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Reflectarrays and reconfigurable intelligent surfaces (RIS)
are engineered panels that steer and shape radio waves to
improve future high-frequency wireless networks. However,
accurately simulating large, curved, or reconfigurable
surfaces is computationally expensive, especially during
repeated optimization or tuning. This thesis develops fast
electromagnetic modeling methods for all-metal and cavity-
backed reflectarrays. It combines full-wave accuracy for
individual elements with efficient array-level techniques,
including modular domain decomposition, physical
optics, macro basis functions, and fast matrix updates.
The proposed methods reduce simulation time while

maintaining accuracy, particularly for reconfigurable arrays where previously computed
element data can be reused. Overall, the work supports faster reflectarray and RIS design,
dataset generation, and data-driven optimization for next-generation wireless applications.
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Abstract

Reflectarrays and reconfigurable intelligent surfaces (RIS) enable low-profile,
high-gain wavefront shaping with electrically large apertures in high-frequency
wireless systems. However, accurate full-wave analysis of finite, conformal,
and reconfigurable reflectarrays remains computationally expensive, especially
when many configurations must be evaluated for design, tuning, optimization,
or electromagnetic dataset generation.

This thesis develops fast numerical modeling techniques for all-metal and
cavity-backed reflectarrays that preserve local full-wave accuracy while accel-
erating array-level analysis. A hybrid Method-of-Moments—Physical-Optics
(MoM-PO) approach is first introduced, where an all-metal reflectarray is
represented by a perfect-electric-conductor (PEC) equivalent surface excited
by MoM-derived aperture magnetic currents. A domain-decomposition frame-
work is then developed for open-cavity-based array elements, in which unit
cells are characterized separately and finite-array mutual coupling is mod-
eled through over-the-air generalized admittance interactions. The formula-
tion is further extended to conformal cavity-backed reflectarrays by coupling
interior cavity and exterior radiation domains through generalized aperture-
admittance operators.

For electrically large and reconfigurable arrays, the thesis introduces a hy-
brid domain-decomposition/PO framework using characteristic-mode macro
basis functions (MBFs). This enables efficient multi-state analysis by reusing
pre-characterized element operators and reducing the number of aperture un-
knowns. Different MBF constructions, including characteristic mode analysis
(CMA), the characteristic basis function method (CBFM), and singular value
decomposition (SVD), are compared to quantify trade-offs between accuracy,
compression, and conditioning. Finally, Woodbury-identity-based updates
and Jacobi-preconditioned Generalized Minimal Residual (GMRES) solvers
are used to accelerate recomputation under localized element changes. The
resulting methods support scalable analysis, electromagnetic dataset genera-
tion, and data-driven optimization of reflectarray and RIS architectures.

Keywords: Reflectarrays; Reconfigurable Intelligent Surfaces; Cavity-
Backed Antennas; Computational Electromagnetics; Method of Moments; Do-
main Decomposition; Physical Optics; Macro Basis Functions; Generalized
Admittance; Fast Electromagnetic Solvers.
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CHAPTER 1

General Introduction

1.1 Motivation

Reflectarrays and reconfigurable intelligent surfaces (RIS) are promising elec-
tromagnetic (EM) architectures for shaping radiation patterns with high gain

and low profile. They are increasingly relevant for high-frequency and large-
aperture wireless systems, where compact, efficient, and configurable aper-
ture technologies are required. In practical designs, especially when low loss,
high efficiency, and mechanical robustness are important, all-metal and cavity-
backed reflectarray configurations are attractive alternatives to dielectric-substrate-
based implementations.

A key challenge is that realistic reflectarrays and RIS often involve electri-
cally large apertures, finite-array effects, conformal geometries, mutual cou-
pling, and many possible unit-cell configurations. Accurate full-wave sim-
ulation of such structures is computationally demanding. For Method-of-
Moments (MoM) formulations, the impedance matrix is dense, and the com-
putational cost and memory requirements grow rapidly with the number of
unknowns. This makes repeated evaluation for design iteration, optimiza-
tion, reconfiguration, and data generation impractical if conventional full-
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array MoM formulations are used directly.

This challenge becomes even more important in reconfigurable and data-
driven workflows. RIS and tunable reflectarrays may require the analysis of
many element-state configurations, while learning-based surrogate modeling,
inverse design, and optimization require large volumes of reliable radiation
data. Therefore, there is a need for numerical methods that preserve full-
wave accuracy where it is essential, such as in the local unit-cell, aperture,
or cavity region, while reducing the cost of array-level analysis and repeated
recomputation.

This thesis addresses these challenges by developing fast and scalable numer-
ical modeling techniques for all-metal, open-cavity-based, and cavity-backed
reflectarrays and related RIS structures. The central theme is to combine ac-
curate local modeling with efficient global analysis through hybridization, do-
main decomposition, generalized admittance modeling, macro-basis-function
reduction, and fast matrix-update strategies.

1.2 Scope and Problem Statement

The focus of this thesis is on computationally efficient modeling of finite re-
flectarrays, with emphasis on all-metal, open-cavity-based, and cavity-backed
implementations. The work considers planar and conformal arrays, as well
as reconfigurable configurations where only a subset of elements may change
state between simulations.

The practical requirements motivating the proposed methods are:

o Large-scale analysis: efficiently predicting radiation patterns, scat-
tering responses, and key antenna metrics for finite electrically large
reflectarrays.

o Cavity-backed and open-cavity element modeling: retaining full-
wave accuracy for local cavity physics, resonant behavior, aperture fields,
and element-level responses.

¢ Finite-array mutual coupling: accounting for over-the-air coupling
and the different local environments experienced by interior and edge
elements.

¢ Conformal implementations: supporting curved or faceted concave
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and convex reflectarray surfaces, where local element orientation and
geometry complicate the analysis.

Reduced-order modeling: decreasing the number of unknowns
through macro basis functions (MBFs) while preserving the dominant
electromagnetic behavior.

Local reconfiguration: rapidly updating solutions when only a subset
of elements changes state, as is typical in tunable reflectarrays and RIS.

Dataset generation: enabling fast and accurate EM field generation
for data-driven design, surrogate modeling, and optimization.

The main problem addressed in this thesis can therefore be stated as follows:
how can finite cavity-backed reflectarrays and related RIS structures be modeled
accurately while reducing computational cost sufficiently to enable large arrays,
conformal geometries, reconfigurable states, mutual-coupling-aware finite-array
analysis, and repeated simulations?

1.3 Research Objectives

The main objective of this thesis is to develop numerical modeling frameworks
that reduce the solving time for reflectarray/RIS analysis while maintaining
accuracy comparable to trusted full-wave references. More specifically, the

thesis aims to:

1.

formulate efficient hybrid approaches that combine detailed unit-cell or
aperture-level modeling with fast array-level computations;

develop domain decomposition strategies that separate interior ele-
ment /cavity physics from exterior radiation and scattering through aper-
ture/interface quantities;

model finite-array mutual coupling through generalized admittance
formulations, including the local coupling environment experienced by
edge and interior elements;

. investigate macro-basis-function representations for reduced-order

analysis of cavity-backed and reconfigurable reflectarrays;
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5. enable multi-state and reconfigurable analysis by reusing pre-
characterized element information and updating only the portions of the
model that change;

6. enable rapid recomputation under localized element changes using
matrix-update identities and iterative solvers;

7. validate the proposed techniques on representative finite planar, confor-
mal, and reconfigurable reflectarray /RIS configurations.

1.4 Key Contributions
This thesis makes the following contributions:

« Hybrid MoM-Physical Optics framework for fast array anal-
ysis: A large three-dimensional all-metal reflectarray is modeled us-
ing a perfect-electric-conductor (PEC) equivalence excited by impressed
aperture magnetic currents. These currents are extracted from isolated
unit-cell MoM analysis, while the induced currents on the large PEC-
equivalent aperture are computed using Physical Optics (PO). This re-
duces the cost of array-level analysis while preserving accurate local
unit-cell information.

¢ Domain decomposition framework for open-cavity-based array
elements: A modular domain decomposition method (DDM) is de-
veloped for finite reflectarrays and RIS, where a single reflecting unit
cell can be characterized separately from its embedded array environ-
ment. Mutual coupling between unit cells is modeled through over-the-
air interactions using a generalized admittance matrix formulation. The
method is validated for transmitting and scattering problems against
CST Microwave Studio and conventional MoM results, and provides a
roadmap toward large-scale reflectarray /RIS analysis.

¢ MoM-based domain decomposition for conformal cavity-backed
reflectarrays: A domain decomposition formulation is developed for
finite conformal cavity-backed reflectarrays. The method separates the
interior cavity region from the exterior radiation region through aper-
ture/interface quantities, using equivalent aperture magnetic currents
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and a generalized aperture-admittance formulation. This enables accu-
rate modeling of concave and convex conformal reflectarray geometries.

Hybrid domain-decomposition/physical-optics analysis using
characteristiccmode MBFs: A hybrid DDM-PO framework is de-
veloped for finite large-scale reconfigurable reflectarrays and RIS. The
exterior response is approximated using PO, while element behavior is
captured through pre-characterized admittance operators. Scalability to
large arrays and many tuning states is achieved using a characteristic-
mode MBF expansion of the aperture current, allowing multi-state anal-
ysis by reusing element operators and updating only changed elements.

Comparison of MBF construction methods for reduced-order
analysis: A controlled comparison is performed between character-
istic mode analysis (CMA), the characteristic basis function method
(CBFM), and a singular-value-decomposition (SVD)-based basis for
reduced-order MoM analysis of cavity-backed reflectarrays. The com-
parison uses identical geometry, discretization, partitioning, and solver
settings to isolate the impact of the MBF construction method on cur-
rent reconstruction, far-field accuracy, number of retained unknowns,
and conditioning.

Fast reconfiguration updates using Woodbury identity and it-
erative solvers: A fast EM field data generation framework is de-
veloped by combining domain decomposition with Woodbury-identity-
based iterative updates. The method avoids full matrix reassembly un-
der localized element changes and introduces a Jacobi-type precondi-
tioner to accelerate Generalized Minimal Residual method (GMRES)
convergence for large-scale repeated solves.

Validation for scalable and data-driven design workflows: The
proposed methods are validated on representative finite reflectarray con-
figurations, including planar, open-cavity, conformal, and reconfigurable
arrays. The results demonstrate reductions in memory usage and simu-
lation time while preserving accuracy, supporting scalable analysis, opti-
mization, and dataset generation for reflectarray and RIS architectures.
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1.5 Thesis-by-Publication Format

This thesis is written in a thesis-by-publication format, where each main tech-

nical part corresponds to a self-contained paper. To improve readability and

consistency, common background material, notation, numerical concepts, and
validation metrics are introduced before the included papers. Acronyms are
listed in the front matter to minimize repetition.

The included papers form the following methodological progression:

1.

Paper [A} hybrid MoM-PO modeling for fast analysis of large all-metal
reflectarrays;

Paper [Bf DDM analysis of open-cavity-based array elements as a road-
map toward large-scale finite reflectarray and RIS modeling;

Paper[C} MoM-based domain decomposition for conformal cavity-backed
reflectarrays;

Paper [D} hybrid DDM-PO analysis of finite reconfigurable reflectarrays
using characteristic-mode MBFs;

Paper [E} comparison of MBF construction methods for reduced-order
analysis of cavity-backed reflectarrays;

. Paper[F} fast MoM data generation using domain decomposition, Wood-

bury updates, and iterative solvers.

1.6 Organization of the Thesis

The remainder of this thesis is organized as follows:

¢ Chapter [2] introduces the physical and numerical background, includ-

ing reflectarrays, RIS, cavity-backed all-metal unit cells, conformal re-
flectarrays, equivalence principles, MoM, PO, and relevant acceleration
concepts.

Chapter [3] presents the common numerical modeling framework and
acceleration techniques used throughout the thesis, including aperture
equivalence, domain decomposition, generalized aperture admittance,
hybrid MoM-PO and DDM-PO modeling, MBF-based reduction, Wood-
bury updates, and iterative solution strategies.
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Chapter [ describes the common validation workflow, benchmark con-
figurations, and evaluation metrics used to assess accuracy and compu-
tational performance across the included papers.

Chapter 5] provides a roadmap of the included papers and explains how
the individual contributions relate to one another.

Papers [AHF] present the included papers as self-contained contributions.
Each paper states the specific problem addressed, describes the pro-
posed method, presents numerical results, and includes a paper-specific
bibliography.

The final chapter [6] summarizes the overall findings, discusses limita-
tions, and outlines directions for future research in fast modeling, recon-
figurable reflectarray /RIS analysis, reduced-order methods, and data-
driven EM design.






CHAPTER 2

Background on Reflectarrays, Cavity-Backed Elements,
and Key EM Concepts

2.1 Reflectarrays and Reconfigurable Intelligent
Surfaces

Reflectarrays are planar or conformal apertures composed of periodically ar-
ranged unit cells that reradiate an incident electromagnetic field with a pre-
scribed spatial phase distribution, thereby forming a desired far-field beam |1}
3]. Compared with classical parabolic reflectors, reflectarrays can provide
high-gain aperture operation while offering a lower-profile structure and po-
tentially reduced mass and integration complexity.

Reconfigurable intelligent surfaces (RIS) extend this concept by enabling
the unit-cell response to be tuned, for example by switching between discrete
states or continuously varying a controllable parameter [4-6]. This allows the
reflected pattern to adapt to changing propagation or system requirements.
From an electromagnetic viewpoint, both reflectarrays and RIS can be in-
terpreted as engineered boundary conditions that impose a desired complex

11
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reflection response over an aperture:
(r) = [[(x)[e’*), (2.1)

where I'(r) is the local reflection coefficient and ¢(r) is the local phase shift
required to synthesize the target radiation pattern.

Beam-Forming Principle and Required Phase Profile

For a feed illuminating the aperture, the design objective is to compensate
the spatial phase delay from the feed to each unit cell and to add the phase
required for the desired outgoing direction ko. A commonly used phase com-
pensation condition is

(b(r) ~ —k‘oR(I‘) + ]{,‘0 lA{O -r + ¢0, (22)

where ko = 2w/ is the free-space wavenumber, R(r) is the distance from the
feed phase center to the point r on the reflectarray surface, and ¢ is a constant
reference phase. In practice, is implemented using a finite set of unit-cell
geometries or states. This discretization introduces phase quantization, finite-
size effects, and edge-element effects, all of which influence the final radiation
pattern.

Finite-Array and Reconfiguration Considerations

Ideal reflectarray synthesis often relies on local periodic or isolated-cell as-
sumptions, where each element is characterized independently and then placed
in the array. This provides a practical design route, but finite arrays introduce
additional effects that are not fully captured by infinite-periodic or isolated-
cell models. These include nonuniform feed illumination, changes in the local
element environment, and mutual coupling between apertures or cells. Edge
elements may experience a different coupling environment than elements in
the interior of the array because they have fewer neighboring elements. This
edge-element effect is distinct from explicit edge-diffraction modeling, which
is not the primary focus of this thesis.

For reconfigurable reflectarrays and RIS, an additional challenge is that
the same physical aperture may need to be evaluated for many different state
distributions. A direct full-wave recomputation for every configuration is often

12
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computationally impractical. This motivates modular modeling approaches
in which local element or aperture responses are pre-characterized and then
reused or updated efficiently at the array level.

2.2 Cavity-Backed and All-Metal Unit Cells

(a) (c)

Figure 2.1: Representative cavity-backed reflectarray elements: I@l an all-metal
waveguide-based cavity-backed element, @ a dielectric cavity-backed
patch element formed using vias connected to the ground plane, and
a ridged cavity-backed element that provides additional control of
bandwidth and polarization response.

Cavity-backed reflectarray elements consist of an aperture opening backed
by a metallic cavity or waveguide-like region. All-metal implementations are
attractive at high frequencies because they can reduce dielectric losses and
provide improved thermal and mechanical robustness. The cavity introduces
a resonant response that can be exploited to realize a controllable reflection
phase. Depending on the design, phase control may be achieved through
geometric parameters such as cavity depth, aperture shape, metallic posts,
ridges, or other perturbations. The aim is typically to obtain a wide phase
range while maintaining a high reflection magnitude.

From a modeling standpoint, cavity-backed and open-cavity elements nat-
urally separate into two regions:

e an interior domain or local element domain, where the fields satisfy
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the local boundary conditions and may exhibit resonant behavior, and

e an exterior domain, where radiation, scattering, and coupling to other
array elements occur.

This interior /exterior separation motivates domain decomposition approaches,
where coupling across the aperture is enforced using equivalent currents and/or
generalized admittance relationships.

2.3 Conformal Reflectarrays

Conformal reflectarrays are mounted on curved or faceted surfaces, such as
concave or convex platforms, to satisfy integration constraints, realize specific
radiation characteristics, or improve performance aspects such as scan behav-
ior or bandwidth compared with planar configurations [7H11]. Compared with
planar apertures, curvature introduces additional modeling and design chal-
lenges. First, each element has a different local surface normal, which changes
the effective illumination, polarization response, and projected aperture. Sec-
ond, the required phase distribution must be evaluated on a curved surface
rather than on a plane, so the position vector r in must follow the con-
formal geometry. Third, finite-size and mutual-coupling effects become more
difficult to model because the element orientations and local environments
vary across the surface.

Equivalence-based interface modeling and domain decomposition are well
suited to this setting. They allow each cavity-backed element, or group of
elements, to be treated in a local coordinate frame while enforcing global
coupling through aperture/interface conditions.

2.4 Equivalence Principle and Aperture Equivalent
Currents

Many modeling techniques rely on equivalence principles that replace a com-
plex three-dimensional region by equivalent sources on a reference surface [12}-
14]. In this thesis, a particularly useful representation is based on equivalent
magnetic surface currents on an aperture surface S, [L15H17]:

M (r) = E(r) x 1, reS,, (2.3)
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Figure 2.2: Aperture-equivalence principle at the cavity—free-space interface. @
Original configuration, where the cavity is open to free space through
the aperture S,. At the aperture, the tangential fields are continuous,
ie, Et1 = Ey2 and H; 1 = Hy . @ Equivalent interior problem.
The aperture tangential electric field is represented by an equivalent
magnetic surface current —M, and the aperture is closed so that the
interior cavity problem can be treated separately. Equivalent exte-
rior problem. The exterior region is treated separately by setting the
interior fields to zero and representing the aperture tangential electric
field by the corresponding equivalent magnetic surface current M.
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where 1 is the outward unit normal, taken from the interior cavity toward the
exterior region, and E; is the tangential electric field on the aperture. With
this sign convention, M, = E; x = —n X Ej.

The physical interpretation is that, if the tangential aperture field is known
or accurately approximated, the exterior scattered or radiated field can be
computed using radiation integrals or asymptotic methods without explicitly
resolving the full interior geometry at the array level. In unit-cell-based work-
flows, E; and therefore M ; may be obtained from detailed full-wave analysis of
an isolated element under representative excitation. In domain-decomposition
workflows, the aperture quantities are instead solved as interface unknowns
coupled to both the interior and exterior domains.

For cavity-backed and open-cavity elements, the aperture is therefore not
only a physical opening but also a natural computational interface between the
local element /cavity region and the exterior radiation region. This viewpoint
motivates the generalized aperture-admittance and domain-decomposition for-
mulations used later in the thesis, where the detailed local response is retained
while the exterior problem is treated separately.

2.5 Integral-Equation Modeling and the Method
of Moments

The Method of Moments (MoM) is a standard full-wave technique for solving
electromagnetic integral equations [12| 13| [18]. In surface-integral-equation
formulations, the unknowns are currents defined on material interfaces, con-
ducting surfaces, or equivalent aperture surfaces. This is particularly attrac-
tive for open-region radiation and scattering problems because the radiation
condition is included through the Green’s function.

