
Hybrid Domain-Decomposition/Physical-Optics Analysis of Finite
Reconfigurable Reflectarrays Using Characteristic-Mode Macro Basis

Downloaded from: https://research.chalmers.se, 2026-08-09 08:54 UTC

Citation for the original published paper (version of record):
Lin, D., Manholm, L., Talcoth, O. et al (2026). Hybrid Domain-Decomposition/Physical-Optics
Analysis of Finite Reconfigurable Reflectarrays
Using Characteristic-Mode Macro Basis Functions. IEEE Antennas and Wireless Propagation Letters,
25(7): 3018-3022. http://dx.doi.org/10.1109/LAWP.2026.3697885

N.B. When citing this work, cite the original published paper.

© 2026 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained
for all other uses, in any current or future media, including reprinting/republishing this material for
advertising or promotional purposes, or reuse of any copyrighted component of this work in other
works.

(article starts on next page)



3018 IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. 25, NO. 7, JULY 2026

Hybrid Domain-Decomposition/Physical-Optics
Analysis of Finite Reconfigurable Reflectarrays

Using Characteristic-Mode Macrobasis Functions
Dijun Lin , Graduate Student Member, IEEE, Lars Manholm , Oskar Talcoth , Parisa Aghdam ,

and Rob Maaskant , Senior Member, IEEE

Dedicated to the memory of Songdan Wu, whose
encouragement and inspiration were invaluable.

Abstract—This letter presents an efficient hybrid domain-
decomposition/physical-optics framework for analyzing finite,
large-scale reflectarrays and reconfigurable intelligent surfaces.
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. Scala-
bility to large arrays and many tuning states is achieved via a mac-
robasis function expansion of the aperture current, which enables
multistate analysis by reusing precharacterized element operators
and updating only the elements that change state. Results for 8 × 8
and 20 × 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.

Index Terms—Domain decomposition, generalized admittance,
macrobasis functions, method of moments (MoM), physical optics
(PO), reconfigurable intelligent surface (RIS), reflectarray.

I. INTRODUCTION

R ECONFIGURABLE intelligent surfaces (RIS) and re-
flectarrays manipulate electromagnetic 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 sce-
narios. Reflectarrays achieve phased-array-like behavior using
passive elements, whereas RIS extends this concept by allowing
the element response to be tuned in operation [1], [2], [3], [4].

Accurate modeling of finite reflectarray and RIS apertures
remains challenging. Periodic boundary conditions and infinite-
array assumptions are computationally efficient, but their ac-
curacy degrades for finite or aperiodic layouts, where edge
effects and spatially varying mutual coupling become signifi-
cant [5], [6], [7], [8]. In addition, cavity-backed elements have
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received increased attention due to their broadband potential [9],
[10], [11], [12], [13]. 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 expensive for large arrays and for
analyses of many tuning states. Surface-integral-equation for-
mulations, particularly the method of moments (MoM), are
attractive for open-region problems because they require only
surface discretization [14], [15], [16], [17], [18]. 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 reflectarrays 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) sub-
stitution, avoiding an explicit exterior integral-equation solve
for electrically large arrays [19], [20], [21], [22], [23]. Second,
the interior domain is modeled using element admittance opera-
tors together with a macrobasis function (MBF) representation,
enabling multistate analysis by reusing precomputed element
operators and updating only the matrix blocks associated with
elements that change state [24].

The rest of this letter is organized as follows. Section II
presents the formulation. Section III reports validation results
and benchmarks. Finally, Section IV concludes this letter.

