21, see
e.g. Fig. 3-12], for unit cell ¢: Y?9 = ffsaqp [E? x H]-
7’dS. Introducing the magnetic current M? =
A’ x E9, this integral can also be written as
V¥4 = [[4 M?- H'dS for non-normalized aperture
fields [22].

e The diagonal matrix Y2, is constructed by replicating
the corresponding Y%7 along its diagonal from the few
uniquely calculated aperture admittances.

e One now has single-mode (non-normalized) aperture
mode currents MY for aperture ¢ = 1,2,...,Q. Let
the corresponding basis function expansion coefficient
vector be denoted as V9. Stacking these into the block
diagonal matrix Vegr = blkdiag(Vy,Va,..., Vg),
we can now compress and solve Eq. (9) as
[VesrYio Vesr + Yio] Viea = VgL

e After solving for V¢4, one can find the solution for the
magnetic current in (9) as V = Vg Vieq.

Note that while the exact DDM formulation presented at the
beginning of this section employs a full RWG expansion for
the aperture magnetic current, the subsequent development of
CST-based hybridization compresses each physical aperture
into a single state-specific characteristic basis function (CBF)
obtained from isolated-cell aperture fields. Mutual coupling
is still accounted for through the reduced exterior matrix
VIerY2 Vepr, but each local aperture current is restricted
to a one-dimensional subspace, i.e., only its complex am-
plitude is solved for while its spatial profile is assumed
fixed. For the PEC-walled open-cavity unit cells and normal-
incidence beamforming cases considered here, comparison
with CST indicates that this approximation is sufficiently
accurate. Its limitation is that scenarios involving higher-
order aperture or cavity modes, weaker confinement, or
strong coupling-induced field reshaping may require a richer
local basis; considering multiple CBFs per aperture and
assessing the associated accuracy—efficiency trade-off is left
for future work.

B. MACROMODELING

Macromodeling (MM), which builds upon microwave net-
work theory, is an efficient technique for fast prediction of
the reflection property and far-field (FF) pattern of RISs [9].
Allowing for a separate design of the passive structure and
the tunable devices, MM can also be used in the design phase
of a meta-atom [10]. Following a similar procedure as in the
original study [9], we start the MM analysis by referring to
Fig. 2a, where the simulation setup of the passive structure
of the meta-atom under periodic boundary conditions (PBC)
is composed of a Floquet port (denoted as port 1) and a
lumped port inside the waveguide cavity (denoted as port
2). The rest of the steps taken during the analysis can be
briefly itemized below:

e We first model the lumped element varactor diode as
a voltage-controlled capacitor (C,) that can cover the
range of [0.05 — 6] pF, thus the load impedance in
Fig. 2b can be expressed as 7 (w) = —j/Cyw.

e Next, we treat the meta-atom as a passive two-port
network by replacing the varactor with a lumped port
(port 2 in Fig. 2a). This allows for a fast and efficient
calculation of the two-port S-matrix or equivalently Z-
matrix (Z,) of the passive structure using a full-wave
analyzer such as CST.

e Having Z, at hand and by performing the standard
network analysis depicted in Fig. 2b, one can then
easily calculate the local reflection coefficient at the
interface of meta-atom with input impedance Zyfeta
and air with the intrinsic impedance 7, for different
frequencies and under different varactor loadings as
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follows:
ZMeta(UJ) —To
T = 11
= Zeale) 0 a
ZMeta(W) _ le(w) ZlQ(w)Z21(w) (12)

B ZL(OJ) + Zgg(w) ’

e Finally, linearly polarized 6-component of the FF-
pattern F'(,¢) and directivity Dir(6, ¢) of the RIS
panel, which is typically a rectangular grid of meta-
atoms arranged in N columns and M rows, can be
calculated using the pattern multiplication rule and the
conventional array factor concept [23]. To this end, one
needs to loop through all the meta-atom elements in
the RIS panel, calculate the amplitude |T',,,,| and phase
£I',.n of the local reflection coefficient of each cell as
stated above in Eq. (11), and incorporate the element
pattern of one isolated meta-atom G(0, ¢) as follows:

M N
F(0,0) =G(0,0) 3 S [Ple ™ (kromtelon),

m=1n=1
(13)
47|F (6, ¢)|?
o — //T‘ ( k) ¢)| , (14)
o Jo |F(8,9¢)|?sinfdbde
where k = ksin 6 cos ¢ + k sin 0 sin ¢y with k as the
free-space wavenumber, 7, = (n — 1)d,& + (m —
1)d, 9, and 6, ¢, d,, and d, are the angles of elevation,
azimuth, inter-element spacings in x and y, respectively.