Assuming time dependence e/**, the free-space scalar Green’s function is

ef.jkolrirll

G(r,1") (2.4)

- dclr — 1’|’
where kg = w,/po€p is the free-space wavenumber. Following the operator

notation commonly used in MoM formulations with electric and magnetic
surface currents [19], the electric-field and magnetic-field radiation operators
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are written as

LIX}(r) = —jeopio /S X(r')G(r,r') dS’

1

+ -
Jweg

V/SV’S-X(r’)G(r,r’)dS’7 (2.5)

and

K{X}(r) = /SX(I") x V'G(r,r')dY’, (2.6)

where X denotes either an electric or magnetic surface-current density and
V% is the surface divergence with respect to the source coordinate r’.

For equivalent electric and magnetic surface currents J and M, the tangen-
tial fields can be expressed as

Boan(d.M) = [£(3} ~ K{M}],,, - 222 (27)
Hyn (3, M) = |K{J) + 7718£{M} 42 ; I (2.8)

where 19 = \/o/€o is the free-space wave impedance. The jump terms in-
volving i x M/2 and fi x J/2 appear when the observation point approaches
the current-supporting surface. When the observation and source surfaces are
distinct, these limiting terms are not present.

Electric-Field Integral Equation

For a conducting object or conducting aperture structure, the electric current
J is usually unknown and must be solved from the boundary condition on the
tangential electric field. For a perfect electric conductor (PEC), the tangential
total electric field vanishes:

[E'+E°], =0, res. (2.9)

tan

Using E®* = £{J} for the field scattered by the induced electric current, the
electric-field integral equation (EFIE) becomes

[[’{J}]tan == [Ei]tan' (2'10)

In aperture-fed formulations, an impressed magnetic current M may act as
the excitation. From (2.7)), the electric field produced by M is —K{M}. If
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a surface impedance Z; is used to model a lossy conductor, the impedance
boundary condition is

Ean = Z.J. (2.11)

The corresponding EFIE can then be written as

[‘C{J}}tan - ZbJ = [K{M}]tan . (212)
For a PEC conductor, Z, = 0, and the equation reduces to
(£} san = KM} oy, - (2.13)

This form is particularly useful when aperture fields are represented by im-
pressed magnetic currents.

Magnetic-Field Integral Equation

The magnetic-field integral equation (MFIE) is obtained from the magnetic-
field boundary condition on a closed conducting surface. The electric surface
current on a PEC boundary is related to the total magnetic field by

J=nxH" =ax (H +H). (2.14)

Using the magnetic-field operator in (2.8), and considering the limiting value
on the conducting surface, the MFIE can be written in compact operator form
as

1 )
(21+ /c) (J}=axH, res, (2.15)

where 7 is the identity operator. The sign of the K term depends on the chosen
normal direction and on the precise definition of the magnetic-field operator.
In this thesis, the sign convention is fixed by the aperture-equivalence and
generalized-admittance formulations used in the paper chapters.

The MFIE is mainly used for closed conducting surfaces and is often better
conditioned than the EFIE. However, because the cavity-backed and aperture-
based formulations in this thesis naturally involve aperture magnetic currents
and interface unknowns, the MFIE appears most prominently in the general-
ized aperture-admittance and hybrid DDM—-PO formulations.
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MoM Discretization

To solve either the EFIE or MFIE numerically, the unknown current is ex-
panded in a finite set of basis functions. For triangular surface meshes, Rao—
Wilton—Glisson (RWG) basis functions are commonly used:

Ny Ny
I(r) = Y L (v), M(r) =~ > V,MEY (x), (2.16)
n=1 n=1

where I;] and V;™ are expansion coefficients for electric and magnetic currents,
respectively.

Applying Galerkin testing with the same basis functions gives a finite-
dimensional matrix equation. For the EFIE in , testing with £ yields

Ny
Nzl =b),  m=12... N, (2.17)
n=1
where
Zi = (&), LAY — Z.8]) (2.18)
and
Ny
b, = (0, K{MY) = Y (£, K{E3) V. (2.19)
n=1

Using the symmetric product

(a,b) = / a(r) - b(r)ds, (2.20)
s
the tested EFIE can be written in matrix form as
Z771/ = b’ (2.21)

Similarly, testing the MFIE in (2.15) gives
N,y
S ZYEL = bE m=1,2,...,Ny, (2.22)
n=1
with

ZMEIE <f,;’1, (;14— /c) £/ > , (2.23)
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and
baFIE = (£ A x HY). (2.24)

Both the EFIE and MFIE therefore lead to the generic MoM system
Zx = b, (2.25)

where Z is the MoM system matrix, x contains the unknown current ex-
pansion coefficients, and b is the tested excitation vector. In the EFIE, Z
represents electric-field testing of the unknown electric current. In the MFIE,
Z represents magnetic-field testing and includes the identity term.

For electrically large finite arrays, Z is dense because the Green’s function
couples distant basis functions. As a result, storage and matrix filling typi-
cally scale as O(N?), dense matrix—vector products scale as O(N?) per iter-
ation, and conventional dense direct solution scales as approximately O(N?).
These costs motivate the acceleration strategies used in this thesis, including
aperture equivalence, generalized admittance, domain decomposition, Physi-
cal Optics, macro basis functions, low-rank updates, and iterative solvers.

Iterative Solvers and Preconditioning

For large-scale systems, iterative Krylov subspace methods such as the Gen-
eralized Minimal Residual method (GMRES) [20] are widely used to solve
(2.25)). Their convergence depends strongly on the spectral properties and
conditioning of the system matrix Z, as well as on the effectiveness of the
chosen preconditioner. In this thesis, lightweight preconditioning is used to
reduce iteration counts and improve scalability, especially when combined with
matrix-update techniques for localized configuration changes.

2.6 Physical Optics as an Array-Level
Approximation

Physical Optics (PO) is an asymptotic high-frequency approximation for es-
timating the induced current on an electrically large conducting surface illu-
minated by an incident field |21, 22]. The main assumption is that, in the
illuminated region, the surface behaves locally like an infinite tangent PEC
plane. Under this approximation, the induced electric surface current density
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is written as

Jpo(r) = 2h x H'(r), r € S, (2.26)

where i is the outward unit normal, H' is the incident magnetic field on the
conducting surface, and Sy denotes the illuminated part of the surface. In
the shadow region, the PO current is typically assumed to be negligible:

‘]PO (I‘) ~ 03 rc Sshadow- (227)

Once the approximate surface current is known, the radiated or scattered
field can be computed using standard radiation integrals. For a sufficiently
large and smooth surface, PO can therefore provide accurate main-beam and
dominant scattering predictions with substantially lower computational effort
than a full-wave global solve [23].

In the hybrid modeling strategies used in this thesis, PO is applied at the
array or exterior-domain level after accurate local information has been ex-
tracted from full-wave unit-cell, aperture, or cavity-level solutions. For ex-
ample, aperture fields or equivalent magnetic currents may first be obtained
from MoM or a generalized admittance formulation, and PO is then used to
approximate the induced current on the electrically large PEC-equivalent ex-
terior surface. This preserves the essential element-scale physics while keeping
the global computation efficient.

The PO approximation does not explicitly resolve all edge-diffraction,
shadow-boundary, or multiple-scattering effects. Therefore, its use in this the-
sis is limited to cases where the exterior response is expected to be dominated
by electrically large PEC scattering in the illuminated region, and the result-
ing patterns are validated against full-wave references in the paper chapters.

2.7 Overview of MoM Acceleration Strategies

The high accuracy of MoM comes with a significant computational cost for
electrically large reflectarrays and RIS. Since the discretized integral equa-
tion leads to a dense matrix, storage and matrix fill typically scale as O(N?).
Dense matrix—vector products in iterative solvers also scale as O(N?) per it-
eration, while conventional dense direct solvers typically scale as O(N?) [24].
For finite arrays, this becomes particularly limiting when many similar con-
figurations must be evaluated during design optimization, reconfiguration, or
electromagnetic dataset generation.
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A broad range of MoM acceleration strategies has therefore been developed.
Some approaches accelerate the matrix—vector product by restructuring far in-
teractions, as in the multilevel fast multipole method (MLFMM) (24} 25] or
the adaptive integral method (AIM) [26]. Other approaches reduce mem-
ory and computational cost by compressing low-rank interaction blocks, for
example using adaptive cross approximation (ACA) [27H29] or hierarchical
matrices (H- and HZ-matrices) [30]. A different class of methods reduces
the number of unknowns through macro basis functions or higher-order basis
functions 31} 132]. Domain decomposition methods divide the problem into
coupled subdomains [33, [34], which is especially natural for cavity-backed
structures. Finally, high-frequency approximations such as PO [21] and geo-
metrical optics (GO) [13] avoid the global full-wave solve by approximating
the relevant currents or fields directly.

The broad acceleration families are summarized in Table Bl The listed
methods are not exhaustive, and many combined or problem-specific variants
exist. The table is therefore intended as a compact overview of the main fam-
ilies into which many practical acceleration techniques fall. The listed com-
plexities should be interpreted as indicative, since the actual cost depends on
implementation, geometry, frequency, rank behavior, and solver convergence.

In this thesis, these acceleration ideas are used in a targeted way rather
than as a broad comparison of all available solver families. Full-wave MoM
is retained for local unit-cell and cavity physics, domain decomposition and
aperture equivalence provide a natural interior/exterior coupling, generalized
admittance formulations account for finite-array coupling, hybrid MoM-PO
and hybrid DDM—-PO modeling accelerate array-level scattering from electri-
cally large PEC-like apertures, MBFs reduce the number of unknowns in se-
lected reduced-order formulations, and low-rank update strategies enable fast
recomputation under localized element changes. These thesis-specific methods
are described in detail in Chapter [3]and in the corresponding paper chapters.

22



2.7 Overview of MoM Acceleration Strategies

"90U9ZI0ATI0D
IOA[OS pue ‘1oraeyaq uel ‘Aouenboiy ‘A1jowoss8 ‘uorjejuowrojdwir uo puodop pue oAIjedIpPUI oIk sorrxo[d
-W0D PoYSI] Y, 'IXU0d [euUOI)RINAUIOd 10] POPN[OUT SOI[IUIR] UOIPRISDIIR SHUSWOIA-JO-POYISIN [RIOULDY) :T1°Z O[qel,

“Ayprersry
(N)O :@seod 9sog o1} SSOID® UOIRULIOJUL SISRQ SOSNAI {XLIYeU [RIIYDIRIDTY PIISON XLIyeUL-, H,

"ULIOJ }o0[q YURI-MO]

(N SOl ) AqreotdA],  [edlydrelaly Ul XLIYRUW O9SUSP O} SAIO0)S ‘XIIPeUl [IIYDIRISTH XLI1RW-H,
Juepuadap-yuel "9INJONIYS JURI-MO[ IIM SHOO[(

(NSOl NY)O-(N¥)O  Xurew ploy-rej seojewrxordde fuorpewrxoiddy ssor)) aarpdepy VOV
‘UOT)091100 Poy-Iealu

(N SOl N)O AqeotdA], UM uoI1RIS[ed0R poseq-T,Jq sosn ‘poyIaJN [eiSequ] oanydepy INTV
Ieaul[-Teal "SUOI10RISIUI P[oY-IB] 9}RIS[e00R 0}

sowrrowios ‘(A7 80[ A7) U0  suolsuedxe ojodijnuua sesn (poyldJ\ o[odINN 158 [9AS[INIA ININATIN

(¢N)O A0S 3001
P {(ZN)Q :00A—jewr/o8eI10lg *Z, Ul SUOT}ORIDIUI [[e-03-[[€ 9SUd(] JNOIN pIepuelg

Suireos 1eordAT, 'apI Urej\ POYISIN

23



Chapter 2 Background on Reflectarrays, Cavity-Backed Elements, and Key
EM Concepts

2.8 Summary and Link to the Included Papers

This chapter introduced the physical and numerical background required for
the thesis. Reflectarrays and RIS were described as engineered apertures
that implement a prescribed reflection phase profile. Finite-array effects, mu-
tual coupling, and reconfigurable-state changes were discussed as key rea-
sons why repeated full-wave analysis becomes computationally demanding.
Cavity-backed and open-cavity elements were introduced as unit cells with a
natural interior/exterior separation. The equivalence principle was then used
to motivate aperture magnetic currents as compact interface quantities for
array-level modeling. MoM was introduced as the full-wave baseline, PO as
an efficient high-frequency array-level approximation, and common MoM ac-
celeration families were briefly reviewed to position the methods used in the
thesis.

These concepts motivate the included papers, where hybrid MoM—PO mod-
eling, open-cavity and conformal domain decomposition, MBF-based reduced-
order modeling, hybrid DDM-PO analysis of reconfigurable arrays, and fast
Woodbury-identity updates are developed and validated for finite planar, con-
formal, and reconfigurable cavity-backed reflectarrays and RIS.
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CHAPTER 3

Numerical Modeling Framework and Acceleration
Techniques

3.1 Overview

Chapter [2] introduced the electromagnetic background and the broader land-

scape of Method-of-Moments (MoM) acceleration techniques. This chapter

summarizes the numerical framework that connects the included papers in this

thesis [35[40]. The common objective is to retain full-wave accuracy where it

is most important, namely in the local unit-cell, aperture, and cavity regions,

while reducing the cost of finite-array analysis and repeated recomputation.
The framework combines the following ingredients:

¢ MoM-based integral-equation modeling for accurate unit-cell,
aperture, and subdomain solutions |12, 18];

e aperture equivalence using equivalent magnetic surface currents on
cavity or open-cavity apertures [13-16} [41];

e generalized admittance and domain decomposition to couple lo-
cal element /cavity domains to the exterior array domain |36} 37];
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o Physical Optics (PO) to approximate the exterior response of elec-
trically large PEC-like surfaces |21} |23} |35 [38];

¢ Macro Basis Functions (MBFs) to reduce the number of aperture-
current unknowns in selected reduced-order formulations [32) (38}, [39} 42,
43];

¢ Woodbury identity updates and GMRES preconditioning for
fast recomputation when only a subset of elements changes state |20}
40].

The chapter is intended as a common methodological bridge. It does not
replace the detailed derivations in the paper chapters; instead, it defines the
shared notation and explains how the different modeling components relate
to one another.

3.2 Methodological Roadmap

The included papers use these numerical components in a progressive way. Pa-
per [A]introduces a hybrid MoM-PO strategy in which isolated unit-cell aper-
ture currents excite an equivalent PEC sheet. Paper|B|develops a generalized-
admittance domain-decomposition formulation for open-cavity-based array el-
ements, where unit cells are characterized separately and coupled through
over-the-air interactions. Paper [C| applies the generalized-admittance DDM
framework to conformal cavity-backed reflectarrays. Paper|[D]combines DDM,
PO, and characteristiccmode MBFs to analyze finite reconfigurable reflectar-
rays and RIS. Paper [E] compares different MBF construction strategies within
a common reduced-order framework. Paper [F] uses Woodbury updates and
preconditioned GMRES to accelerate repeated array simulations for data gen-
eration. The overall computational workflow is illustrated in Fig.

3.3 MoM Formulation for Conducting Structures

For perfectly electrically conducting (PEC) objects, surface integral equations
relate the tangential fields on the conductor to unknown surface currents.
After discretization with suitable basis and testing functions, for example
Rao—Wilton—Glisson (RWGQG) functions on triangular meshes, MoM yields a
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Domain decomposition:
identify unique
unit cells and array layout
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Figure 3.1: Computational workflow of the modular domain-decomposition frame-
work. Unique unit cells are analyzed locally to obtain aperture currents
or admittance operators, while the exterior array response is mod-
eled using an equivalent sheet with PO mesh and exterior aperture-
admittance operator. The interior and exterior problems are coupled
in a hybrid DDM-PO system, optionally reduced using MBFs and up-
dated efficiently with Woodbury updates for reconfigurable cases.
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dense linear system
Zx =Db (3.1)

where Z € CV*V is the impedance matrix, x € CV contains the unknown
current expansion coefficients, and b € CV represents the tested excitation.

For finite reflectarrays, direct full-array MoM becomes expensive because
the matrix is dense and the number of unknowns grows with electrical size.
In this thesis, MoM is therefore used in three main ways:

e as a local solver for isolated unit cells, cavity interiors, or aperture
operators;

e as a subdomain solver inside a domain-decomposition formulation;

e as a full-order reference for validating hybrid, reduced-order, and
update-based methods.

Two computational issues motivate the acceleration techniques in this the-
sis. The first is electrical size: large apertures require many unknowns and
high memory usage. The second is repeated recomputation: reconfigurable
arrays, optimization loops, and dataset-generation workflows require many
closely related simulations, often with only a small number of changed el-
ements. The methods below address these two issues by separating local
element physics from global coupling, by approximating the exterior response
when appropriate, by reducing the basis size, and by updating matrices locally
rather than recomputing them from scratch.

3.4 Aperture Equivalence and Generalized
Admittance

Equivalent Magnetic Aperture Current

A central idea in the thesis is to replace a three-dimensional cavity-backed or
open-cavity element by equivalent quantities on its aperture. Let .S denote the
aperture surface and let i1 be the unit normal directed from the interior region
toward the exterior region. With the sign convention used in this thesis, the
equivalent magnetic surface current is

M;(r) = Ei(r) x i = —id x Ey(r), res, (3.2)
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where E, is the tangential electric field on the aperture. The aperture is
then used as the interface between an interior domain, where the local cavity
response is captured, and an exterior domain, where radiation, scattering, and
array-level coupling occur.

Aperture MFIE

In the generalized-admittance formulation, the original scattering problem is
decomposed into an exterior region a and an interior region b separated by S.
Enforcing tangential magnetic-field continuity on the aperture and applying
field equivalence gives the aperture MFIE [15] |16, |36) [41]

[H (M) + H"(M,)],,, + [H*(J) — H' ()]

tan

— [Hbﬂ' o Ha,i]

tan

(3.3)

tan’

Here, J¢ and J% are equivalent electric currents on the exterior and interior
sides of the aperture, respectively. The operators H?(-) and H?(-) are the cor-
responding magnetic-field integral operators, and H** and H*? are impressed
magnetic fields in the two regions.

After discretization and testing, the domain contributions can be expressed
in matrix form as a generalized admittance system

[Ygot + Ytlzot] V= I’ (34)

where V contains the expansion coefficients of M, and I is the tested exci-
tation vector. The exterior matrix Y{, represents radiation and over-the-air
coupling, while Y2 , represents the local interior or cavity response.

Open-Cavity Unit-Cell Characterization

In Paper [B] the generalized-admittance formulation is used to characterize
open-cavity-based array elements independently from the full array [36]. The
unit-cell response is represented by aperture modes or equivalent magnetic
currents, while coupling between cells occurs through the exterior domain.
This is particularly useful for open-cavity reflectarray or RIS elements where
the cavity or via-fenced design suppresses substrate-mediated coupling, so that
mutual coupling is predominantly over the air.
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For an array with multiple cells, the interior contribution is block diagonal
when each element is treated as a separate local domain. The exterior contri-
bution contains the self and mutual coupling between aperture modes. This
creates a modular finite-array formulation: repeated element types can reuse
the same interior operator, while the exterior admittance matrix accounts
for the finite-array environment, including the different coupling experienced
by edge and interior elements. Explicit edge-diffraction corrections are not
introduced; edge behavior enters through the finite-array coupling model.

Conformal Arrays

For conformal reflectarrays, the same aperture-admittance idea is applied af-
ter assigning each element a local coordinate frame and aperture normal. The
interior admittance operator is associated with the local cavity or element
design, while the exterior admittance depends on the global position and ori-
entation of the aperture modes. This allows the method to handle concave and
convex faceted arrays without relying on periodic boundary conditions [37].