II. GENERALIZED ADMITTANCE FORMULATION

The scattering problem for a cavity-backed reflectarray [see
Fig. 1(a)] is decomposed into exterior and interior domains
separated by the aperture surface S [see Fig. 1(b)]. Enforcing
tangential magnetic-field continuity on S and applying field
equivalence yield the MFIE on the aperture [19], [21], [25],
[26][

Ha(M s) +Hb(M s)
]
tan

+
[
Ha(Ja

s)−Hb(Jb
s)
]
tan

=
[
Hb,i −Ha,i

]
tan

. (1)

Here, M s is the equivalent aperture magnetic current and is
oppositely oriented on the two sides of S. The quantities Ja

s and
Jb

s denote the equivalent electric currents on the exterior and
interior sides, respectively. The operators Ha(·) and Hb(·) are
the corresponding magnetic-field integral operators. The terms
Ha,i and Hb,i represent any impressed magnetic fields in the
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Fig. 1. Formulation steps for a cavity-backed reflectarray. (a) Scattering
problem with Hi and Hs. (b) Aperture S splits the exterior region a and
interior cavity region b. (c) Equivalence principle on S introduces Ms 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.

exterior and interior regions. For reference, Fig. 1(c) illustrates
an exterior-only formulation obtained by setting the interior
fields to zero; by the equivalence principle, this yields the same
exterior fields as the original scattering configuration in Fig. 1(a).

A. PO 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 3-D conducting
geometry is reduced to an equivalent 2-D PEC sheet coincident
with the aperture plane (seen from the exterior region) [22],
as illustrated in Fig. 1(d). This reduction enables an efficient
treatment of the exterior domain using PO.

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

Ja
s = n̂×Ha

tot (2)

where n̂ is the unit normal directed into the exterior region and
Ha

tot = Ha,i +Ha,s 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 [23], [27], [28].

Starting from the MFIE (1) on the reduced PEC sheet, see
Fig. 2(a), we treat the two PO-driven excitation cases separately
and then combine them by superposition. The exterior equivalent
current is written as

Ja
s = Ja

Ms
+ Ja

Ha,i (3)

where Ja
Ms

is the exterior current induced by the field radiated
byM s [see Fig. 2(b)] whenHa,i = 0, andJa

Ha,i is the exterior
current induced by Ha,i when M s = 0 [see Fig. 2(c)].

Case 1 (See Fig. 2(b), driven by M s): Under the PO approxi-
mation, the field Ha(M s) cancels Ha(Ja

Ms
) in the immediate

shadow region. Consequently, in the illuminated region
[
Ha(Ja

Ms
)
]
tan

≈ [Ha(M s)]tan . (4)

Fig. 2. Superposition used for the PO treatment of the exterior domain. (a)
Reduced configuration on the aperture with equivalent magnetic current Ms.
(b) Contribution driven by Ms, which induces the PO current Ja

Ms
. (c)

Contribution driven by the incident field Ha,i, which induces Ja
Ha,i . The

total exterior field is the sum of (b) and (c).

Case 2 (See Fig. 2(c), driven by Ha,i): Similarly, the PO
approximation in the illuminated region yields[

Ha(Ja
Ha,i)

]
tan

≈ [
Ha,i

]
tan

. (5)

By linearity, the total exterior tangential field due to Ja
s [see

Fig. 2(a)] is obtained by superposition

[Ha(Ja
s)]tan =

[
Ha(M s) +Ha,i

]
tan

(6)

where (3) has been substituted in the left-hand side of (6) leading
to the right-hand side when using (4) and (5).

Substituting (6) into (1) yields the MFIE-PO
[
2Ha(M s) +Hb(M s)

]
tan

− [
Hb(Jb

s)
]
tan

=
[
Hb,i − 2Ha,i

]
tan

. (7)

A matrix representation is then obtained by discretizing (7)
and applying Galerkin testing with Rao–Wilton–Glisson (RWG)
basis functions, leading to tested terms of the form 〈u, H(v)〉 �∫
S u ·H(v) dS, where u and v denote RWG expansions of

equivalent currents on the aperture surface S.
No impressed sources are assumed to exist in the interior

region, Hb,i = 0. Expanding M s =
∑NM

n=1 Vn f
M
n in (7) and

testing with fM
m yield

2

NM∑
n=1

Vn

〈
fM
m , Ha(fM

n )
〉
+

NM∑
n=1

Vn

〈
fM
m , Hb(fM

n )
〉

−
NM∑
n=1

Vn

〈
fM
m , Hb(Jb

s(−fM
n ))

〉
= −2

〈
fM
m , Ha,i

〉
(8)

for m = 1, 2, . . . , NM , where the induced current Jb
s(−fM

n )
due to −M s on the interior is given in [19, eq. (18)].