Dir(0, ¢) =

C. ELEMENT-IN-ARRAY PATTERN
For FF-pattern analysis of large-scale RISs, it can be highly
efficient to introduce an approximate method, wherein the
scattering problem of the entire panel can be divided into
a superposition of a series of small-scale subarrays. Pre-
vious studies reported in [16] and [17] have utilized this
concept of subarrays to investigate the mutual coupling
impact in reflectarray and RIS designs, respectively. For
a panel consisting of Q = M x N total elements, they
considered 1D and 2D subarrays in the form of an S-element
overlapping/gliding convolutional window with 1 < .5 < @),
where the two extremes of 1 and () are the isolated element
summation and the whole panel analysis at once, respec-
tively. Their conclusion and findings were that the immediate
surrounding neighbors to the central element within each
subarray have the highest contribution to the mutual coupling
effect and that the size of the subarray can be practically
kept small relative to the size of the entire panel. Dubbed
as “element-in-array-pattern” (EIAP) in [16], this simple
technique expresses the total scattered far electric field as
Ey = Zgi“l E, (0,¢) where Nga is the total number of
subarrays and E,, is the scattered field by subarray n (i.e.
an S-element gliding window centered on the nth cell).

In this study, we adopted EIAP in order to investigate
the extent to which a complete overlook of the potential
over-the-air mutual couplings among the cells can distort the
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FIGURE 2. lllustration of the Macromodeling method with (a) the 2-port
passive structure simulated in CST and (b) the network representation of
the equivalent model for I" calculation.

final prediction of the scattering pattern of RIS panels with
different sizes. Therefore, only a 1-element window EIAP
analysis is conducted here, which automatically implies
Nsa = @ and can be easily incorporated into the H-DDM
framework introduced in Section II-A. Similar to the original
H-DDM formulation, the block-diagonal admittance matrix
of the interior domain Y2, remains the same here, reiterating
that there is no internal cross-talk at the substrate level
of the panel due to utilization of the interior cavity walls.
However, unlike the original H-DDM, depicted in Fig. 1b,
which considers a fully populated exterior admittance matrix
Y, to account for all over-the-air mutual couplings, 1-
element EIAP considers a diagonalized Y, for the exterior
region as well, hence neglecting all over-the-air cross-talks
among adjacent cells. In other words, this isolated-element
implementation of EIAP involves solving a series of () H-
DDM problems iteratively, one at a time, and superimposing
them in the end to yield the total far-field scattering pattern
of the entire panel, as schematically explained in Fig. 3.

lll. NUMERICAL RESULTS & DISCUSSION

Using both the FW CST solver and the Macromodeling
technique of Section II-B, we performed unit cell character-
ization under different varactor loadings, whose results are
reported in Fig. 4. In general, the reflection coefficients of
the UC and its lookup table predicted by MM are in good
agreement with CST, especially magnitude-wise, but in terms
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FIGURE 3. The main idea behind the diagonalized admittance matrix in the framework of EIAP [16], which is implemented as a superposition of

1-element H-DDM problems.
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FIGURE 4. Proposed unit cell’s characterization and comparison of its
so-called ‘Look-up Table’ predicted by MM vs FW CST simulations at the
center frequency 0.85 GHz with C,, changing from 0.05 to 6 pF. Shown in
the inset are also the UC dimensions (in cm) and the constitutive
parameters of its dielectric filling (Polyimide).

of phase, they slightly fall out of sync by either exhibiting
some phase lead or lag, as shown for the 2-bit selected states
in the figure. This is in agreement with our observations
on MM’s level of accuracy in UC characterization reported
elsewhere [24].

At the panel level, it is both of great interest to the research
community and one of the main contributions of this study to
investigate how much over-the-air mutual coupling effects,
neglected in EIAP, and the local periodicity assumption,

used in MM, will cause the predictions to deviate from
the reference or the ‘ground truth’ behavior of the panel.
Note that in the lack of experimental measurements, FW
analyses are used as the reference solutions throughout this
study. To this end, several planar arrays composed of 4 x 4,
4 x 8, and 4 x 16 elements of the proposed unit cell have
been designed and beamformed using the generalized law
of reflection (GLR) [25] to reflect a normally incident plane
wave onto a non-specular 30° elevation angle in the E-plane
(X-Z plane). Since the lateral size of the proposed UC (W)
is approximately half a free-space wavelength ()\g) at the
center frequency, GLR suggests a —90° phase progression
along +z axis to achieve the desired reflection angle of
+30°, corresponding to the four states [0, —90, —180, —270)
highlighted in Fig. 4 for varactor capacitance values of
0.05,1.35,1.625, and 2.2 pF, respectively.