3.5 Hybrid MoM-PO Modeling

Geometry Reduction and Array-Level PO

The hybrid MoM-PO method in Paper [A] starts from isolated unit-cell anal-
yses. For each element, the aperture field is sampled and converted into
an equivalent magnetic current. The array is then represented by a PEC-
equivalent sheet excited by the collection of aperture magnetic currents. Under
the assumption that rear-surface currents are negligible, the three-dimensional
conductor can be reduced, from the exterior perspective, to a two-dimensional
PEC sheet in the aperture plane [35].

The induced electric surface current on the exterior PEC surface is then
approximated by PO. For an illuminated PEC surface,

Jpo([‘) ~ 2N X HinC(I‘), rc Sill; (35)

where Sy is the illuminated part of the surface and Hj, is the incident mag-
netic field on the equivalent PEC surface. In the hybrid reflectarray model,
this incident field may include both the feed field and the field radiated by
the aperture magnetic currents.
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3.6 Hybrid DDM-PO Formulation

The method is efficient because the full array does not need to be solved
with a dense MoM system. However, when aperture currents are extracted
from isolated cells, the method does not fully account for mutual coupling ef-
fects that modify aperture currents in the embedded finite-array environment.
This limitation motivates the generalized-admittance DDM formulations in-
troduced in the later papers.

Applicability and Limitations

PO is most appropriate when the exterior surface is electrically large, pre-
dominantly PEC-like, and not dominated by fine edge-diffraction or shadow-
boundary effects. In this thesis, PO is used as an exterior-domain accelera-
tion method. The detailed local element response is still obtained from MoM
or admittance operators, while the global exterior response is approximated
asymptotically. The paper chapters validate the resulting patterns against
full-wave references.

3.6 Hybrid DDM-PO Formulation

Paper [D| combines the generalized-admittance DDM formulation with a PO
approximation of the exterior region [38]. Starting from the aperture MFIE
in (3.3)), the exterior current is split into two PO-driven contributions,

30 = Iy, + e, (3.6)

where Jg; is induced by the field radiated by My, and J§,. ; is induced by
the impressed exterior magnetic field. Under the PO approximation, the cor-
responding tangential magnetic-field contributions in the illuminated region

are approximated as

[H (I3, = [H*(MS)] (3.7)
[Ha(']aHa'i)] tan ~ [Ha,l] tan’
By superposition,
[Ha(']g)} tan ~ [HG(MS) + Had]tan' (39)
Substituting into yields the MFIE-PO relation
[2Ha (Mb) + Hb(M‘S)] tan [Hb(Jg)] tan [Hbyi - 2Hal’i] tan’ (310)
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For the exterior-excited cases considered in the paper, no impressed source is
assumed in the interior region, so H>? = 0.
After RWG discretization and Galerkin testing with the product

(u, H(v)) 2 /Su H(v)dS, (3.11)

the MFIE-PO formulation gives

(Yo, + Ytot] V= (3.12a)
Y., = <fM H(f)")), (3.12b)

1, = -2 (M \H**), (3.12¢)

[Y0i],,,, = (EMHV(EN)) — (B HO(30(—£3))) . (3.124)

Here, fM is an RWG basis function for the aperture magnetic current, V
collects the coefficients of My, and J2(—fM) is the interior electric current
induced by the oppositely oriented magnetic-current basis function on the
interior side. Its construction follows the underlying DDM formulation in

Paper [B]

3.7 Interior Operator Reuse

For an array containing L elements drawn from P unique element types, el-
ement [ is assigned a type index 7(I) € {1,..., P}. The interior admittance
matrix can then be assembled as

Yy, = bikdiag (Y0, YD) (3.13)

Thus, each unique element type or tuning state can be characterized once
and reused throughout the array. This is a key advantage for reconfigurable
reflectarrays and RIS, where many configurations are built from a small library
of element states.
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3.8 Macro Basis Function Reduction

Reduced Aperture-Current Expansion

The aperture-current unknowns can be further reduced using MBFs. Let
V € C¥ collect the RWG coefficients of M. The MBF approximation is

V= VMBFWa (314)

where Vygr € CV*K contains the retained MBFs in the original RWG basis,
and w € CX contains the MBF weights. If K; MBFs are retained for element
I, then K = S| K.

Because the element apertures are non-overlapping, the global MBF matrix
can be assembled element-wise as

Visr = blkdiag (VY. ., VD). (3.15)
Substitution of (3.14]) into (3.12a]) gives the reduced system
(V;\F/[BF [Y?ot + Yi’ot] VMBF) W= VIT/IBFI' (3.16)

The transpose T is used to obtain a symmetrix matrix for computation con-
venience. After solving for w, the full-resolution aperture-current vector is

reconstructed using (3.14]).

Characteristic-Mode MBFs

In Paper D] characteristic-mode MBFs are used to reduce the aperture-current
unknowns. For each unique element type, a local composite admittance matrix
is formed from the exterior and interior contributions. Its Hermitian real and
imaginary parts are used to define a characteristic-mode eigenproblem, and
the modes are ranked using the modal significance

1 1
1+7Aa] T+

The most significant modes are retained as local MBFs. The exact eigen-

MS,,

(3.17)

problem convention depends on the admittance sign convention used in the
corresponding paper chapter, but the role of the modes is the same: they
provide an excitation-independent reduced basis for the aperture current.
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Chapter 8 Numerical Modeling Framework and Acceleration Techniques

CBFM and SVD-Based MBFs

Paper [E] compares characteristic-mode MBFs with two alternative construc-
tions [39). In the Characteristic Basis Function Method (CBFM), MBFs are
constructed from current responses generated by representative excitations.
Primary responses are obtained from isolated-element excitations, while en-
richment responses can be generated from local subarrays to capture higher-
order coupling effects. An SVD truncation of the response matrix removes
redundant functions.

In the SVD-based construction, the basis is obtained directly from the lo-
cal system operator or its inverse. This provides an excitation-independent
numerical basis. Compared with CMA and CBFM, the SVD basis is often
well conditioned but may require more retained MBFs to reach a prescribed
far-field accuracy.

The MBF comparison paper shows that basis construction affects both elec-
tromagnetic accuracy and numerical stability. CBFM can provide strong low-
rank accuracy, but enriched bases may produce nonmonotonic solution-error
behavior. CMA benefits from explicit metric orthogonalization. SVD gives
well-conditioned reduced systems, but it may require a larger reduced dimen-
sion.
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Chapter 8 Numerical Modeling Framework and Acceleration Techniques

MBF construction

Strategy

Computational effect

Role in this thesis

Characteristic ~ Mode
Analysis (CMA)

Characteristic Basis
Function Method
(CBFM)

Singular Value Decom-
position (SVD) basis

Uses characteristic currents as
physically motivated aperture-
current basis functions.

Constructs basis  functions
from primary and enriched
current responses.
Constructs basis functions
from singular vectors of a local

operator or response matrix.

Provides an excitation-
independent  basis; condi-
tioning can require metric
orthogonalization.

Can be accurate at low rank,
but enriched bases may show
nonmonotonic solution error.

Can produce well-conditioned
reduced systems, but may re-
quire more retained functions.

Used in the hybrid DDM-PO
framework and compared in
the MBF study.

Compared against CMA- and
SVD-based bases.

Used as an algebraic reduced-
basis benchmark.

Table 3.2: Macro-basis-function construction methods considered in the reduced-order analysis paper.
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3.9 Woodbury Updates for Localized
Reconfiguration

In reconfigurable reflectarrays and RIS, many simulations differ only by a
localized element-state change. In the admittance formulation, a change in
element m modifies only the corresponding block of the interior matrix,

Y =Y + AY, Y =Y*+Y?, (3.18)

where AY has nonzero entries only in the affected local block or blocks. If
the update is represented in low-rank form,

AY = UCWH, (3.19)
then the Woodbury identity gives
(Y+UCWH) ' =y -y 'U (C™! + WIY'U) T WIY L (3.20)

This avoids a full inverse or factorization when the update rank is small.
Paper [F] uses this idea to accelerate repeated simulations for data generation,
especially when only one or a small number of elements changes state [40].

3.10 Iterative Solvers and Preconditioning

For larger systems or repeated right-hand sides, iterative solvers such as GM-
RES can be used instead of direct inversion. Since the systems arising from
integral-equation and admittance formulations are generally non-Hermitian,
GMRES is a suitable Krylov method. Its convergence depends on the spec-
trum and conditioning of the system matrix and on the quality of the precon-
ditioner.

A lightweight option used in the thesis is a Jacobi-type or block-Jacobi-type
preconditioner based on the diagonal or block-diagonal part of the system
matrix. In simplified notation,

P! ~ diag(Y)™?, (3.21)

or, when element blocks are used, P~ is built from the inverse of the self-
interaction blocks. This choice is inexpensive to apply, naturally parallelizable,
and compatible with the non-overlapping aperture-current supports used in
the DDM formulation.
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3.11 Complexity and Scalability Considerations

The methods in this thesis reduce the dominant costs of finite reflectarray and
RIS analysis in complementary ways:

e local full-wave modeling is retained only where it is needed, such as in
unit cells, cavities, or aperture operators;

o generalized admittance matrices separate reusable interior operators
from exterior finite-array coupling;

¢ PO replaces a full-wave exterior solve when the exterior PEC-like surface
is electrically large;

o MBFs reduce the number of aperture unknowns in selected formulations;
e Woodbury updates avoid full recomputation for localized state changes;

o preconditioned GMRES reduces iterative solution time for repeated or
large systems.

Together, these techniques provide a modular computational framework for
finite planar, conformal, and reconfigurable cavity-backed reflectarrays and

RIS.

3.12 Summary and Link to the Paper Chapters

This chapter described the computational backbone used throughout the the-
sis: MoM as the full-wave baseline, aperture equivalence, generalized admit-
tance, domain decomposition, hybrid MoM—PO and DDM-PO acceleration,
MBF-based reduced-order modeling, Woodbury updates, and preconditioned
GMRES. The next chapter defines the common validation setup and met-
rics. The subsequent paper chapters then present each technique in its full
formulation, implementation, validation, and computational context.
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CHAPTER 4

Common Simulation Setup, Validation Workflow, and
Error Metrics

4.1 Overview

This thesis contains several paper chapters, each addressing a specific mod-
eling, reduction, or acceleration technique for finite reflectarrays and related
reconfigurable intelligent surfaces (RIS). This chapter summarizes the shared
simulation conventions, validation workflow, reference comparisons, and eval-
uation quantities used across the thesis. Paper-specific details, such as a par-
ticular conformal geometry, open-cavity test case, tuning-state distribution,
MBF construction, or localized-update scenario, are given in the correspond-
ing paper chapter.

The validation strategy has two parts. First, electromagnetic accuracy is
assessed by comparing the proposed methods with trusted references, includ-
ing CST Microwave Studio, conventional MoM formulations, high-fidelity in-
house MoM implementations, or full-order versions of the same DDM frame-
work. Second, computational efficiency is assessed using runtime, speed-up,
memory usage, number of unknowns, update cost, and, where relevant, system
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conditioning. The principal field comparisons are shown using E- and H-plane
radiation or scattering patterns. The quantitative error metrics used through-
out the thesis are limited to peak-normalized pattern error and current-vector
norm error.

4.2 Geometry Definitions and Coordinate
Conventions

Global Coordinate System

Unless otherwise stated, a right-handed Cartesian coordinate system (z,y, 2)
is used. For planar reflectarrays, the aperture is placed near a reference plane,
and the outward unit normal of the PEC reference surface is denoted by 1.
Spherical angles (0, ¢) follow the standard antenna convention, where 6 is
measured from the +z axis and ¢ is the azimuth angle in the z—y plane.

Array Classes

The thesis considers several related classes of structures:

e Planar reflectarrays, where the aperture is discretized into a finite
N; x Ny grid of unit cells.

« Open-cavity-based arrays, where individual reflecting cells are char-
acterized separately and finite-array coupling is modeled through the
exterior region.

¢ Conformal reflectarrays, where the aperture lies on a curved or
faceted surface and each element has its own local orientation.

o Reconfigurable reflectarrays/RIS, where each element can take one
of several geometrical, loaded, or tuned states.

For conformal arrays, local tangent frames and local surface normals are
defined per element. The exact element placement, surface definition, and
orientation convention are stated in the corresponding paper chapter.
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4.3 Unit-Cell Modeling and Element Libraries

Local Element or Cavity Characterization

A recurring part of the workflow is the extraction of aperture quantities from
a unit-cell, open-cavity, or cavity-backed element analysis. The local problem
may be excited by a feed approximation, plane-wave illumination, a Huygens
source, or another excitation specified in the paper chapter. The tangential
aperture electric field is represented by an equivalent magnetic surface current,

M,(r) = —f x By(r), €Sy, (4.1)

where S, is the aperture and E; is the tangential electric field.

Depending on the method, the local characterization produces aperture
fields, equivalent magnetic currents, generalized admittance operators, MBFs,
or reduced-order operators. These quantities can then be reused in array-
level simulations, which is essential for reconfigurable arrays where the same
element states appear repeatedly.

Generalized Admittance Operators

In the DDM-based papers, local unit cells or cavities are represented by gener-
alized admittance operators. The interior operator captures the local element
or cavity response, while the exterior operator captures radiation and over-
the-air coupling. For open-cavity-based arrays, the local element response
is characterized separately, but the finite-array mutual coupling is retained
through the exterior admittance matrix. For conformal arrays, the same prin-
ciple is used after accounting for the position and orientation of each aperture.

Element States

For reflectarrays, an element state may correspond to a different geometry,
cavity depth, aperture shape, or tuning parameter that controls the reflected
phase. For RIS, an element state may correspond to a discrete switching
or bias condition. The state-to-response mapping is implemented by selecting
the appropriate precomputed aperture quantity, admittance block, or reduced-
order operator from the element library.
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4.4 Reduced-Order and MBF Representations

In the MBF-based papers, the fine-scale aperture-current coefficient vector is
approximated using a reduced basis. If V denotes the full RWG coefficient
vector of the aperture magnetic current, the reduced representation is

V = Vyprw, (4.2)

where Vypr contains the retained MBFs and w contains the reduced coef-
ficients. The MBF comparison paper evaluates CMA-, CBFM-, and SVD-
based bases under the same geometry, discretization, partitioning, and solver
settings so that differences in current reconstruction, far-field accuracy, and
conditioning can be attributed mainly to the basis construction.

4.5 Excitation, Radiation, and Scattering Problems

Hlumination Models

The array may be excited by a horn feed, a Huygens source, a plane wave,
or another prescribed source. The excitation model is stated in each paper
chapter. In the hybrid and DDM formulations, the field incident on the global
PEC-equivalent surface include the feed field and the field radiated by aperture
magnetic currents.

Transmitting and Scattering Cases

Both transmitting and scattering problems are used. In transmitting cases,
the structure is excited by a source or feed and the radiated field is evaluated.
In scattering cases, the structure is illuminated by an external field and the
scattered field is computed.

E- and H-Plane Pattern Comparisons

The most common pattern-level validation is a comparison of E- and H-plane
radiation or scattering patterns. These plots show whether the proposed
method reproduces the main beam, side-lobe region, and overall angular be-
havior of the reference solution. Pattern plots are therefore used as the main
qualitative validation tool, while the peak-normalized pattern error defined
below provides the quantitative comparison.
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4.6 Reference Solvers and Validation Workflow

Reference Comparisons

The reference solution depends on the paper. The hybrid MoM—PO paper uses
CST and full/sheet MoM comparisons. The open-cavity DDM paper compares
transmitting and scattering cases with CST Microwave Studio and a plain
MoM formulation. The conformal DDM paper compares convex and concave
arrays with a full-wave EFIE-based MoM solver. The hybrid DDM-PO paper
compares 8 x 8 cases with MoM and the larger 20 x 20 case with CST MLFMM.
The MBF comparison paper uses the RWG solution as reference. The fast-
update paper compares conventional MoM, DDM, Woodbury updates, and
preconditioned GMRES.

Typical Workflow
A typical validation workflow is:
1. define the geometry, array size, element states, and excitation;

2. compute local quantities such as aperture fields, admittance operators,
or MBFs;

3. assemble the array-level model, including exterior coupling or PO ap-
proximation;

solve for aperture currents, MBF weights, or updated currents;
compute the radiation or scattering pattern;

compare E- and H-plane patterns with the reference;

N v s

report the relevant pattern error, current-vector error, runtime, memory
usage, number of unknowns, and conditioning when applicable.

4.7 Error Metrics

Only the quantitative error metrics used in the paper chapters are defined
here. Main-lobe gain error, field-magnitude error in dB, and compression ratio
are not introduced as common metrics because they are not used consistently
across the included papers.
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Peak-Normalized Pattern Error

Let z; and :cff denote sampled radiation or scattering pattern values in linear
scale. The pointwise peak-normalized pattern error is

‘xi — mff‘

€ = | href|”
maX] .CUJ

(4.3)

This definition normalizes the error by the maximum value of the reference
pattern. It avoids artificially large relative errors near deep nulls. Depending
on the paper, e; is evaluated along an E-plane cut, an H-plane cut, or a
two-dimensional angular grid.

When a single scalar value is needed, the sampled errors may be averaged
as

1 No
e=—S e, 4.4
> m

where Ngq is the number of sampled angular points. Some paper chapters
also report peak or median values of the same peak-normalized error over the
considered angular samples.

Current-Vector Norm Error

For reduced-order MBF studies, the current reconstruction error is evalu-
ated by comparing the reconstructed reduced-order current vector with the
full-order reference vector. If V is the full-order aperture-current coefficient
vector and Vygpw is the reconstructed reduced-order vector, the normalized
current-vector error is

[VumBrw — V|,
V1],

This metric is used to assess whether the reduced basis captures the local or
array-level aperture-current distribution.

Erel = (4.5)

4.8 Computational Metrics

Runtime and Speed-Up

Runtime is reported for the relevant stages of each method, such as local
characterization, matrix assembly, update operations, iterative solution, direct
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solution, and far-field evaluation. A speed-up factor is defined as

S = Tbaseline ’ (46)
Tproposed
where Thageline is the runtime of the reference workflow and Tproposea is the
runtime of the accelerated method. For localized updates, the baseline is usu-
ally recomputation of the full solution, while the proposed time corresponds
to the update-based computation.

Memory Usage and Number of Unknowns

Memory usage and number of unknowns are reported where they are relevant
to scalability. For example, the hybrid DDM-PO and MBF-based formula-
tions report reduced memory usage and reduced unknown counts compared
with full-wave references. These quantities are interpreted together with the
pattern and current errors, since a smaller system is useful only if the electro-
magnetic accuracy remains acceptable.

Conditioning

For reduced-order systems, the spectral condition number may be reported as

- Tmax(A)

kol(A) = ||A AL, = Zmax )

2(A) = [|A[l2 [[AT]]2 o (A)’

where opax and oy, are the largest and smallest singular values. In the MBF
comparison paper, conditioning is used to compare the numerical robustness

of CMA-, CBFM-, and SVD-based reduced systems.

(4.7)

4.9 Reproducibility and Reporting

Each paper chapter reports the parameters needed to reproduce its results,
including:

o frequency, array size, unit-cell pitch, and relevant geometric parameters;
« excitation model, feed/source location, and polarization;

e whether the case is transmitting, scattering, or both;
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e element states, modulation patterns, or reconfiguration scenarios;

o conformal surface definition and local element orientations, when appli-
cable;

o discretization details, basis functions, number of unknowns, and parti-
tioning;

o admittance-operator, aperture-current, or MBF construction settings;
e solver tolerance, maximum iterations, and preconditioning settings;
e E- and H-plane cuts or other angular observation regions;

e runtime and hardware information when speed-up is reported.

4.10 Summary

This chapter defined the shared simulation conventions and evaluation quan-
tities used across the thesis. The common validation approach is based on
reference comparisons, E- and H-plane pattern plots, peak-normalized pattern
error, current-vector norm error, runtime, speed-up, memory usage, number
of unknowns, and conditioning where applicable. The next chapter gives a
roadmap of the included papers and explains how the individual contribu-
tions relate to one another.

46



CHAPTER b

Overview of Included Papers

5.1 Overview and Research Narrative

This thesis is written in a thesis-by-publication format. Each included paper
addresses one part of the same broader problem: how to analyze finite, elec-
trically large cavity-backed reflectarrays and related reconfigurable intelligent
surfaces (RIS) accurately while reducing the computational cost of large-scale,
conformal, reconfigurable, and repeated-simulation workflows.

The papers form a methodological progression. Paper [A] introduces a hy-
brid MoM-PO approach for fast array-level analysis of large all-metal reflec-
tarrays. Paper [B] develops a generalized-admittance domain-decomposition
framework for open-cavity-based array elements, where unit cells are char-
acterized separately and coupled through over-the-air interactions. Paper [C]
applies the domain-decomposition approach to conformal cavity-backed reflec-
tarrays. Paper [D] combines domain decomposition, PO, aperture admittance,
and characteristic-mode MBFs for finite reconfigurable reflectarrays and RIS.
Paper [E] compares CMA-, CBFM-, and SVD-based MBF constructions un-
der a common reduced-order framework. Paper [F]introduces Woodbury-based
localized updates and Jacobi-preconditioned GMRES for fast repeated recom-
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putation and electromagnetic dataset generation.

Together, the papers move from fast array-level approximation, to modular

finite-array domain decomposition, to conformal modeling, to reconfigurable-
array acceleration, to reduced-basis comparison, and finally to fast localized
recomputation for data-driven design.

Common background, notation, numerical concepts, and validation metrics

are introduced in Chapters The paper chapters then present the complete
formulations, numerical results, and paper-specific bibliographies.

5.2 List of Included Papers

The thesis includes the following papers:

48

1. Paper[Al Hybrid MoM-PO Modeling for Fast Analysis of Large

Reflectarrays

This paper introduces a hybrid technique in which an all-metal reflec-
tarray is represented by a PEC-equivalent sheet excited by impressed
aperture magnetic currents. The aperture currents are obtained from
isolated unit-cell MoM analysis, while the induced current on the large
sheet is approximated using PO. The method reduces array-level cost
while retaining detailed local unit-cell information.

. Paper Domain Decomposition Analysis of Open-Cavity-

Based Array Elements — Roadmap Toward Analyzing Large-
Scale Reflectarrays and Reconfigurable Intelligent Surfaces

This paper develops a DDM-based generalized-admittance framework
for finite reflectarrays and RIS. A single open-cavity unit cell can be
characterized separately from the embedded finite array, while mutual
coupling between cells is represented through over-the-air interactions.
The method is validated for both transmitting and scattering problems
against CST Microwave Studio and conventional MoM results. The
author’s contributions to Paper [B] consisted of testing the numerical
implementation, contributing to the theoretical development through
discussions and literature review, and helping to position the method
with respect to existing DDM and generalized-admittance approaches.

. Paper Modeling of Conformal Re- flectarrays Through Do-

main Decomposition Using a Generalized Admittance Approach



5.3 Connection Between the Papers

This paper extends the generalized-admittance DDM framework to con-
formal cavity-backed reflectarrays. The interior cavity region and exte-
rior radiation region are separated through aperture quantities and cou-
pled using an aperture-admittance formulation. The method is validated
on concave and convex faceted reflectarray geometries.

4. Paper@]: Hybrid Domain-Decomposition/Physical-Optics Anal-
ysis of Finite Reconfigurable Reflectarrays Using Characteristic-
Mode Macro Basis Functions
This paper combines DDM and PO for finite large-scale reconfigurable
reflectarrays and RIS. The exterior response is approximated using PO,
while the interior element response is captured by pre-characterized ad-
mittance operators. Characteristiccmode MBFs reduce the aperture-
current unknowns and enable efficient multi-state analysis by reusing
element operators and updating only changed elements.

5. Paper Comparison of Macro-Basis-Function Construction
Methods for Reduced-Order Analysis of Cavity-Backed Re-
flectarrays
This paper compares three MBF construction methods within the same
reduced-order MoM framework: CMA, CBFM with primary and en-
riched responses, and an SVD-based basis. The comparison isolates
how the basis construction affects current reconstruction, far-field ac-
curacy, reduced-system conditioning, and required number of retained
basis functions.

6. Paper [F} Fast MoM-Based Solvers for Cavity-Backed Reflec-
tarrays and RIS Design
This paper introduces a fast data-generation framework based on DDM,
Woodbury identity updates, and Jacobi-preconditioned GMRES. The
method accelerates recomputation when only a local subset of elements
changes state and supports large-scale electromagnetic dataset genera-
tion for learning-based reflectarray and RIS design.

5.3 Connection Between the Papers

The papers share a common modeling philosophy. Local full-wave accuracy is
retained through MoM-based unit-cell, cavity, or aperture operators. These
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Chapter 5 Owverview of Included Papers

local models are connected to the finite-array environment through aperture
equivalence and generalized admittance. When the exterior problem becomes
electrically large, PO is introduced to avoid a full dense exterior solve. When
the aperture-current basis becomes too large, MBFs reduce the number of
unknowns. When many related configurations must be solved, Woodbury
updates and preconditioned GMRES reduce the recomputation cost.

The role of each paper can be summarized as follows. Paper [A] establishes
the first hybrid MoM-PO route and identifies isolated-cell aperture-current
extraction as an efficient but approximate strategy. Paper [B] addresses finite-
array coupling more directly through a generalized-admittance DDM formu-
lation. Paper [C] shows that the same DDM concept can handle conformal
cavity-backed arrays. Paper |[D| combines DDM with PO and MBFs to tar-
get larger and reconfigurable arrays. Paper [E] studies which MBF construc-
tion is most suitable for reduced-order reflectarray analysis. Paper [F] focuses
on repeated simulations and localized element changes, which are central for
dataset generation and optimization.

5.4 Contribution Map

Table [5.1] summarizes the role of each included paper in the overall thesis.

5.5 Reading Guide

Readers interested in fast analysis of large planar all-metal reflectarrays may
start with Paper [A] Readers interested in open-cavity domain decomposition
and finite-array coupling may start with Paper [B] For conformal cavity-backed
reflectarrays, Paper [C]is the most relevant entry point. Readers focused on
reconfigurable arrays and RIS should continue with Paper Readers inter-
ested in reduced-order modeling and MBF construction should read Paper [E]
Finally, readers interested in localized updates, repeated recomputation, and
dataset generation should read Paper [F]

For the full methodological progression, the recommended reading order is

Paper [A] — Paper [B]— Paper [C| — Paper [D] — Paper [E] — Paper [F]
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Chapter 5 Owverview of Included Papers

5.6 Summary

This chapter provided a roadmap of the included papers and explained how
they jointly contribute to fast and accurate modeling of cavity-backed reflec-
tarrays and RIS. The papers progress from hybrid MoM—PO array-level mod-
eling, to generalized-admittance domain decomposition, to conformal cavity-
backed analysis, to hybrid DDM-PO reconfigurable-array modeling, to MBF
construction comparison, and finally to Woodbury-based fast updates for re-
peated simulations. The subsequent paper chapters present these contribu-
tions in self-contained form.
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CHAPTER O

Conclusions and Future Work

6.1 Concluding Remarks

This thesis developed fast numerical modeling techniques for finite cavity-
backed reflectarrays and related reconfigurable intelligent surfaces (RIS). The
central objective was to reduce the computational cost of full-wave electromag-
netic analysis while preserving the accuracy needed to capture local unit-cell,
aperture, and cavity physics. This objective is motivated by practical re-
flectarray and RIS scenarios involving electrically large apertures, finite-array
coupling, conformal geometries, many possible element states, and repeated
simulations for design, optimization, reconfiguration, or data generation.
The first contribution introduced a hybrid MoM-Physical Optics (PO) ap-
proach for fast scattering analysis of all-metal cavity-backed reflectarrays. The
method replaces the three-dimensional reflectarray by a PEC-equivalent sheet
excited by impressed aperture magnetic currents obtained from isolated unit-
cell MoM analyses. The induced current on the sheet is then approximated
using PO. The results show that this geometry-reduction strategy can re-
produce the main radiation behavior with good accuracy while scaling more
favorably than full-array MoM. The main limitation is that aperture currents
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Chapter 6 Conclusions and Future Work

extracted in isolated cell environments do not fully capture embedded mutual
coupling between apertures.

The second contribution developed a generalized-admittance domain-
decomposition method for open-cavity-based array elements. In this frame-
work, a unit cell is characterized separately from the finite embedded array,
while mutual coupling between cells is represented through over-the-air inter-
actions in the exterior domain. The method was validated for both transmit-
ting and scattering problems against CST Microwave Studio and conventional
MoM solutions. This paper provides the roadmap for combining local element
solvers with fast exterior-domain methods in large-scale reflectarray and RIS
analysis.

The third contribution extended the domain-decomposition-based general-
ized admittance approach to conformal cavity-backed reflectarrays. By sep-
arating the interior cavity domains from the exterior radiation domain and
coupling them through aperture quantities, the method can handle convex
and concave faceted configurations. Validation against a conventional full-
wave MoM solver for a 27-element conformal reflectarray demonstrated high
accuracy in both E- and H-plane pattern comparisons. The modular for-
mulation also supports efficient modification of repeated cell types or array
layouts.

The fourth contribution presented a hybrid DDM-PO framework for large-
scale reconfigurable reflectarrays and RIS. The formulation couples interior
and exterior domains through a generalized aperture-admittance system and
uses PO to approximate the electrically large exterior response.
Characteristic-mode macro basis functions (CMA-MBFs) reduce the aperture-
current unknowns and allow pre-characterized element operators to be reused
across many tuning states. Results for 8 x 8 and 20 x 20 arrays showed
close agreement with full-wave references while substantially reducing memory
usage and simulation time.

The fifth contribution provided a controlled comparison of MBF construc-
tion methods for reduced-order analysis of cavity-backed reflectarrays. CMA,
CBFM, and SVD-based bases were compared using the same formulation,
geometry, discretization, partitioning, and solver settings. The results show
that CBFM can be attractive at low rank but may exhibit nonmonotonic
solution-error behavior when enriched functions are retained. Explicit met-
ric orthogonalization improves CMA conditioning and current reconstruction.
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The SVD-based basis gives well-conditioned reduced systems but may require
more retained basis functions to reach a prescribed far-field accuracy.

The sixth contribution introduced a fast modular MoM framework for elec-
tromagnetic field data generation. The method combines the DDM formu-
lation with Woodbury identity updates and a Jacobi-type preconditioner for
GMRES. Localized element changes can be handled without full matrix recom-
putation, and the resulting speed-ups make the method suitable for generating
large, high-quality electromagnetic datasets for deep-learning and optimiza-
tion workflows.

Taken together, the thesis shows that efficient reflectarray /RIS analysis ben-
efits from combining several complementary ideas. MoM remains essential for
accurately capturing local electromagnetic behavior. Aperture equivalence
and generalized admittance formulations provide compact interfaces between
local cavity physics and global radiation. PO enables efficient exterior-domain
modeling for electrically large PEC-like surfaces. MBFs reduce the number of
unknowns while preserving dominant aperture-current behavior. Woodbury
updates and preconditioned iterative solvers make repeated simulations prac-
tical when only part of the array changes. The combined result is a modular
and scalable modeling framework for finite planar, conformal, and reconfig-
urable cavity-backed reflectarrays.

6.2 Main Conclusions

The main conclusions of the thesis are:

¢ Hybrid MoM-PO modeling enables fast array-level analysis.
Replacing the full three-dimensional all-metal structure by aperture
magnetic currents on a PEC-equivalent sheet allows PO to be used for
the global exterior response while retaining local MoM-derived element
information.

¢ Generalized admittance provides a useful finite-array interface.
The DDM formulation separates local element or cavity behavior from
exterior coupling and allows separately characterized unit cells to be
connected through an admittance-based system.

¢ Open-cavity designs are well suited for modular modeling.
when coupling between elements occurs primarily over the air, local
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unit-cell operators can be reused while the finite-array environment is
represented by the exterior admittance matrix.

e The DDM framework extends naturally to conformal reflectar-
rays. Local element orientations and curved or faceted geometries can
be handled by defining aperture quantities in local frames and coupling
them through the exterior domain.

« Hybrid DDM-PO improves scalability for electrically large re-
configurable arrays. Combining aperture-admittance operators with
PO and MBF reduction enables efficient analysis of larger arrays and
multiple element states.

e MBF construction affects both accuracy and conditioning.
CMA, CBFM, and SVD bases exhibit different tradeoffs between ba-
sis size, current reconstruction, far-field accuracy, and reduced-system
conditioning. Basis selection must therefore be treated as part of the
numerical design.

e Woodbury updates are effective for localized state changes.
When only a small subset of elements changes, low-rank update strate-
gies avoid full matrix recomputation and can substantially reduce sim-
ulation time.

o Fast high-fidelity data generation is feasible. The proposed up-
date and preconditioning strategies support large-scale generation of
electromagnetic training data without relying only on low-fidelity sur-
rogate simulations.

6.3 Limitations

Several limitations remain. First, the PO-based exterior models are most reli-
able for electrically large, smooth, PEC-like surfaces and dominant illuminated-
region behavior. Strong edge diffraction, shadow-boundary effects, or array-
level resonances may require more accurate exterior modeling or diffraction
corrections.

Second, MBF reduction depends on the chosen basis construction and trun-
cation strategy. Adding more basis functions does not always improve the final
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solution monotonically, especially for enriched CBFM bases. Conditioning,
orthogonalization, and accuracy must therefore be considered together.

Third, Woodbury-based updates are most effective when the configuration
change is localized, such that the resulting matrix perturbation remains low
rank. If a large fraction of the array changes simultaneously, the update rank
increases and the computational advantage over a full recomputation may
diminish. In such cases, a full rebuild or alternative update strategy may be
more appropriate.

Finally, the thesis validation is primarily numerical and based on compar-
isons with full-wave solvers or full-order formulations. Experimental validation
of fabricated all-metal or cavity-backed reflectarray prototypes would be an
important next step.

6.4 Future Work

Adaptive MBF Selection

The MBF comparison shows that no single basis construction is universally
optimal. Future work should investigate adaptive basis selection, automatic
truncation criteria, and hybrid bases that combine the physical interpretability
of CMA, the excitation efficiency of CBFM, and the numerical robustness of
SVD-based constructions.

Broadband and Multi-Frequency Extensions

The methods in this thesis are mainly validated at selected operating frequen-
cies. Extending the framework to broadband and multi-frequency analysis
would be valuable for practical antenna and RIS design. Possible directions
include frequency-parametric admittance operators, broadband MBFs, and
update schemes that reuse information across frequency samples.

Extension to Transmitarrays and Transmissive RIS

A natural extension of the present framework is the analysis of transmitarrays
and transmissive RIS. Unlike the PEC-backed reflectarray structures consid-
ered in most of this thesis, transmitarrays are two-sided apertures in which
energy is coupled from an incident side to a transmitted side. The generalized
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admittance formulation would therefore need to be extended from a one-sided
reflecting aperture to a two-sided aperture or multiport representation that
couples incident-side and transmitted-side fields.

In such a formulation, each unit cell could be treated as an interior do-
main connected to two exterior regions. The same concepts developed in this
thesis—domain decomposition, aperture equivalence, operator reuse, MBF
reduction, and localized matrix updates—could then be applied to scalable
transmitarray modeling. However, the equivalent-source representation would
need to account for both reflection and transmission, potentially requiring
both electric and magnetic equivalent currents or a Huygens-type aperture
formulation. This extension would broaden the framework from reflecting
surfaces to general wavefront-transforming metasurfaces.

Learning-Based Optimization and Dataset Generation

The fast data-generation framework can be integrated with adaptive deep-
learning models for beamforming, array thinning, sparse array optimization,
and inverse design of passive cavity-backed reflectarrays and RIS. The pro-
posed solvers can provide high-quality training data on demand, enabling
active-learning or uncertainty-aware optimization strategies.

Extension to Cavity-Backed Phased Arrays

The domain-decomposition, update-based, and preconditioned iterative frame-
works can also be extended to cavity-backed phased array configurations. This
would test the generality of the proposed methods beyond passive reflectarrays
and RIS.

Experimental Validation

Experimental validation remains an important future step. Fabricated pro-
totypes would allow comparison between simulated and measured reflection
phase, radiation pattern, gain, and reconfigurable-state behavior. Measure-
ments would also quantify effects not fully included in the present models,
such as losses, surface roughness, fabrication tolerances, assembly imperfec-
tions, and connector or bias-network effects.
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6.5 Final Remarks

6.5 Final Remarks

This thesis demonstrates that fast and accurate analysis of finite cavity-
backed reflectarrays and RIS can be achieved by combining physically mo-
tivated electromagnetic modeling with targeted computational acceleration.
The proposed methods retain full-wave accuracy at the local element and
cavity level while reducing the cost of global array analysis and repeated
recomputation. Aperture equivalence, domain decomposition, generalized ad-
mittance, PO-based exterior modeling, MBF reduction, Woodbury updates,
and preconditioned iterative solvers together provide a flexible foundation
for scalable reflectarray/RIS simulation, optimization, and data-driven elec-
tromagnetic design. The same modular principles also provide a promising
path toward future analysis of transmitarrays, transmissive RIS, and other
advanced wavefront-transforming aperture systems.
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1 Introduction

Abstract

This paper introduces a hybrid modeling approach for the fast
analysis of large reflectarrays. The scattering from a 3-D all-
metal reflectarray is modeled by a Perfect Electric Conduc-
tor (PEC) sheet with impressed aperture magnetic current
sources. These currents are obtained by analyzing the aper-
ture fields of isolated unit cells through the method of mo-
ments. The induced electric current on the large PEC sheet is
then computed through the Physical Optics (PO) approach,
thereby reducing the computational complexity from O(N3)
for classical MoM to O(N) for PO. The results show, com-
pared to CST, that the total scattered field yields an error of
max. 0.32 dB in the main lobe direction for a 5 x 5 reflectarray
with peak gain of 21.8 dB. Furthermore, the relative error re-
lated to the PO approach is less than 0.13 dBi, which confirms
the validity of the hybrid modeling approach.

1 Introduction

Electromagnetic surfaces, such as reflectarrays, are typically used for (multi)beam-
forming and side-lobe-level control due to their ability to manipulate electro-
magnetic waves [1H3]. Initial designs often rely on the use of periodic boundary
conditions implying infinitely large arrays under plane wave incidence. While
this approach speeds up simulations, it fails to accurately model mutual cou-
pling, edge effects and a non-planar phase front, leading to inaccuracies in the
scattered field pattern.

Reflectarrays are often very large, making them difficult to solve directly
due to their increased complexity. In order to reduce the problem size, do-
main decomposition methods (DDMs) are often proposed that are based on
surface equivalence principles [4, [5]. Many Method-of-Moment (MoM) based
DDMs have been proposed employing electric field integral equations (EFIEs)
and magnetic field integral equations [6H9]. Although these methods can solve
large problems and have produced accurate results, MoM methodologies typ-
ically require Gaussian elimination, which renders it an O(N?3) complexity
problem [10].
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Geometry

Figure 1: The CST geometric model (bottom) used to validate the proposed model
(top-right). The dimensions are D = 5C;+2W;+0.4X, C; = Cy, = )\/\/i,
Wi = Wy = 0.55) and the height for the centre element is 0.397A. All
other elements are modulated in height with quadrant symmetry by sym-
metry lines S1 and S2, and the subarray shows the relative height mod-
ulation coefficient, where the cell height is relative modulationx0.397\.