Shown in Fig. 5 are the E-plane scattering patterns of
these beamformed panels obtained using the algorithms
discussed in Section II and compared against FW CST
results serving as the reference solution in the absence of
measurement results. For the sake of having a better visual
comparison, both the linear and dB scales in Cartesian and
polar coordinates are reported in the figure from which the
following conclusions can be drawn:

e H-DDM and CST’s integral equation (IE) solver show
the closest agreement and are almost indistinguishable
for the 4 x4 and 4 x 8 cases as shown in Figs. 5a and 5c.
For the 4 x 16 configuration, however, a proper mesh
setting of the CST-IE solver put a stringent demand
on our local server in terms of memory requirements
and simulation run-time. Therefore, we were not able
to simulate this case with CST’s IE solver. Instead, we
resorted to the default setting of the frequency domain
(FD) solver of CST for this case whose result, shown
in Fig. 5e in the E-plane and in Fig. 6 in 3D format,
is still in close agreement with that of H-DDM but not
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as close as the two smaller cases handled by CST’s IE
solver.

e As better emphasized in the polar coordinate sub-plots
in Fig. 5, both MM and EIAP methods are good at
predicting the main lobe direction, but they grow more
and more inaccurate away from the main beam in their
sidelobe predictions. It is important to notice that the
nature and root cause of inaccuracies in these two
approximate solutions are fundamentally different from
one another. The discrepancies in EIAP’s result stem
from neglecting over-the-air mutual couplings among
the cells in an otherwise identical implementation of
H-DMM as described in detail in Section II-C. The
inaccuracies in MM results, however, have their roots
partly in the PBC assumption, whose impact shows up
in the calculation of I';,,,, values under infinite periodic
boundary conditions in Eq. (13) and partly from the
pattern multiplication rule by incorporating the element
pattern of one isolated meta-atom under a conjugate-
matched loading condition.

e The results obtained from analyzing these types of
panels composed of open-cavity based unit cells also
indicate that neglecting only over-the-air mutual cou-
plings in EIAP has less severe impact on the accuracy
of the final results than the assumptions made through
Macromodeling may result in. Nevertheless, as we also
concluded in our previous work [24], MM as a viable
and low-cost surrogate model can still serve well most
of the applications that are mainly concerned about
the main beam direction and can thus tolerate potential
errors in their side-lobe predictions.

Finally, in an attempt to quantify the relative errors for the
pattern prediction cases above, we calculated

DirMed(9,) — Dir"ST ()
max (DirCST(L‘)))

1
No 1=

] x 100%

15)
for each method and plotted them in Fig. 7, where Ny is
the total number of angular samples in the E-plane. The
Algorithms’ predictions tend to converge for bigger arrays
although it should be noted that the jump in H-DDM from
low error values for 32 elements (4 x 8 case) to higher ones
for 64 elements (4 x 16 case) observed in the plot can be
attributed primarily to the change of CST solver from IE to
FD whose predicted main beam in Fig. 5f is now pointing
to a slightly different direction than those predicted by the
DDM-based methods.

€Method = l

IV. CONCLUSION

This work introduced a hybrid integral-equation domain
decomposition method (H-DDM) tailored for accurate and
efficient electromagnetic analysis of open-cavity-based RIS
panels. The method was validated through benchmarking
with CST full-wave solvers and compared against approx-
imate approaches from the literature. Numerical results for

VOLUME

beamformed RIS panels of different sizes demonstrate that
H-DDM closely matches full-wave reference solutions across
main-beam and sidelobe regions, whereas MM and EIAP
exhibit noticeable discrepancies, particularly in sidelobe pre-
diction. The analysis further reveals that neglecting only
over-the-air mutual coupling in 1-element EIAP leads to less
severe inaccuracies than the combined assumptions inherent
to MM, especially the local periodicity and array factor
approximations. Overall, the proposed H-DDM provides a
computationally efficient tool for open-cavity based RISs.
Future work will focus on extending the method to signif-
icantly reduce memory usage and runtime by incorporating
several numerical acceleration strategies, including transla-
tional symmetry and adaptive cross approximation.