This paper proposes to apply Schelkunoff’s equivalence for modeling cav-
ity array scattering problems, such as reflectarrays with waveguide cells [11]
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13]. We propose to characterize the unit cell in isolation before modeling
the behaviour of the array. Unlike an infinite periodic array methodology,
which is limited to uniformly spaced array elements, our approach can model
non-uniformly distributed and unique reflectarray elements. Additionally, our
method differs from the aforementioned MoM-based methodologies by using
Schelkunoff’s equivalence combined with zero back current leading to a geom-
etry dimension reduction. The so-obtained PEC sheet will prevent internal
resonance issues, which are known to occur when only EFIE is used for closed
cavities [14, p. 29]. Additionally, using the physical equivalent |15, p. 337], the
PEC body is removed and replaced by an electric source current representing
the induced PEC current. This current can be approximated by the Physical
Optics (PO) current to solve for the fields on the front side due to the feed
illumination and aperture radiation |16]. PO eliminates the need to calculate
matrix inverses, reducing the problem complexity from O(N?) to O(N).

The remainder of this article is organized as follows: In Sec. II, the gen-
eral methodology is explained, including the setup of the EFIE for single cell
analysis, geometry dimension reduction, and Physical Optics boundary con-
ditions. In Sec. III, the validation results are discussed from our in-house
MoM solver against those obtained from CST’s integral equation (IE) solver.
Finally, Sec. IV concludes and provides recommendations for future work.

2 Methodology

Fig. [2a] shows a simplified visualization of a cavity based reflectarray with E'
the electric field from an external source (feed) incident on the reflectarray
and E? is the scattered field from only the nth array element (see blue dashed
box). This isolated element approach significantly reduces the problem size
for the EFIE. This fast analysis is repeated for all unit cells, which is ex-
plained in detail later. The final goal of the methodology is to represent the
original array in Fig. [2a] using Schelkunoff’s equivalence principle followed up
by a geometry dimension reduction step and the application of the physical
equivalent theorem to arrive at the array model as shown in Fig.

The scattered field E*(J, M) in the final configuration in Fig. is due
to the total impressed magnetic current M, which is the array of magnetic
currents representing the aperture fields, and the electric (source) current J
representing the induced current on the PEC in the presence of M and the
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Figure 2 Original reflectarray configuration. Final configuration with set of
aperture magnetic currents and induced electric current on a sheet with

52l Orici
imposed PEC boundary condition (all sources radiate in free space)

feed. The scattered field is given by [17]]
, nx M
E5(J,M) = L£(J) — K(M) + X2 (A.1a)
1 N
HE (T M) = = £(M) + K () - s J (A.1b)
0
where the operators
L(X) =— jwuo p.v. fj X (r')G(r —r")dS'+
!/ ! !/ A.2
MOV p.v. j V' X(r)G(r —r')dS (A.2a)
= pv. H X(r') x V'G(r — r')dS’ (A.2b)
1Eq (2) in contains a minus sign error in front of the normal vector
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RER Eici
1 .
-GS Aoy Ij'

!
I PEC

Figure 3: |3a|Original unit cell extracted fromwith E®P sampled at aperture Sy.
Equivalence principle converting E*P at the aperture to a magnetic
current source M, for a single cell by closing the cavity with PEC. [3q
After removal of the back geometry, effectively flattening the structure,
M,, represents the same cell scattering behavior on an infinitely thin
PEC sheet

and where G = e %% /(47 R). Furthermore, R = |r—7'| and the wavenumber
ko = w\/po€g. The operators integrate over the support of the surface current.

To compute the induced electric current J on the PEC sheet, the PEC
boundary condition 7i X E = 0 is imposed for which, using the superposition
principle, By, = E!. + E;, (J) + E}, (M) results in

an tan tan

A S
—n x Ef,,

(J) = x Bly, + 0 x By, (M) (A.3)

This is an equation for the electric field where J is the unknown current, while
the right-hand side is known.
, the EFIE can then be formulated as follows in matrix form:

nxM

1] [9] = [~Bi,,] + K] ] - 2

(A.4)

where matrices L and K are obtained by discretizing £ and I in (A.1]).

2.1 Isolated Cell Analysis

In an isolated cell (blue dashed box), see Fig. only the geometry of a
single cell is considered. To compute the induced electric current J, on the
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interior region of the nth cell, the PEC boundary condition Etap ., = Ei,, +
Etsan,n(Jn) =0is imposed, i.e.,

_ESanm(J’ﬂ) = Ei

tan

resS, (A.5)

(n]

Next, J,, is expanded into P") RWG basis functions {f},"] »=1 18], ie.,
plnl
Tlr) = 1 £ () (A.6)
p=1

where {I,[,"]} is the associated set of expansion coefficients. Following Galerkin’s
moment method, the EFIE in (A.5)) is tested Pl times through the symmetric
product (a,b) = [[@a-b dS and (A.5) results in the matrix equation

znnl — yinl (A.7)

where
25 = —(f, L () (A.8a)
Vp["] = (E', f][[)n]> (A.8b)

for ¢ = 1,2,...,P". After obtaining the coefficient vector I by solv-
ing , one can compute the electric field on the aperture E2P:[" = Es(J,)+
E', where J,, is known and expanded in terms of RWGs as in . Using
Schelkunoff’s equivalence, as seen in Fig. the magnetic current on the nth
aperture is then determined by

(A.9)

M. — E*® [ xp pec Gop
0 otherwise

This nullifies the field in the interior region since it is filled with PEC mate-
rial. Moreover, under the assumption of zero current on the backside of the
geometry, one can reduce the geometry to a thin PEC sheet. This allows each
cell to be represented as a PEC sheet with impressed M, as seen in Fig

2.2 Array Synthesis

After obtaining the equivalent model representation of the unit cells, Fig.
the cells can be aggregated as seen in Fig[2bl To calculate J on the PEC sheet,
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or array, the EFIE can be formulated using the PEC boundary condition
E..=E  + E (M)+ E; (J)=0. Substituting (A.1) in this boundary
condition results in

. x M

= L)y, = Ban —K(M)] 0 + —5— (A.10)
————
Fian() E{,. (M)

After expanding the entire array/sheet current J in P RWG basis functions,
and testing the EFIE using Galerkin’s approach, one obtains

Z1=V (A.11)

where
Zpg = —(fp, L(fq)) (A.12a)
V, = (E'+ E*(M), f,) (A.12b)

for g=1,2,..., P, and M is known following Eq. (A.9)).
Alternatively, J can be found faster and more directly using the Physical
Optics method, i.e.,

J =2h x (H' + H*(M)) (A.13)

where the error incurred by the PO approximation, which is largest at the
array edge, is limited by an upper bound error in directivity [19]:

AG ~0.22 <g>2 [dB] (A.14)

where D represents the smallest diameter of the array. This error diminishes if
the reflectarray is significantly larger than the free space wavelength \. After
determining J, the overall radiation behaviour of the reflectarray system can
be expressed through the total field

E=E'+E M)+ E*(J) (A.15)

3 Results

The proposed methodology is evaluated on a full metal 5 x 5 waveguide-
based reflectarray with a horn feed as shown in Fig. [l To demonstrate the
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methodology’s capability to handle various cells, waveguide cells with varying
heights are used. For simplicity, the coupling between the horn and the array,
as well as blockage effects, were neglected. Reference validation was performed
using a full MoM solver (=EFIE for the full geometric model), treating the
horn as a far-field source. Additionally, CST results were included to confirm
the validity of the full MoM solver.

The results are provided for MoM (sheet model), PO (sheet model) and
two references; CST (full model), MoM (full model). Fig. 4a]illustrates the
magnetic currents on the apertures, where one can see the non-uniform illumi-
nation of the aperture due to the feed. Fig.[dD]displays the induced current on
the PEC sheet, calculated using the MoM (sheet model). The PO calculated
current is shown in Fig. The currents in Fig. D] and [Ac match well, ex-
cept around the edges where PO modeling is less accurate, as expected. This
similarity is also observed in the radiation patterns in the E- and H-planes
in Fig. [5al and The scattered field from a 5 x 5 reflectarray as computed
by full MoM approach differs only by 0.043 dB in peak gain (21.1 dBi) w.r.t.
CST’s integral equation solver. The MoM sheet model increases the error to
max. 0.32 dB. Finally, the physical-optics approximation is observed to not
increase this error (< 0.129 dB), which shows that the PO approximation
yields accurate results once magnetic aperture currents can be accurately de-
termined including coupling effects. Finally, Fig. [6] compares the computation
times for the full-wave MoM, reduced model, and PO, indicating that the PO
method scales more favorable with increasing number of cells.
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Magnitude of Averaged Current Distribution [M| [dBV/m] 15,966

0.6
04 9.866

0.2
3.866

y [m]

-0.2 -2.134
0.4
-8.134
0.6

-0.8

-14.134

of Current Distribution |J | [dBA/m] of Current D [Jpgl [ABA/m]
- Mol -33.89 - ko -33.89

0.6

04 -39.89 -39.89

0.2

-45.89 -45.89

y [m]
y [m]

02 -51.89 02 -51.89

-0.4

-57.89 -57.89

-0.6

-0.8 -63.89 -0.8 -63.89

Figure 4: The aperture magnetic current obtained by sampling single cells.
[4B] The induced current on the PEC ground plane due to incident fields
from the feed and the apertures calculated through MoM. The in-
duced current on the PEC ground plane due to incident fields from the
feed and the apertures calculated through PO.

4 Conclusion

The results have demonstrated that the proposed hybrid PO-MoM approach
scales more favorable with the increasing complexity of the problem while
maintaining good accuracy. Additionally, the geometry reduction to a sheet
has little effect on the radiation pattern, as evidenced by the well-matched
pattern in the backside direction of the array. This suggests that the discrep-
ancy is directly related to the aperture currents obtained through isolated
cell analyses. Overall, the results confirm the validity of using a geometry
reduction strategy combined with PO and the MoM for fast calculation of
cavity-based reflectarrays.
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Figure 5: E-plane and H-plane radiation pattern of the array with their
respective relative error per angle of  in linear scale.

The present method does not account for full mutual coupling effects be-
tween apertures, due to determination of magnetic aperture currents in iso-
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Figure 6: Time benchmark comparing the simulation time using the full model
MoM, the sheet MoM and sheet PO.

lated environment. This issue will be addressed in the future using a general-
ized admittance matrix approach combined with domain decomposition.
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1 Introduction

Abstract

This paper describes a numerical modeling framework to-
ward analyzing large-scale finite-sized reflectarrays and recon-
figurable 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
computed for a transmitting and scattering problem, respec-
tively, are in excellent agreement with those computed by CST
Microwave Studio and a plain MoM approach. Recommenda-
tions 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 dif-
ference/element method for modeling the interior domain of
complex unit cells.

1 Introduction

The research on reconfigurable intelligent surfaces (RIS) has grown tremen-
dously 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 effi-
ciency, and spatial reconfigurability [1].

The analysis of large-scale arrays typically assume periodic boundary con-
ditions (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 ar-
rays 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 ac-
curately model mutual coupling and multiscale array effects is essential. Nu-
merous studies have proposed frameworks that combine different techniques
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Figure 1: (a) Printed circuit board employing via-fences to realize open-cavity-
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based reflectarray elements with backside control circuitry, and; (b) Gen-
eralized 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.



1 Introduction

to handle these complexities[5H9]. 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. a), con-
sisting 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 substrate. This slight limita-
tion in design flexibility significantly reduces the computational complexity
of the problem, as we now can model the cells as metal cavities with aper-
tures, distinguishing 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 princi-
ples. 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 current 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 intercon-
necting multiport admittance matrices in a circuit-like manner as shown in
Fig. (b) The voltage at each port is the amplitude of the corresponding
magnetic current modeling an aperture field mode. Fig. b) shows N aper-
ture 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 employ-
ing subsectional basis functions and suits the Characteristic Basis Function
Method (CBFM) well |7, (8] [10} [11].

Our method belongs to a class of so-called domain decomposition methods
(DDMs). In most of the DDMs, such as the generalized transition matrix
(GTM) approach [9], Love’s equivalence principle is employed. It is often fa-
vored because it leads to well-conditioned numerical systems and integrates
well with hybrid computational techniques. In our case, for the exterior equiv-
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alence, the entire array structure can be modeled as a PEC structure. More-
over, 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 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 frame-
work 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 algorithms are then
employed to optimize the distribution of these cells [14].

This paper is organized as follows. Sec. [2] details the mathematical for-
mulation of the herein proposed DDM. The numerical results validating the
methodology are described in Sec. The paper ends by providing the con-
clusions in Sec. [

2 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. a), the tangential components of the E-
and H-fields are continuous across the aperture surface Sy, i.e.,
Bl =B, ad H|

= H"| (B.1)

tan tan tan’
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Figure 2: Scattering problem: (a) Original configuration, split into: (b) exterior
equivalent fields in region a; (c) interior equivalent fields in region b.

where a denotes the exterior region and b the interior waveguide region. For
the exterior problem, in Fig. b), we assume the original fields in region a
|tan = —n®* x n* x E* must
now be accompanied by an aperture surface magnetic current through the
boundary condition E® } tan = X M. The jump in H* ‘ tan L€ads to a surface
electric current in the aperture. Furthermore, the PEC surface is removed

and replaced by an electric source current J¢ representing the induced current

and zero fields in region b. The jump in E®
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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%) (B.2a)
H® = H" + H* (M%) + H*(J%). (B.2b)
Similarly, equivalence principles can be applied to obtain the total interior
fields in region b, as also shown in Fig. c), ie.,
E' = E* + EY(M?) + E*(J?) (B.3a)
H® = H" + H*(M?) + H*(J?), (B.3b)

where the interior current J? is different from the exterior current J2. How-
ever, because of Eq. (B.1)), where

b — pab b
E“*| =" x M¢ (B.4)
as well as that 7 = —A in the aperture, results in the single magnetic current
M? = -—Mb = M,. (B.5)

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

[H*(M,) + H"(M,)],.

+ [H*(JY) - HY(JY)), = [H" - H"'| = r€Sy, (BO)

tan

where r denotes the observation point. The exterior and interior currents J&?°
depend on M. These relations follow from the E-field boundary conditions
in , which must hold across the entire boundary surface, including the
aperture. Note that, outside of the support of My, the PEC boundary con-
dition 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 .

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

[E*" + E*(M,) + E*(J%)]
[E" — E"(M,) + E"(J})]

=n% x M, (B.7a)
= —n’ x M. (B.7b)

tan

tan
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2 Formulation

The current-dependent fields must be interpreted in terms of the integro-
differential operators [16, Eq. (2.127)]:

1
HOM (I3 = KM (T80 = 5att x I, (B.8)
where
K (X,) = / X, (r') x V'G%(r —r')ds’, (B.9)
S

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

67jk“’b|'r'77"\

G(r —7') = (B.10)

Ax|lr — /|

The wavenumber in the medium is given by its material constitutive parame-
ters, i.e., k%" = w\/pu®beab and r’ is a point in the source domain. Further-
more,

E“(J0h) = Lo (I8, (B.11)

where

LX) = —jups? / X (r)G*(r — ') dS’
S

L ! Neyasb, o l
+jw€a,bV/SV X (r)G*(r —r')ds’. (B.12)

Finally, using duality,

1
H" (M) = ——L£%"(M,) (B.13a)
na,b
1
E“Y (M) = K (M) + iﬁavb x M2 (B.13b)

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

o), = [ KM(M,) + B, - %n « M, (B.14a)

tan tan

: 1
—LY (T = [KO(M) + BM] |+ 57" x M, (B.14b)

B9



Paper B

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

Zja a 7 Zlb b
= Z Vi, (1)
n=1

Testing (B.14) by the basis functions {i%’}, using the symmetric product
(a,b) = [a-bdS, yields

(B.15)

Na
>z, 18 ZD Vi 4 Vet (B.16)
n=1 n=1
N .
Z ZhnIh == Db, Vo + V5 (B.17)
n=1
for m=1,2,..., N* respectively, where
Zih = =@, LY (")) (B.18a)
1
D = = (i K2 (m)) = S (@57, %" x m) (B.18b)
VA= (3¢ E™) and V2= (i’ E") (B.18c)
or simply
Z°1* = D"V + V%! (B.19a)
z"" = D’V + Vv, (B.19b)

Thus, the solution becomes
I = (z*) 7' (V*' + DV) (B.20a)
I’ = (z0)~! (vb’i - va) . (B.20b)

Similarly, applying the same discretization process to the Magnetic Field In-
tegral Equation (MFIE) in and testing by the basis functions {m,,},

B10
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yields

M=

Ve, + Y0 |V

n=1
Nb Na . .
+YChL I =S Cn In =1 - 18, (B21)
n=1 n=1
where
1
Yoy = *n?<mm,£a’b(mn)> (B.22a)
a,b
1
Crin = (M, K22 (77)) = 5 (M, 20 457) (B.22b)
1% = (M, H) and 1% = (m,,, H"), (B.22c)
or simply
YO+ YOV 4+ €1 — 1 =1 — 1P (B.23)
One can now substitute (B.20) in (B.23]) to finally arrive at
|:chlot + ont] V= |7 (B24)
where
Yi =Y~ C*(Z")7'D" (B.25a)
Yio =Y’ —C"(Z")7'D° (B.25b)
| = [Ia,i + Ca(za)—lva,i} _ [Ib,i + Cb(zb)—lvb,i}’ (B25C)

and where the matrix elements are computed using and (B.18). Once
V is solved for an incident field I, the exterior magnetic current M is known
through the basis function expansion , as well as the exterior electric
current J¢ through the expansion coefficient vector . These currents
radiate the exterior scattered field in a homogeneous medium {u®, &%}, and
together with the incident field, the total field is obtained as per (B.2a). Note
how Fig. b) visualizes Eq. , with the difference that the voltage sources
are now replaced by current sources that are dependent on the field excitation.
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Figure 3: Dimensions in cm: (a) Open waveguide; (b) Monopole strip and port.

3 Numerical Results

For the purpose of validation, consider the rectangular waveguide element in
Fig. a). The element is of size a X b X ¢, 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 (e, = 2.2) considered in the
transmitting situation that is excited by a monopole PEC feed as shown in
Fig. 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 ra-
diation pattern for the probe-excited waveguide 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 employed Rao-Wilton-
Glisson (RWG) basis and test functions (Gelerkin’s approach) for both the
electric and magnetic currents.

One can conclude from Fig. a) that the magnitude of the port reflection
coefficient |S11| 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 equa-
tion (IE) solver agrees best with our MoM-based DDM. Furthermore, the E-
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8 Numerical Results

and H-field radiation patterns in Fig. (b) are visually almost indistinguishable
from the DDM-computed patterns. Note that only CST’s IE-solver patterns

0
_5 L
,
__ 10} g
ai]
= 157 ST |IE-solver
- © === CST TD-solver
= -20 CST FD-solver
E < DDM solver
-25
_30 L
_35 L L L
0.4 0.6 0.8 1 1.2
Frequency [GHz|
(a)
5
n o
=,
i
< -5
(@)
-10 o DDM (H-plane)
o DDM (E-plane)

-100 0 1 60
0 [Deg]

(b)

Figure 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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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 depen-
dent 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
—1,Y [Vm] are placed at (x = 0,y = 0,z = \) and radiates in the negative
z-direction. The reference induced surface current is shown in Fig. a) as
computed by a plain MoM approach (EFIE only). The induced electric sur-
face current as computed by the DDM is shown in Fig. [f(b). The exterior
and interior current are summed to form the total electric current, so that this
total current in Fig. b) can be compared to the MoM current in Fig. a).
The current distributions agree very well, despite that the total electric cur-
rent in the aperture in Fig. 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. @(a). The relative pattern error is computed as

HUEFIE _ UDDM‘

€ =

Fro 5 100% (B.26)
H UEFIE 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. @(b) This may be due to the non-vanishing aper-
ture current in Fig. b), requiring a denser mesh near the edges. Further-
more, MATLAB issued a high condition number warning for the densest mesh
(A/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 com-
mercial 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.
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Figure 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.
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4 Conclusion

A domain decomposition method for open-cavity based reflectarrays is pro-
posed. The surface equivalence principle is employed to model the exterior

'pEi
.
k=

a8}
@) * (H-plane) ®

® @ * EFIE (E-plane) ® ®
o DDM (H-plane)
®e o DDM (E-plane) 8®
-10 : : :
-100 0 100
0 [Deg]
(a)
20

=)

& 15+ ]
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o

—
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>
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O L L L
5 10 15 20

Cells per wavelength
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Figure 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 A\/24 mesh density).
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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 charac-
terized 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 Huy-
gens 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 com-
mercial 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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1 Introduction

Abstract

This paper presents a method-of-moments-based domain de-
composition technique for analyzing conformal cavity-backed
reflectarrays. Scattering from a 3D conformal all-metal re-
flectarray is modeled using the perfect electric conductor
(PEC) equivalence, where impressed aperture magnetic cur-
rent sources on the cavity apertures separate the interior and
exterior cavity domains via a generalized aperture admittance
approach. The methodology is evaluated for two representa-
tive conformal shapes, concave and convex. Numerical results
demonstrate high accuracy, with average relative errors rang-
ing from 0.5% to 2.2%, confirming the validity of the proposed
method for finite conformal cavity-backed reflectarrays.

1 Introduction

Reconfigurable intelligent surfaces (RIS) have recently attracted significant
research interest due to their promising features, such as beamforming and
the ability to enhance propagation channels through controlled reflections |1}
2]. Reflectarrays are a notable example of RIS, offering controllable reflec-
tions via adjustable phase responses on the array surface. Conventional flat
reflectarrays face key limitations, including narrow bandwidth and restricted
beam-scanning capability, primarily due to phase errors and element pattern
degradation at large off-boresight angles. To address these limitations, con-
formal arrays are being actively investigated [3-6].

Reflectarrays are increasingly considered for applications in satellite com-
munications, aircraft, and UAVs. In these contexts, conformal designs offer
advantages, such as enhanced bandwidth and improved side lobe control |7,
8]. However, modeling conformal reflectarrays presents a greater challenge
as they are inherently non-periodic. This complexity is further amplified in
special cases, such as partially embedded reflectors or SIW-based wideband
elements, where the array size and additional features (e.g., via-fencing) sig-
nificantly increase computational demands [9} |10].

This work builds on our prior research |11, 12] on PEC-equivalent modeling
of cavity-backed reflectarray elements in periodic and aperiodic configurations.
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flen

Figure 1: Baseline configuration: a 3-facet reflectarray illuminated by a center-
fed single-pol horn at 1 GHz. Parameters are a = 0.055 m, b = \/2,
c=A/10,d=1.8\, f =2 m.

Here, we illustrate the general setup and modeling methodology for electri-
cally connected conformal reflectarrays, demonstrating the effectiveness of the
approach using both concave and convex faceted examples.

The remainder of this paper is organized as follows. Sec. II details the

domain-decomposition-based modeling methodology for conformal arrays. Sec.

presents validation results for both concave and convex faceted reflectarray ex-
amples, and Sec. IV concludes the paper and discusses recommendations for
future work.

2 Methodology

The modeling methodology used in this work builds on the framework de-
scribed in [11]. In brief, to model the fields in the exterior region, the metal
cavities shown in Fig. are closed with perfect electric conductor (PEC) mate-
rial. The aperture fields are then represented by equivalent magnetic currents
placed on the PEC apertures, as shown in Fig. 2] This procedure is general
and can be applied regardless of the unit cell’s position or orientation, allowing

C4
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2 Methodology

PEC || PEC

Concave

Convex
M5 Ms
PEC || PEC

Figure 2: Exterior PEC-equivalent model for convex and concave reflectarrays.

analysis of both convex and concave reflectarrays.

The over-the-air coupling between aperture field modes (or their equivalent
magnetic current representations) is captured by the generalized admittance
matrix Y¢, where each entry represents the self- or mutual admittance between
a pair of modes. In Fig. [2 M, denotes the set of K, equivalent aperture
currents corresponding to the K, field modes at aperture n, forn=1,..., N.

The coupling among the K, aperture modes inside the N individual cavities
is modeled by the interior admittance matrix, represented as the sparse block-
diagonal matrix

Y: 0 0
0 Y, -« 0

ve=1|. * ] (C.1)
0 0 Yé,

By enforcing field continuity across the apertures, the interior and exterior
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regions are connected via the admittance formulation |11, Eq. (24)]
Yy v, (C.2)

where V is the vector of aperture field mode amplitudes, and | is the magnetic
excitation vector due to an external feed.

In this decomposition, Y* depends on the geometry and positioning of the
cells, while Y’ remains fixed for a given unit cell design. As a result, the
method supports flexible array configurations and is well-suited for modeling
conformal reflectarrays.

The total magnetic current distribution M, as well as each individual mode
in the above formulation, radiates in the presence of the surrounding PEC
structure. To compute the total scattered field, the PEC surface is replaced
by its induced electric surface current J. This current is found by solving the
electric field integral equation (EFIE):

Eian = Etian + Et?an(']) =0, (03)
evaluated at observation points on the PEC surface. Here, Ei = Ey,,(M)+
EFed is the total incident field resulting from the aperture magnetic currents

and the feed. The total scattered field in the exterior region thus arises from
both the magnetic current M and the induced electric current J.

3 Results

The proposed methodology is validated on a 27-element reflectarray in both
convex and concave configurations. Each array consists of three 3 x 3 panels,
with the side panels rotated as shown in Fig. [1l In this setup, feed blockage
effects are neglected. Both configurations, illustrated in Fig. [2] are selected
for their relevance in achieving higher bandwidth and improved wide-angle
scanning performance.

Results are compared against a full-wave EFIE-based method-of-moments
solver using an identical fixed mesh, enabling direct and consistent bench-
marking.

For the convex array, the equivalent magnetic currents are shown in Fig. [3]
and the corresponding far-field radiation pattern is plotted in Fig. ] In the
E-plane, the configuration yields an average error of 0.76%, a peak error of
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3.91%, and a median of 0.49%. In the H-plane, the average, peak, and median
errors are 0.34%, 2.14%, and 0.054%, respectively.

For the concave array (Fig. , the radiation pattern is shown in Fig. @ In
the E-plane, the average error is 2.21%, with a peak of 16.43% and a median
of 0.90%. In the H-plane, the average, peak, and median errors are 0.53%,
3.57%, and 0.31%, respectively.

We found that the error in the concave array decreases as the mesh density
increases, likely due to stronger coupling and more complex current modes
that are not adequately captured with the same mesh as the convex array.
This trend is also observed between the H- and E-planes, with the latter ex-
hibiting the highest coupling. Overall, these results confirm that the proposed
methodology maintains high accuracy across different conformal geometries.
Most errors remain below 1% on average, with particularly low median values
in both principal planes, demonstrating the robustness of the approach.
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4 Conclusion

This paper validates a domain-decomposition-based generalized admittance
matrix approach for the analysis of conformal reflectarrays. High accuracy
is demonstrated through comparison with a conventional full-wave method-
of-moments solver for a 27-element reflectarray in both convex and concave
configurations.

The proposed modular modeling strategy enables efficient reflectarray opti-
mization. For example, in arrays composed of repeated cell types, only partial
matrix updates are required to reflect changes in the array lattice. Similarly,
when only the cell types are modified, field solutions can be obtained with
minimal computational overhead.

Future work will focus on hybridizing this method with high-frequency tech-
niques, such as physical optics, in combination with macro-domain basis func-
tions for current modeling. This hybridization aims to further reduce solution
time and memory requirements, enabling efficient simulation of electrically
large conformal reflectarrays.
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1 Introduction

Abstract

This letter presents an efficient hybrid domain-
decomposition/physical-optics framework for analyzing finite,
large-scale reflectarrays and reconfigurable intelligent sur-
faces. The structure is decomposed into exterior and interior
domains coupled through a generalized aperture-admittance
formulation. The exterior response is approximated using
physical optics, while element behavior is captured through
admittance operators. Scalability to large arrays and many
tuning states is achieved via a macro basis function expansion
of the aperture current, which enables multi-state analysis
by reusing pre-characterized element operators and updating
only the elements that change state. Results for 8 x 8 and
20 x 20 arrays under different illuminations closely match
full-wave references while substantially reducing memory
usage and simulation time, demonstrating suitability for fast
analysis and optimization of reconfigurable arrays.

1 Introduction

Reconfigurable intelligent surfaces (RIS) and reflectarrays manipulate elec-
tromagnetic wave propagation through controlled reflection responses, and
they have been widely studied as potential cost effective solutions for beam
steering and coverage enhancement in beyond-5G and 6G scenarios. Reflec-
tarrays achieve phased-array-like behavior using passive elements, whereas
RIS extends this concept by allowing the element response to be tuned in
operation [1H4].

Accurate modeling of finite reflectarray and RIS apertures remains chal-
lenging. Periodic boundary conditions and infinite-array assumptions are
computationally efficient, but their accuracy degrades for finite or aperiodic
layouts, where edge effects and spatially varying mutual coupling become sig-
nificant [5H8]. In addition, cavity-backed elements have received increased at-
tention due to their broadband potential [9H13|. This trend motivates scalable
solvers that can explicitly represent an interior cavity region. While full-wave
volumetric methods can capture these effects, they often become prohibitively
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expensive for large arrays and for analyses of many tuning states. Surface-
integral-equation formulations, particularly the method of moments (MoM),
are attractive for open-region problems because they require only surface dis-
cretization [14H18]. However, for large reconfigurable apertures, updating
element states may still require repeated solves and matrix updates, which
can limit scalability.

This letter proposes a hybrid domain-decomposition /physical-optics (DDM-
PO) framework for efficient analysis of finite, large-scale reconfigurable reflec-
tarrays and RIS. Two contributions are introduced. First, a magnetic-field
integral equation (MFIE-PO) aperture-admittance formulation replaces the
exterior MFIE operator with a physical-optics (PO) substitution, avoiding an
explicit exterior integral-equation solve for electrically large arrays [19H23].
Second, the interior domain is modeled using element admittance operators
together with a Macro Basis Function (MBF') representation, enabling multi-
state analysis by reusing precomputed element operators and updating only
the matrix blocks associated with elements that change state [24].

The paper is organized as follows. Section II presents the formulation.
Section III reports validation results and benchmarks. Section IV concludes
the letter.

2 Generalized Admittance Formulation

The scattering problem for a cavity-backed reflectarray (Fig. is decom-
posed into exterior and interior domains separated by the aperture surface S
(Fig. . Enforcing tangential magnetic-field continuity on S and applying
field equivalence yields the MFIE on the aperture |19} |21} 25| [26]:

[H*(M;) + H"(M,)],,,, + [H*(J) - H*(J))],,,

= [H"" — H"'] (D.1)

tan’

Here, M is the equivalent aperture magnetic current and is oppositely ori-
ented on the two sides of S. The quantities J¢ and J° denote the equivalent
electric currents on the exterior and interior sides, respectively. The operators
H¢(-) and H’(-) are the corresponding magnetic-field integral operators. The
terms H%" and H"® represent any impressed magnetic fields in the exterior
and interior regions. For reference, Fig.[Icillustrates an exterior-only formula-
tion obtained by setting the interior fields to zero; by the equivalence principle,
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lH®s = H*(J7) + H* (M, )Exzerzor' lH* =H"(J!)+ H* (M, )Exlerzorl

| \ H" \ H:}fl
. @@@@@@@@@@@@ @@@@@@@@@@@@ |

|
, ! l
by

Figure 1: Formulation steps for a cavity-backed reflectarray. (a) Scattering prob-
lem with H® and H*®. (b) Aperture S splits the exterior region a and
interior cavity region b. (c) Equivalence principle on S introduces M,
and sets the fields in b to zero. (d) Neglecting rear-surface currents, the
3-D conductor is replaced by a 2-D PEC sheet in the aperture plane.

this yields the same exterior fields as the original scattering configuration in

Fig. [Ta]

2.1 Physical-Optics Approximation and MFIE-PO
substitution

The structure is assumed to be backed by a perfect electric conductor (PEC),
such that fields on the rear surface can be neglected. Under this assumption,
the original three-dimensional conducting geometry is reduced to an equivalent
two-dimensional PEC sheet coincident with the aperture plane (seen from the
exterior region) [22], as illustrated in Fig. This reduction enables an
efficient treatment of the exterior domain using PO.
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Figure 2: Superposition used for the PO treatment of the exterior domain. (a)
Reduced configuration on the aperture with equivalent magnetic current
M. (b) Contribution driven by My, which induces the PO current Jyy, .
(c) Contribution driven by the incident field H**, which induces Jiya.;.
The total exterior field is the sum of (b) and (c).

For a PEC boundary, the induced electric surface current density on the
exterior side is

J=nx H., D.2
s tot

where 7o is the unit normal directed into the exterior region and H{, =
H%' + H%* denotes the total magnetic field evaluated on the surface. In
the PO approximation, the illuminated portion of a smooth, electrically large
PEC surface is modeled locally as an infinite tangent plane. The shadow
region is assumed to carry negligible current 28].

Starting from the MFIE on the reduced PEC sheet, see Fig. , we
treat the two PO-driven excitation cases separately and then combine them
by superposition. The exterior equivalent current is written as

T¢ = T3+ T, (D.3)

where Jj, is the exterior current induced by the field radiated by M (Fig. )
when H%* = 0, and J fra: is the exterior current induced by H @i when

M, =0 (Fig. [2).
Case 1 (Fig. @b, driven by M): Under the PO approximation, the field
H®(M;) cancels H*(J3, ) in the immediate shadow region. Consequently,
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in the illuminated region,

[H(J31)] 0 = [H*(M)] (D.4)

tan”
Case 2 (Fig. c, driven by H%"): Similarly, the PO approximation in the

illuminated region yields,
[H (Jgpa.:)]

~ [H"'] (D.5)

tan tan’

By linearity, the total exterior tangential field due to J2 (Fig. ) is obtained
by superposition,
[H*(J)]

= [H*(M,) + H""] (D.6)

tan tan’

where ( - has been substituted in the LHS of leading to the RHS

when using and -

Substltutmg into (D.1) yields the MFIE-PO

[2H®(M,) + H*(M,)], — [H*(J?)]

tan tan

= [H" —2H*'],_ . (D.7)

A matrix representation is then obtained by discretizing and applying
Galerkin testing with Rao— Wilton Glisson (RWG) basis functions, leading to
tested terms of the form (u, H(v)) £ [¢u- H(v)dS, where u and v denote
RWG expansions of equivalent currents on the aperture surface S.

No impressed sources are absumed to exist in the interior region, H%? = 0.
Expanding M, = Z 1 Vn M in and testing with £ yields

N]u NIVI
2 Vi lfmls HUE) + D Va (£l HY(EY)
n=1 n=1
Ny

—ZV MOH(JN-FMY)) = —2(fM, HYY), (D.8)

for m = 1,2,..., Ny, where the induced current J?(—fM) due to —M, on
the interior is given in [19, Eq. (18)].
Finally, this yields the generalized aperture-admittance system of linear

D7



Paper D

equations
[Y(tlot + ont] V = I7 (DQa)
[Ygot]mn: 2< 7Jr\z4a Ha(fr]L\/[)>v (ng)
1], =—2(f), H*"). (D.9c)
(Yeoi] = (Fad s HO(FRD) = (£l HY(IU=121) (D.9d)
with

Y0 =SV (EML HYEMY) - (£ HYD)

(D.10)

and
where V = [V1,..., Vn,,]T collects the RWG coefficients of M and I is the
tested excitation.

2.2 Interior Domain and Macro-Basis Representation

The interior domain is modeled by the cavity-admittance matrix Y?_,, which is
block diagonal with one self-admittance block per array element. Suppose that
the array contains L elements drawn from P unique element types. Element
l is assigned a type index 7(I) € {1,..., P}, so

Y?,, = blkdiag(Y> (") Ly ED), (D.11)

i.e., each unique type is analyzed once and reused across the array [24]. For
MBF generation, each element is treated as a non-overlapping unit-cell anal-
ysis region; no buffer or overlap region is introduced. After assembly, inter-
element interactions are included through the global aperture-admittance sys-
tem, with array-level coupling provided by the MFIE-PO exterior formulation.

To reduce the number of unknowns without changing the MFIE-PO for-
mulation, the aperture magnetic current is expanded through MBFs |29, [30].
Let V € CV collect the RWG coefficients of M, on the aperture.

The MBF reduction is written as V. = Vyppw, where Vygp € CVXE
contains the MBFs in the original basis. The vector w stacks the MBF weights
for all elements, with K; MBFs retained for element [. Accordingly, K =
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Elel K;, and Vypr is assembled element-wise as a block-diagonal matrix
with blocks Vﬁ](;g), e ,VI(VTH(?,LF)).
Substituting this expansion into yields the reduced system

(VAT/[BF [Yi 4+ Yoo VMBF)W = Vusrl (D.12)

Once w is solved, the full-resolution current follows from V = Vygrw.

MBF Generation via Characteristic Mode Analysis

MBFs are computed once for each unique element type For P element types
we form the local composite admittance Y(7() = (T(p)) + Yb (T( ) and
write Y7(P) = G () 1 jB(®)  where G7(P) = ,( (T(p)) + Y(T(p))H) and

B(7(®) = % (Y(T(p)) - Y(T(p))H). The characteristic currents then satisfy

BEE) ) Z \G0) o) Jg(m)’ (D.13)
and are ranked using the modal significance MS{™® = (1+ (AT @P))2)-1/2 131}

33]. The K, most significant modes form the local MBF matrix V{; ).

MBF Generation via Singular Value Decomposition

Alternatively, for each unique type p, we compute the SVD of the local inverse
composite admittance,

(Y(p))*l = U xnEprH, (D.14)
and form the reduced basis by retaining the K, dominant left singular vectors,
vELSYD _ gt)(.1: K, (D.15)

The number K, is chosen near the knee of the singular-value decay curve,
rather than from a universal fixed threshold, since the current-reconstruction
error is generally not known a priori; more singular vectors may be retained
for higher current accuracy.

Both Characteristic Mode Analysis (CMA)- and singular value decompo-
sition (SVD)-based MBFs are computed once per unique element type and
reused across the array. CMA yields physically interpretable, excitation-
independent modes, whereas SVD provides an excitation-independent numeri-
cal orthonormal basis based on singular values. Both approaches are validated
on a single element in Section [3]
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g
() (b) (c)

Figure 3: (a) Reference element from @] used to evaluate the proposed methodol-

a

ogy, with ¢ = 6 mm, b = 5.6 mm, ¢ = 5 mm, d = 4 mm, e = 3 mm,
f = 44 mm, and ¢ = 3 mm. (b) 8 X 8 array configuration with
e = ¢ = 3 mm under Huygens-source illumination at 10 cm. (c¢) Same
8 x 8 array under horn-antenna illumination at 10 cm.

Table 1: Benchmarks (CMA, K; = 10 MBFs per element) on i9-12900K /128
GB/RTX 3080. Times are CPU/GPU seconds; total runtime is their
sum. In the MBF+PO column, A + B means (A) reduced-system MBF
unknowns plus (B) PO degrees of freedom used for the exterior PO-current
evaluation. Here, k = 10% and M = 10°.

Array Case Mem Time (s) Unknowns e (%)
CPU GPU MBF+PO

8 x 8 DDM-PO / Huy. 7 MB <1 64 640435k 1.3

8 X 8 DDM-PO / Horn 7 MB <1 63 640435k 0.6

8 X8 MoM 35 GB 594 - 48k -

20 x 20 DDM-PO / Horn 269 MB 171 1017 4k+219k 0.06

20 x 20 CST (MLFMM) 100 GB 5316 12206 1.23M -

2.3 Exterior Scattering

After solving for the aperture magnetic current M (via V or w), the exterior
scattering is evaluated from the PO current Jpo = 2a x (H** + H*(M;)).
With MBF reduction, solving for M, scales as O(K?), and the subsequent
PO current evaluation scales as O(N).