APPENDIX

To help the flow of the discussion throughout the paper, a
brief overview of the basic formulation of DDM is provided
here. To start with, the general compact operator formulas
for electric and magnetic fields are as follows:

E=E(J,)+E(M, and H=H(J,) +H(M,)

with the integro-differential operators given as 1o
E(J,) = L(Js), a7
H(M,) = %L‘(Ms) (18)

and
E(M;)=-K(M,)+ %fz x M, 19)
H(J,) = K(J.) ~ g J, (20)

where the operators /C and £ on any given input kernel X
are defined as in [26]:

/ X (r') x V'G(r — r")dSs’, (21a)
L(X) = —jw,u/ X (r"G(r —r")ds’
+ —V V' - X()G(r—7r)dS. (21b)
Jwe s

Furthermore, the scalar Green’s function for a homogeneous
medium is

e—dklr—r] e—JkR
ATR

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.

Enforcing continuity of tangential magnetic fields across
the aperture as Hy,, = H f’an results in an MFIE formulation
in which H® has three contributors of firstly the form of
impressed impinging wave from region a denoted as H®",
secondly the form of magnetic field radiated by magnetic
surface current M denoted as H*(M ), and thirdly the

form of magnetic field radiated by electric surface current

Gr—r')= (22)

4rlr — r'| -
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FIGURE 5. Comparisons between the the four algorithms’ predictions of E-plane FF-pattern cuts in Cartesian (first column) and polar (second column)
elevation angle.

coordinates for (a) and (b) 4 x 4, (c) and (d) 4 x 8, and (e) and (f) 4 x 16 arrays, all beamformed to reflect a normally incident plane wave onto the +30°

in region a denoted as H®(J%). Note that H” can be manipulation, we therefore have:
interpreted and constructed in a similar fashion just by

b b b
replacing superscript @ with b. With a bit of mathematical H"(M;)+ H"(M S)Lan + [H ‘) - H (Js)]mn

= [E" - H] @3

tan
which is the exact MFIE equation at the aperture and can

be cast into the framework of MoM and Galerkin weighted
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$ Normal Incident PW

Z dB(v/m)

farfield (f=0.85) [pw]

Type Bistatic Scattering
Approximation enabled (kR >> 1)
Component  Abs

Output E-Field(r=1m)
Frequency 0.85 GHz

Emax 16.28 dB(V/m)

Theta 126

FIGURE 6. 3D CST FF-scattering pattern of the 4 x 16 panel beamformed
to +30°.
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FIGURE 7. Pattern prediction errors of the investigated methods relative
to the full-wave reference solutionfor 1 x 4,1 x 8,4 x 4,4 x 8,and 4 x 16
array configurations.

residual approach:
<_mm,H&n(Ms) + Hfan(MS»—’_
<_mm7 H&n(']?) - Hfan(JlsJ» =
<_mmaH?z;ri>_<_mM7H?aﬁ>’ m=12--- N
(24)

Using linearity of the operators and the definition of aperture
admittances, we obtain

N N°
Z [sz,n + YTZn] V" + Z Cfnnjz
n=1

n=1
Na
=y Ce =I5 -1, m=1,2,--- N (25)
n=1
where
1
Vil = ———(mpy, L2 (m,)) (26)
na,b
1
Co = (my,, K@P(i%0)) — §<mm, A%t x i®%  (@27)
IS = (M, Hy) and I3 = (my,, Hiy). o (28)
VOLUME ,

This set of IV linear equations can be conveniently repre-
sented in the compact form of vector-matrix multiplication
by rewriting Equation (25) as

YO+ Y V4+CT —CT1* =1 -1, (29
The ultimate goal is to find My of which V is an N-
term variational approximate solution. In fact, I¢ and I are
intermediate, dependent variables and can therefore be found
in terms of V by enforcing the second set of boundary con-
ditions, i.e. ensuring electric field continuity at the aperture
as follows:
E(l

tan

=n*x M,=-n"x M, =E",, (30)
which results in the two following EFIE equations
[E“" + E“(M,) + E*(J?)]
(B — B"(M,) + E"(J})]

=n"x M,

€19}
(32)

tan

=—n’x M,.
tan

Following a similar Galerkin procedure by testing with
{i%"} and expansions to basis functions as before, the
discretized version of the EFIEs read:

N©¢ N
> Z8, I => D Vu+ Vet form=1,--- N
n=1 n=1

N® N
S 28— 3" DAV VA, for 1
n=1 n=1

where
i = =@ L7 @0)), (33)
Dt = (i K my)) — S (i A < m) (34
Vil = (i, Bi) and Vo' = (ih, En),  (35)
or simply
Z°1° = DV + Vi (36a)
7'’ = —DYV + Vb, (36b)

By rearranging the above equations, the intermediate vari-
ables can now be expressed in terms of V:

I = (Z%) ' (V¥ + DV),
1’ = (2°) " (V" - D'V)

(372)
(37b)

and finally, the substitution of I¢ and I back into Equa-
tion (29) leads to the final generalized admittance formula
given in (9).
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