3 Results

Validation is carried out at 32 GHz for an unmodulated 8 x 8 reflectarray and
a modulated 20 x 20 reflectarray. The element geometry is shown in Fig. 3h
and is based on @ﬂ with minor parameter adjustments. A Huygens source is
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Figure 4: (a) CMA modal significance MS,, and the corresponding reconstruction
eITOr £rel versus the number of retained characteristic modes. (b) Singu-
lar values o; obtained from Y 1.

——H-plane (MoM) —— E-plane (MoM) H-plane (DDM-PO_ )

20 0 T

]0 -lll(lTM
— 150 Mo )‘
m
= 0 ,
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5-10 .
g i
8 20 : (a)

2135 90 -45 0 45 90 135 2135 -90 -45 0 45 90 135
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Figure 5: Radiation patterns of the 8 x 8 array under (a) Huygens-source and (b)
horn illumination at 10 cm (= 10.7A). DDM-PO with K; = 10 CMA-
MBFs per element is compared with the MoM reference. Insets show the
corresponding feed patterns.

used to realize minimal edge taper, while a high-gain horn provides a strongly
tapered excitation. In all cases, the feed is modeled as a far-field source and

feed—array coupling is neglected.
The impact of MBF reduction is first assessed on a single element illumi-
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(a)

Figure 6: (a) 20 x 20 reflectarray scanning to § = —15°, illuminated by a horn
at h = 10 cm. (b) Element-wise modulation of g (in mm) using eight
discrete states, with e fixed to 1 mm.

nated by the Huygens source at a distance of 10 cm (=10.7)). Figure
reports the CMA modal significance, while Fig. [4b] shows the singular spec-
trum obtained from Y ! and the corresponding reconstruction error. For both
constructions, the reconstruction error is quantified by the relative error:

[Vmprw — V|,

, D.16
VT (D-16)

Erel =

where V denotes the solved RWG coefficient vector of M,. Based on these
results, subsequent array evaluations use CMA-based MBFs, which provide
lower current-reconstruction error for small K; in the considered example while
remaining physically interpretable.

The 8 x 8 array is evaluated under both illumination conditions using
K, = 10 CMA-MBFs for the element type. As shown in Figs. [fh and ,
the proposed approach closely matches the MoM reference in both the E- and
H-planes. The computational benefits are summarized in Table [I} showing
orders-of-magnitude lower memory and runtime relative to MoM (CPU+GPU
time). The average relative error e is computed from the sampled radiation-
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Figure 7: Radiation patterns of the 20 x 20 array scanning to § = —15°, computed
by DDM-PO with K, = 10 CMA-MBFs per state and compared with
CST MLFMM.

pattern values z; (linear scale) over the E- and H-planes as

N £
1 ‘ T
€= ;e“ €; = 7maxj |;z:§6f| , (D.17)

and remains within 0.6% to 1.3% for both Huygens and horn illumination.
Finally, the method is validated on a 20 x 20 modulated array configured
to scan to # = —15°. Eight discrete element states are used, and each state
is represented using K, = 10 MBFs. The array geometry and modulation
are shown in Fig.[f] The resulting radiation pattern is compared with CST
(MLFMM, solver tol. 1074, level = 6) in Fig. E since a full MoM refer-
ence would require prohibitive memory resources (about 1 TB) that are not
available. The results show good agreement, while Table [I] indicates an over
two-order-of-magnitude reduction in memory usage and a > 10x reduction
in total runtime (CPU+GPU) relative to CST. Figure |8 shows the computed

D13



Paper D

ol [dBA/m]

31.6 0.05 045
21.6 -12.6
116 _ 25.6
X
1.56 - -38.7
8.44 517
184 -0.05 -64.7

-0.05 x [m] 0 0.05

(b)

Figure 8: (a) Magnetic current M, using 80 CMA-MBFs (10 per state). (b) In-
duced PO current on the PEC.

M and induced Jpo, illustrating how the modulation shapes the current
distribution across the array.

4 Conclusion

This letter presented a DDM-PO framework for analyzing large-scale recon-
figurable reflectarrays and RIS. The formulation couples the interior and exte-
rior domains through a generalized aperture-admittance system and employs
physical optics to approximate the exterior response, enabling efficient eval-
uation of electrically large arrays. CMA-MBFs further reduce unknowns by
reusing pre-characterized element operators and updating only those elements
that change state. Results for 8 x 8 and 20 x 20 arrays under different illu-
minations show close agreement with full-wave references while substantially
reducing memory usage and simulation time. Future work will add PO edge-
diffraction corrections for finite arrays.
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1 Introduction

Abstract

This letter presents a controlled comparison of three macro-
basis-function (MBF) constructions for reduced-order method-
of-moments analysis of cavity-backed reflectarrays: character-
istic mode analysis (CMA), the characteristic basis function
method with primary and enriched responses (CBFM), and
a singular-value-decomposition (SVD)-based basis. The com-
parison is performed within a common reduced-order formula-
tion using identical geometry, discretization, partitioning, and
solver settings, so that differences in current reconstruction,
far-field accuracy, compression, and conditioning can be at-
tributed mainly to the MBF construction. A single element
and an identical-element 8x8 array are used as benchmarks
at 32 GHz. The results show that CBFM provides attractive
low-rank accuracy but exhibits nonmonotonic solution error as
enriched functions are retained. Explicit G-orthogonalization
substantially improves the conditioning and accuracy of CMA,
whereas the SVD basis gives the best-conditioned reduced sys-
tems but requires more MBFs to reach the prescribed far-field
accuracy. The array results preserve the main single-element
current-reconstruction and conditioning trends, while the far-
field error is less sensitive to the retained basis size.

1 Introduction

Large-scale reflectarray simulations based on the method of moments (MoM)
often lead to dense or ill-conditioned linear systems, resulting in substantial
computational cost, especially when repeated solutions are required for mul-
tiple excitations or parameter sweeps. Macro-basis functions (MBFs) reduce
the number of unknowns by constructing a low-dimensional subspace that cap-
tures the dominant current or field behavior, thereby accelerating the solution
while maintaining good accuracy [1} 2].

This paper extends the cavity-backed reflectarray framework introduced
in [3H7] by isolating the effect of MBF construction within that formulation.
Whereas the earlier work established the underlying MFIE-PO framework

E3



Paper E

and used MBFs as an enabling ingredient, it did not examine in a controlled
manner how the basis-construction strategy itself affects compression, condi-
tioning, and field accuracy. The present paper therefore provides a controlled
comparison of characteristic mode analysis (CMA) [8H13], the characteris-
tic basis function method (CBFM) [14H23], and singular value decomposition
(SVD), with multi-order CBF enrichment treated within the CBFM frame-
work [24H26].

This letter presents a controlled benchmark of CMA-, CBFM-, and SVD-
based MBF constructions for cavity-backed reflectarray analysis, isolating the
effect of the basis construction by keeping the geometry, discretization, parti-
tioning, and reduced-order solver fixed. The considered approaches are eval-
uated in terms of reconstructed-current accuracy, far-field accuracy, compres-
sion efficiency, and numerical stability through the condition number of the
reduced system. In addition, the study examines how closely single-element
behavior predicts finite-array performance. The main contributions are a uni-
fied reduced-order framework for CMA-, CBFM-, and SVD-based MBFs, a
controlled benchmark of their accuracy-versus-rank and conditioning behav-
ior, and an assessment of how single-element trends carry over to the array
case.

The remainder of this paper is organized as follows. Section [2] briefly sum-
marizes the underlying formulation and introduces the considered MBF con-
structions. Section [3] presents the numerical results. Finally, Section [] con-
cludes the paper.

2 Macro-Basis Functions and System Compression

2.1 MFIE-PO Formulation

The underlying cavity-backed reflectarray formulation follows [3-7] and is
briefly summarized here for completeness. The scattering problem is decom-
posed into exterior and interior domains separated by the aperture surface S,
as illustrated in Fig. Applying the equivalence principle on S introduces
the equivalent magnetic current M and suppresses the fields in the interior
region, leading to the reduced problem shown in Fig.[Ib] Enforcing tangential
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lH> = HY( )+H“(]&L)Exleri0r!

! I " {1
C ‘\_\ M. /f .

Figure 1: Formulation steps for a cavity-backed reflectarray. Original scattering
problem with incident and scattered magnetic fields, H® and H?®.
Application of the equivalence principle on S, introducing the equivalent
magnetic current M and suppressing the fields in region b. The reduced
problem is then obtained by neglecting rear-surface currents, so that the
three-dimensional conductor is replaced by a two-dimensional PEC sheet
in the aperture plane.

magnetic-field continuity on S yields the MFIE on the aperture @ :

[H®(M,) + H'(M,)],,,, + [H(JS) = H'(J))],,

= [H" -H"],_ . (EI)

tan

Here, M, denotes the equivalent aperture magnetic current, while J¢ and
J? denote the equivalent electric currents on the exterior and interior sides
of the aperture, respectively. The operators H(-) and H(-) denote the
corresponding magnetic-field integral operators.

For the reduced problem in Fig. the MFIE is combined with the proposed
PO boundary condition and discretized using Galerkin testing with Rao-
Wilton-Glisson (RWG) basis functions . With the testing inner product
(a,b) = [ga-bdS, the resulting system becomes [7]

(Yo + tot]V:Ia (E.2a)

[Y? ot]mn 2(f  H(f21)), (E.2b)

1), — —2(f ), (8.2

Vi = (R HN ) — (P HNBCA)). (m20)
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Here, fM denotes the RWG basis/testing function with local support on S
associated with the aperture magnetic current, V.€ CV*! collects the un-
known coefficients, Y2, is the dense exterior-domain matrix, and Y2, is the
cavity-admittance matrix associated with the interior domain.

For an array of L elements drawn from P unique element types, the interior
matrix is block diagonal,

Y?,, = blkdiag(Y®(" W) yb((L)), (E.3)

where 7(I) € {1,..., P} denotes the type index of element /. Thus, each
unique element type is characterized only once and reused throughout the
array [3].

2.2 MBF Compression

The problem is well suited for MBF compression because the apertures of
different elements are physically separated, allowing an element-wise reduced
basis with nonoverlapping supports. Let Vypp € CV*X denote the MBF
matrix, whose columns contain the MBFs expressed in the original RWG basis,
and let w € C¥ collect the corresponding MBF weights. The aperture current
is expanded as

V= VMBFW- (E4)

If K; MBFs are retained for element [, the total number of MBFs is K =
ZzL:1 K, and the global basis matrix is assembled as

Vupr = blkdiag( VS, ... VG, (E.5)

With Y = Y&, + Y2 ,, substitution of (E.4) into (E.2a) and multiplying
by Vigp, vields

Yw =1, (E.6)
where
Y = Vi YVusr, 1=Vl

Because the same nonconjugated testing product (-,-) is used in the projec-
tion, the superscript T denotes transpose rather than Hermitian transpose.
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After solving for w, the full-resolution current follows from . All meth-
ods considered here use the same reduced formulation and differ only in the
construction and ordering of the columns of Vypp.

MBFs may be excitation-dependent or excitation-independent. Excitation-
dependent MBFs are often more efficient but may be biased toward the used
excitation set, whereas excitation-independent MBFs may generalize better
across excitations. In the present comparison, CBFM is an excitation-dependent
construction, whereas CMA and the system matrix-based SVD (called SVD
hereafter) are excitation-independent.

2.3 Compression and Conditioning

To assess the numerical robustness of the compressed MBF representation,
the spectral condition number of the reduced matrix Y is monitored |30} [31]:

ka(¥) = [¥])2 [V = w (E7)

where omax(+) and omin(-) denote the largest and smallest singular values,
respectively.

To separate self-interaction from inter-element coupling, the reduced matrix
is written as

Y=D+C, D =blkdiagYi1,...,Yrz), (E.8)

where D contains the block-diagonal self-interaction terms and C contains the
off-diagonal coupling blocks. If D is nonsingular, then

Y =D(I+D'C), (E.9)

and therefore

k2(Y) < ko (D) ko (I+D7'C) . (E.10)

Thus, the conditioning of the full reduced system depends on both the con-
ditioning of the local reduced blocks and the strength of the inter-element
coupling represented by D~!C. For weak coupling, the conditioning of the
local reduced blocks can therefore provide a useful a priori indicator of the
array-level conditioning.
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A large condition number indicates increased sensitivity to numerical per-
turbations and may also degrade the convergence behavior of iterative solvers,
although it does not by itself determine the final solution accuracy. The prac-
tical basis size is therefore governed by a tradeoff between approximation
accuracy and numerical robustness, since adding more MBFs may eventually
increase sensitivity more than it improves the approximation.

2.4 MBF Types Considered

Three MBF construction strategies are considered: characteristic mode anal-
ysis (CMA), the characteristic basis function method (CBFM), and an SVD-
based construction. For each unique element type p, a local basis matrix V&%F
is constructed from the corresponding isolated-element matrix and mapped
to all array elements of the same type through the global assembly described
above.

FEach construction is used with its natural normalization or truncation pro-
cedure. Thus, the comparison evaluates the reduced bases as generated by
each method, rather than enforcing a common Euclidean normalization. A
purely Euclidean normalization of the CMA modes would define a modified
CMA basis and is not considered here.

Characteristic-Mode-Based MBFs

CMA provides an excitation-independent MBF construction in which the ba-
sis functions are derived from the intrinsic current modes of each element
geometry. For each unique element type p, let

Y® = Gg® 4 jBP), (E.11)
with
G — %(Y(p) + Y(p)H> , B® — % (Y(p) _ Y(p)H) .

In the admittance-based formulation adopted here, the characteristic currents
are obtained from [12]

BPy() = \) Gy (P) (E.12)
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where /\%p ) and vﬁf ) denote the characteristic value and eigenvector of mode

n, respectively. The corresponding modal significance is

MSP) = % (E.13)
1+ (/\2’”))

The modes with the largest modal significance values are retained as MBFs.
Let

v — [vgfg, Vi) ,vggg/p} (E.14)
denote the matrix of selected raw characteristic eigenvectors, where m,, is the
number of retained modes for element type p.

To improve numerical robustness, the selected raw characteristic modes are
normalized and re-orthogonalized in the G-metric. Define

s = vieHGgrve) (E.15)
with eigendecomposition
s — Q(p)Dép)Q(p)H. (E.16)

Here, Q) contains the eigenvectors of S®) and Dgp ) its eigenvalues. Since
these eigenvalues may be negative or very small, the local CMA basis is formed
as

—1/2

Vi, =Vva.Q» DP| (E.17)

where very small eigenvalue magnitudes may be thresholded in practice. This
step compensates for numerical scaling and loss of orthogonality, yielding a
G-orthogonalized basis. If the raw characteristic modes are already strictly
G-orthogonal, then S is diagonal and the procedure reduces to G-metric
normalization.

The main advantage of CMA is that it provides a physically interpretable
and excitation-independent reduced space. However, because the basis is not
tailored to a particular excitation set, additional modes may be required to
capture excitation-specific current features.
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3rd order

2nd order

1st order

(d)

Figure 2: Construction of the CBF basis. Unit-cell geometry with ¢ = 6 mm,
b=56mm,c=5mm,d=4mm, e =3 mm, f =4.4 mm, and g =
3 mm. [2B] Schematic illustration of the simplified model used for primary
CBF generation under plane-wave excitation. Schematic illustration
of the corresponding aperture field at S3P obtained from the equivalent-
current formulation under plane-wave illumination. [2d] Local-subarray
enrichment used to capture higher-order coupling effects.
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CBFM-Based MBFs

CBFM constructs excitation-dependent MBFs from current responses to a pre-
scribed set of excitations |16 (17, [20H23]. For each element type p, the primary
CBFs are generated by illuminating an isolated element with a representative
set of plane waves, as illustrated in Fig. 2B and solving

ZPI1P) = v (E.18)

where Z®) denotes the local impedance matrix, I”) the induced current vec-
tor, and v(P) the excitation vector.

The induced currents are then used to extract the electric field at the aper-
ture of the central element, as illustrated in Fig. The equivalent aperture
magnetic current is then obtained as My = E x i1 [32], where i denotes the
outward unit vector, normal to the aperture. The resulting aperture responses
define the primary CBFs used in the reduced formulation.

To enrich the basis, the same procedure is repeated for local subarrays cen-
tered on the considered element. In this work, 3 x 3 and 5 x 5 subarrays
are used to generate additional responses that capture secondary and tertiary
coupling effects, as illustrated in Fig. 2d] The primary and enrichment re-
sponses are collected into a response matrix R(® = [r&p ), . ,rg)], where g, is
the total number of responses for element type p. An SVD-based truncation,

R® = U sPwrH (E.19)

is then applied to retain only the dominant left singular vectors. The local
CBFM basis is therefore

VB = UG 1imy) = b b8, b ], (E.20)

where b,(cp ) denotes the k-th retained basis function for element type p.
Thus, isolated-element responses define the primary CBFs, whereas sub-
array responses provide enrichment functions. The SVD step removes re-
dundancy and controls the basis size, improving compactness at additional
offline cost. CBFM provides efficient compression when the selected excita-
tions are representative of the operating conditions; however, its performance
may degrade for unseen excitation scenarios. For arrays with multiple element
types, the enrichment procedure also becomes increasingly expensive because
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the number of possible local environment configurations grows combinatori-
ally. In the worst case, for P distinct element types and a local environment
containing n elements, the number of type combinations scales as P™. Conse-
quently, the array-level CBFM results reported in Section [3] are restricted to
the identical-element benchmark.

SVD-Based MBFs

In the SVD-based approach, the MBFs are constructed directly from the in-
verse local system operator rather than from selected excitation responses, as
in CBFM. For each unique element type p, let

v®) — g newrmH (E.21)

be the singular value decomposition of the local system matrix. Then
-1 -1
(Y(P)> - w® (E(p)) U@ (E.22)

so that the dominant left singular vectors of (Y(”))_1 are the right singular
vectors of Y associated with its smallest singular values. If N, denotes the

number of local aperture unknowns and wgf ) the k-th column of W(®) | the
local SVD basis is

VR, = (W ire Wi (E.23)

This yields an excitation-independent algebraic reduced basis. However, un-
like CBFM, it is not tailored to a particular excitation class and does not in
general admit a direct physical interpretation.

2.5 Error Metrics

The following error metrics are reported as functions of the basis size m or
the compression ratio m/N:

¢ Relative current reconstruction error:

_ [Vuerw — V|,

Erel = E24
VI, (E.24)
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Table 1: CBFM basis-generation settings for primary and enriched CBFs. Both
0- and ¢-polarized plane-wave excitations are included for each sampled

direction.
CBF Type Responses Time 0 Step ¢ Step
Primary CBF 180 0.6s 20° 45°
Secondary CBF 180 4s 20° 45°
Tertiary CBF 180 428 20° 45°

e Peak-normalized mean radiation-pattern error, computed over all sam-
pled angular points of the full radiation pattern using the sampled pat-
tern values z; in linear scale:

_ w s L S e, (E.25)

where N denotes the total number of sampled angular points. This
normalization avoids disproportionately large relative errors near deep
pattern nulls.

Together, these metrics provide a consistent basis for comparing the con-
sidered MBF constructions in terms of current reconstruction and radiation-
pattern accuracy.
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3 Results

- CMA —+ CMAG_ o = SVD = CBFM

Erel

10()'7— —T—C 1 L L L 1
0 50 100 150 200 250 300
MBF
(a)
107
_ 100
&
1072
1074
107!
v 1073
108
< 10t
100 o——O0—OT1T— L L I I I
50 100 150 200 250 300
MBF
(b)

Figure 3: Comparison of CMA, CMAg.orth, CBFM, and SVD as functions of the
number of retained MBFs. [3a] Single-element results: relative current
reconstruction error and condition number. [35]8x 8 array results: relative
current reconstruction error, peak-normalized mean far-field error, and
condition number.
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~%-CMA —+ CMAG_or, = SVD — CBFM
10? : . . : .

Erel
(e}
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108 : : : : ] ]
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0 5 10 15 20 25 30

MBF

Figure 4: Zoomed 8 x 8 array comparison of CMA, CMAg-orth, CBFM, and SVD
for 0-100 retained MBFs, showing current error, peak-normalized mean
far-field error, and condition number.

The different MBF constructions are evaluated for both a single element
and an identical-element 8 x 8 array under identical formulation, discretization,
and solver settings. Validation uses a horn illumination located approximately
10.7X above the array center. The unit-cell geometry is shown in Fig. 28] and
the full-order RWG solution is used as the reference. The operating frequency
is 32 GHz, matching the benchmark in .

For CBFM, Table [I] summarizes the number of generated candidate re-
sponses, generation time, and angular sampling of the plane-wave excitation
set. Both 6- and ¢-polarized incident plane waves are included for each sam-
pled direction. The reported CBFM results use combined primary and en-
riched CBFs. At the array level, enrichment is restricted to identical-element
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Table 2: Minimum number of retained MBFs per element and corresponding re-
duced dimension K required to reach an array-level far-field error below
1073, The full-order array system contains 64 x 330 = 21120 unknowns.

Method Retained MBFs K e Erel K9
CMA 8 512 0.79 x 103 0.86 116
CMAG-orth 8 512 0.79 x 10=*  0.15 116
CBFM 120 7680 0.98x 1073 026 358
SVD 253 16192  0.96 x 1073 0.01 157

arrays, since nonidentical local environments become computationally pro-
hibitive. For the present single-type benchmark, the CMA- and SVD-based
bases are generated from the isolated-element matrix, whereas CBFM requires
separate response simulations for the plane-wave excitation set and enrichment
configurations.

Figures[3a] and [Bb]show the full-range single-element and 8 x 8 array results,
respectively. The single-element results include relative current reconstruction
error and the local reduced-block condition number k2(D), whereas the array
results additionally include the peak-normalized mean far-field error. Figure[d]
shows a zoomed view of the array results in the practically relevant low-
rank range. In all plots, the horizontal axis denotes the number of retained
MBFs per element. For the identical-element 8 x 8 array, this corresponds to
K = 64 x (retained MBFs per element).

For the single-element case, CBFM offers the best accuracy at very low basis
sizes, but its error curves are nonmonotonic as additional basis functions are
retained. This does not contradict the SVD truncation, since the plotted
quantity is the reduced MoM solution error rather than the response-space
projection error. Additional retained functions may also affect conditioning
and excitation coupling. CMA without explicit G-orthogonalization shows
rapidly deteriorating conditioning once 11 MBFs are kept, which is mirrored
by poorer current reconstruction than for CMAg_ortn. The SVD-based basis is
least competitive at very small ranks, but remains the most stable construction
as the basis size grows.

The identical-element 8 x 8 benchmark exhibits the same qualitative order-
ing, with condition-number trends and current-reconstruction errors largely
following the single-element behavior. This is consistent with the decomposi-
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tion in Section [2t when the scaled coupling contribution D~'C is moderate,
the array-level conditioning remains strongly influenced by the local block con-
ditioning ko(D). The main exception is the nonorthogonalized CMA basis,
whose instability is delayed to larger basis sizes, with rapid condition-number
growth starting once 29 MBFs are retained. CBFM again provides attrac-
tive low-rank compression but remains nonmonotonic as the basis is enriched.
By contrast, the far-field error is less sensitive than the current error to the
number of retained MBFs, since the radiation operator does not weight all
current-error components equally.

Table[2]summarizes the minimum number of retained MBFs per element and
the corresponding reduced dimension K required to reach an array-level far-
field error below 1073. It directly quantifies the reduction from the full-order
dimension of 21120 unknowns to the reduced dimension required by each MBF
construction. The table highlights the practical low-rank tradeoff: CBFM
requires more retained MBFs than CMA in this benchmark, whereas SVD
requires the largest basis size but yields a well-conditioned reduced system.

Each element aperture supports 330 RWG basis functions. For visual clarity,
the results are shown only up to 329 retained MBFs per element, since the
full-order case at 330 MBFs is excluded for all methods. At this point, the
far-field error reaches the numerical floor and causes clipping in the plots.

4 Conclusion

This letter has presented a controlled benchmark comparison of CMA-, CBFM-
, and SVD-based MBF constructions within a common reduced-order frame-
work for cavity-backed reflectarray analysis. Since all methods were evaluated
using the same formulation, discretization, partitioning, and solver settings,
the observed differences can be attributed primarily to the MBF construction.

For the considered benchmark, CBFM achieves high accuracy with rela-
tively few MBFs, but exhibits nonmonotonic solution-error behavior as the
basis is enriched. Explicit G-orthogonalization substantially improves both
the conditioning and current-reconstruction accuracy of the CMA basis. The
SVD-based basis produces the best-conditioned reduced systems, but requires
more MBFs to reach the prescribed far-field accuracy.

The array results follow the main single-element current-reconstruction and
condition-number trends, indicating that single-element analyses can serve
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as useful screening tools, although they are not substitutes for array-level
validation. Overall, the results highlight the tradeoff between compression
efficiency, numerical stability, and far-field accuracy in MBF-based reflectarray
analysis. Future work will address heterogeneous arrays and reduced-order
efficiency.
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1 Introduction

Abstract

This paper presents a fast electromagnetic field data genera-
tion framework based on the Method of Moments (MoM) com-
bined with a Domain Decomposition Method and Woodbury
identity—based iterative updates. The approach enables rapid
recomputation of reflectarray and reconfigurable intelligent
surface (RIS) configurations without the need for full matrix
reassembly. A Jacobi-type preconditioner is also introduced to
accelerate convergence of the Generalized Minimal Residual
Method solver for large-scale problems. The proposed tech-
niques significantly reduce computation time, achieving up to
249x speed-up compared to conventional MoM formulations
for single element change, while preserving accuracy. Valida-
tion on a 5x5 cavity-backed reflectarray demonstrates that the
framework efficiently supports localized element updates and
is well suited for large-scale dataset generation in deep learn-
ing applications. The method provides a scalable foundation
for intelligent design and optimization of reflectarray and RIS
architectures.

1 Introduction

Reflectarrays and reconfigurable intelligent surfaces (RIS) have emerged as
promising technologies for next-generation wireless communication systems,
offering unprecedented flexibility in the control of electromagnetic (EM) wave
propagation. A reflectarray consists of an array of passive or semi-active el-
ements that impose spatially varying phase shifts to form directive beams,
providing phased-array-like capabilities at reduced cost and complexity. RIS
extends this concept by employing a grid of tunable unit cells whose reflec-
tion or transmission characteristics can be dynamically adjusted in real time.
This adaptive control enables efficient manipulation of the propagation envi-
ronment, improving coverage, spectral efficiency, and energy performance in
beyond-5G and 6G networks [1H3].

The electromagnetic modeling and optimization of large-scale cavity backed
reflectarray and RIS structures are computationally demanding but they do
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bring performance enhancement such as bandwidth and angle-of-arrival insen-
sitivity [4H6]. Such structures require detailed modeling to accurately capture
mutual coupling in its array environment. Traditional full-wave solvers, in-
cluding finite-element and finite-difference methods, often lead to prohibitive
computational costs when simulating large arrays with many elements.

The Method of Moments (MoM) has therefore been widely adopted as a
compromise between accuracy and efficiency. However, standard MoM formu-
lations require remeshing and partial matrix reconstruction whenever element
geometries changes, making them inefficient for modeling the many discrete el-
ement states typically employed in reflectarrays and RIS for phase modulation
and beam steering [7} |§]. This limitation also hinders their use in generat-
ing the large electromagnetic (EM) datasets needed for emerging data-driven
optimization methods.

Recent advances in machine learning (ML) and deep learning (DL) have
shown strong potential for reflectarray and RIS design and optimization [9-
13]. Nevertheless, the success of such models depends on the availability of
large, diverse, and accurately labeled EM datasets—resources that are expen-
sive and time-consuming to obtain through conventional full-wave simulations.
This motivates the development of specialized MoM-based solvers capable of
efficiently generating EM data tailored for ML- and DL-driven array design,
such as those introduced in 14} [15].

This paper proposes a fast MoM-based solver framework built on the Do-
main Decomposition Method (DDM) [14] [15] for efficient EM data generation
in cavity-backed reflectarray and RIS configurations. The proposed approach
combines physics-based modeling with procedural dataset generation strate-
gies, providing both direct and iterative formulations. The framework bridges
the gap between high-fidelity EM modeling and data-driven optimization, en-
abling rapid and scalable dataset generation for intelligent reflectarray and
RIS architectures.

The remainder of this paper is organized as follows. Section [2| describes the
proposed numerical framework, detailing the modular update mechanism and
solver acceleration schemes. Section [3] presents validation benchmarks and
performance comparisons against conventional MoM and DDM implementa-
tions. Finally, Section [4] concludes the paper and outlines potential directions
for extending the proposed approach to large-scale intelligent surface design
and deep learning integration.
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Figure 1: Baseline configuration: a 5 x 5 reflectarray composed of identical waveg-
uide elements, illuminated by a y-polarized Huygens source placed at a
fixed distance of 10 mm from the surface at 32 GHz. The array is mod-
ulated according to the scheme shown in the top-left inset, where each
color represents a distinct 2-bit phase state of an element. The element
(waveguide) dimensions are a = 3.4 mm and b = 6.8 mm, with depths
of [3.231, 1.615, 6.462, 4.846] mm corresponding to phase responses of
[0°, 90°, 180°, 270°], respectively. The array dimensions are ¢ = 14 mm
and d = 52.5 mm, and the element spacing is 7.5 mm along z and 4 mm
along y.

2 Dataset Generation Concept

A high-quality dataset is essential for training any deep learning or machine
learning model. In the case of reflectarrays and reconfigurable intelligent
surfaces (RIS), the reflection behavior of each element depends on its geometry
or electronic termination, both of which determine the phase response. In
this work, we consider the geometric modulation approach, where the unit cell
phase is controlled by varying its physical dimensions—such as the element size
or cavity depth to achieve a desired phase shift. This approach is particularly
relevant for simulation-based data generation, as geometric variations directly
alter the array structure and electromagnetic interactions. Nevertheless, the
proposed methodology is equally applicable to port-based or electronically
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Figure 2: Radiation patterns of a non-optimized modulated baseline configuration.

tuned modulations.

In this work, a simple waveguide-based reflecting element is considered,
where the phase response is modulated by varying the cavity depth. The
waveguide geometric model provides a controllable and physically interpretable
way to represent discrete phase states, which can later be mapped to the learn-
ing model.

Figure[T]illustrates the 5x5 array configuration used to generate the dataset.
Each element can assume four discrete phase states, resulting in 4%° possible
combinations, which defines the degrees of freedom of the array. Because
phase modulation is achieved through geometric variation, mutual coupling
among elements becomes a function of both geometry and position. Therefore,
an accurate electromagnetic model is required to correctly represent the array
response under all modulation configurations.
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Figure 3: Radiation patterns of the non-modulated baseline configuration, demon-
strating a strong change in the pattern due to a different phase response
of the elements compared with the modulated configuration.

2.1 Fast Modular MoM Update Framework

The numerical model used for data generation is based on the DDM for-
mulation proposed in . This approach has demonstrated high accuracy,
with an average modeling error ranging from 0.76% to 2.21% when compared
with a plain MoM solution for complex conformal configurations , thereby
confirming the high fidelity of the method. The primary objective of this
formulation is to compute the equivalent aperture magnetic current for all ar-
ray elements through the basis-function expansion coefficient vector V. This
formulation inherently accounts for both the element geometries and the sur-
rounding array environment when the structure is illuminated by an external
source, which gives rise to the excitation vector I:

V= (Y*+Y"I, (F.1)
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where Y® and Y? denote the admittance matrices associated with the exterior
(array) and interior (element) domains, respectively. The exterior domain
is efficiently modeled using a physical-optics (PO) formulation, as described
in [17]. This method is tailored to cavity-backed elements, assumes zero back
current on the array, and considers only the forward radiation of the array.

The exterior admittance Y* forms a dense matrix capturing mutual cou-
pling among the N array elements:

Y‘f,1 Ylf,2 e Y(II,N
ve _ Y.‘g,1 Y?y2 - gyN 2
Y&, YR - Y{nw

In contrast, the interior admittance matrix Y? is sparse and block-diagonal
where each element exist locally in the matrix because open cavity-based
structures only couple via the exterior region:

Y o - 0
0 Y, --- 0
Y' = : D Sl (F-3)
0 0 - Y
N

where Y2 € CEX*K represents the self-admittance matrix of the nth unit cell,
where K is the total number of magnetic current basis functions per unit cell.
Efficient inverse update via Woodbury identity

A state change in element m, modifies only Y? to Y2 + AY? | leaving the
remaining submatrices unchanged. Defining the overall system matrix as

Y=Y"+Y" (F.4)
after an update it becomes
Y =Y +AY, (F.5)
where
AY = blkdiag(0y,...,0,,_1,AY?, 0, 41,...,0n). (F.6)
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Since AY affects only a small local block, it is factorized in low-rank form
using the Singular Value Decomposition (SVD) as

AY =USVH, (F.7)

where U, S and V are sparse matrices. Using the Woodbury matrix iden-
tity [18], the system inverse can be updated efficiently as

(Y) =Y - YU 4+ VIYlu) T vy ! (F.8)

For L block updates, the above procedure is repeated for L times, resulting in a
total computational cost of O(LK?), which is much lower than the O((LK)?)
cost of recomputing the full inverse for all L element changes simultaneously.
This sequential strategy provides significant computational savings and allows
reuse of the updated inverse for multiple right-hand-side excitations, such as
different feed positions, polarizations, or incidence angles.

Jacobi-type preconditioner for iterative solvers

For cases where iterative solvers such as the Generalized Minimal Residual
(GMRES) method are employed, convergence can be further accelerated using
a Jacobi-type block-diagonal preconditioner P. Through the strategic choice
of modeling the array element as non-overlapping aperture current supports
in the array |14} |17], enhances the usage of a Jacobi-type preconditioner [19].
The preconditioner is defined as

(Y)i} 0 0
0 (Y)ys - 0

P=| N (F.9)
0 0 - (Vs

which is computationally inexpensive, trivially parallelizable, and remains ef-
fective across successive block updates. It provides an efficient initialization
for GMRES-based solvers, enabling faster convergence when solving large sys-
tems and facilitating seamless integration with the far-field pattern evaluation
discussed next.
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2.2 Pattern Retrieval Framework

The total far-field pattern of a reflectarray or RIS can be expressed as the
superposition of the individual contributions from the feed, the specular re-
flection of the surface, and the response of the reflecting elements:

Gtot = Gfeed + Gspecular + Gelementsa (FIO)

The overall far-field can be separated into static and dynamic components.
The static term comprises two parts: Geeeq, representing the contribution
from the feed radiating in free space, and Ggpecular, corresponding to surface
scattering from the flat reference plane in the absence of magnetic currents (a
benefit of the DDM formulation). These components remain constant across
different modulation states. The dynamic term, Gejements, represents the con-
tribution of the individual elements and depends on the equivalent magnetic
aperture currents, which vary with the element modulation states. The total
element contribution can, in turn, be expressed as a superposition of localized
magnetic current sources. This representation makes the far-field computa-
tion highly parallelizable and well-suited for GPU acceleration, enabling rapid
field updates for a large number of modulation combinations.

2.3 Input—Output Definition

For deep learning (DL) model training, the input may consist of radiation
patterns, which can be represented either as planar cuts or as full 3D radi-
ation data. The corresponding output could represent the discrete element
state configuration of the array. The model may be trained in a one-way
fashion: given a desired radiation pattern or envelope, it predicts the element
configuration required to reproduce it, as illustrated in Fig. 4l Alternatively,
the same framework can be adapted for the inverse problem, where the model
predicts the expected radiation pattern from a given element configuration.

However, this paper focuses on the generation of such datasets, which serve
as the paired input—output training data for the DL framework.

3 Performance Evaluation

The validation of the simulation performance was carried out by comparing
the proposed DDM based solver with a conventional MoM implementation in
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Directivity [dB]

Figure 4: Overview of a possible DL framework. Radiation patterns serve as the
input features, while the model output corresponds to the predicted array
configuration that reproduces the provided excitation pattern.

MATLAB. Both approaches were evaluated using GMRES and direct inverse
solvers, while a Jacobi-type preconditioner and the Woodbury-based update
method were additionally tested for performance enhancement. To ensure
comparability between direct and iterative methods, a residual tolerance of
10713 is used for the iterative approaches. Furthermore, the primary focus is
on simulation time, as the proposed methods do not alter the underlying elec-
tromagnetic formulation of the problem. It rather exploits the mathematical
properties of the existing formulation to accelerate the simulations, thereby
preserving the inherent model accuracy.

The results demonstrate that the Woodbury update applied to a single ele-
ment modification achieves a speed-up of approximately 18.5x relative to the
DDM inverse solver and about 249x compared with the conventional MoM
inverse. The Jacobi-preconditioned GMRES solver yields an improvement of
roughly 200x over the conventional MoM GMRES and approximately 20x
over the DDM GMRES. The Woodbury formulation is particularly effective
for partial array updates, where its low-rank structure can be fully exploited.
When extended to simultaneous updates of all elements, additional computa-
tional overhead associated with repeated block updates is introduced; however,
this behavior is expected and does not detract from its strong performance
in localized modification scenarios. Similar trends are observed for the larger
8 x 8 array, where the single-element Woodbury update achieves speed-ups of
approximately 44.5x and 535x relative to the DDM inverse and conventional
MoM inverse solvers, respectively. For the corresponding iterative solvers,
speed-ups of approximately 29x and 163x are obtained compared with the
DDM GMRES and MoM GMRES, respectively.
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Table 1: Computation time comparison for different solver configurations validated
on two array sizes

Method 5x5 (s) 8x8 (s)

Conventional MoM (GMRES)  189.07  1702.50
Conventional MoM (Inverse) 189.31  2261.27

DDM (GMRES) 19.43 306.18
DDM (Inverse) 14.07 188.11
DDM (Precond. GMRES) 0.94 10.44
DDM (Woodbury, all elems.) 17.51 308.32
DDM  (Woodbury, single 0.76 4.22

elem.)

Overall, the proposed solvers provides a substantial reduction in compu-
tation time, making it well suited for large-scale data generation required in
DL model training. This improvement directly enhances the feasibility of
producing extensive datasets for DL-based reflectarray and RIS optimization.
With the observed speed-up, thousands of array configurations can be simu-
lated within practical time frames, enabling efficient and scalable training of
data-driven models.

4 Conclusion

This paper presented a fast modular MoM framework that integrates an it-
erative Woodbury identity—based update scheme and a Jacobi-type precon-
ditioner within a DDM formulation. The proposed approach is particularly
suited for multiple right-hand-side problems, such as varying feed positions,
polarizations, or illumination angles. The proposed methods were validated
using a 25-element array and benchmarked against both DDM and conven-
tional MoM formulations, demonstrating a substantial reduction in computa-
tion time over more than 249 and 200 times using Woodbury and Jacobi pre-
conditioned GMRES, respectively. This capability allows efficient modeling of
diverse geometric element configurations within complex array environments.
Which is particularly valuable for generating large, high-quality EM datasets
required for DL model training, without resorting to approximate or surrogate
modeling techniques.
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Future work will focus on developing adaptive DL models capable of per-
forming beamforming, array thinning, and sparse array optimization in pas-
sive cavity-backed reflectarray and RIS systems of varying sizes. In addition,
the proposed data generation methodology will be extended to cavity-backed
phased array configurations, further emphasizing the generality and scalability
of the presented framework.
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