Finally, this yields the generalized aperture-admittance sys-
tem of linear equations

[
Ya

tot +Yb
tot

]
V = I (9a)

[Ya
tot]mn= 2

〈
fM
m , Ha(fM

n )
〉

(9b)

[I]m = −2
〈
fM
m , Ha,i

〉
(9c)

[
Yb

tot

]
mn

=
〈
fM
m , Hb(fM

n )
〉− 〈

fM
m , Hb(Jb

s(−fM
n ))

〉
(9d)

where V = [V1, . . . , VNM
]T collects the RWG coefficients of

M s, and I is the tested excitation.
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B. Interior Domain and Macrobasis Representation

The interior domain is modeled by the cavity-admittance
matrix Yb

tot, 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 τ(l) ∈ {1, . . . , P}, so

Yb
tot = blkdiag

(
Yb,(τ(1)), . . . ,Yb,(τ(L))

)
(10)

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

To reduce the number of unknowns without changing the
MFIE–PO formulation, the aperture magnetic current is ex-
panded through MBFs [29], [30]. Let V ∈ C

N collect the RWG
coefficients of M s on the aperture.

The MBF reduction is written as V = VMBFw, where
VMBF ∈ C

N×K contains the MBFs in the original basis. The
vector w stacks the MBF weights for all elements, with Kl

MBFs retained for element l. Accordingly, K =
∑L

l=1 Kl, and
VMBF is assembled elementwise as a block-diagonal matrix with
blocks V(τ(1))

MBF , . . . ,V
(τ(L))
MBF .

Substituting this expansion into (9a) yields the reduced system(
VT

MBF [Y
a
tot +Yb

tot]VMBF
)
w = VT

MBFI. (11)

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

1) MBF Generation via Characteristic Mode Analysis:
MBFs are computed once for each unique element type.
For P element types, we form the local composite admit-
tance Y(τ(p)) = Y

a,(τ(p))
tot +Y

b,(τ(p))
tot and write Y(τ(p)) =

G(τ(p)) + jB(τ(p)), where G(τ(p)) = 1
2(Y

(τ(p)) +Y(τ(p))H)

and B(τ(p)) = 1
2j(Y

(τ(p)) −Y(τ(p))H). The characteristic cur-
rents then satisfy

B(τ(p))J(τ(p))
n = λ(τ(p))

n G(τ(p))J(τ(p))
n (12)

and are ranked using the modal significance MS(τ(p))
n = (1 +

(λ
(τ(p))
n )2)−1/2 [31], [32], [33]. The Kp most significant modes

form the local MBF matrix V
(τ(p))
MBF .

2) MBF Generation via Singular Value Decomposition: Al-
ternatively, for each unique type p, we compute the SVD of the
local inverse composite admittance

(Y(p))−1 = U(p)Σ(p)D(p)H (13)

and form the reduced basis by retaining the Kp dominant left
singular vectors

V
(p),SVD
MBF = U(p)(:, 1 : Kp). (14)

The number Kp 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 pri-
ori; more singular vectors may be retained for higher current
accuracy.

Both characteristic mode analysis (CMA)-based and singular
value decomposition (SVD)-based MBFs are computed once
per unique element type and reused across the array. CMA
yields physically interpretable, excitation-independent modes,

Fig. 3. (a) Reference element from [9] used to evaluate the proposed method-
ology, with a = 6mm, b = 5.6mm, c = 5mm, d = 4mm, e = 3mm, f =
4.4mm, and g = 3mm. (b) 8 × 8 array configuration with e = g = 3mm under
Huygens-source illumination at 10 cm. (c) Same 8 × 8 array under horn-antenna
illumination at 10 cm.

Fig. 4. (a) CMA modal significance MSn and the corresponding reconstruc-
tion error εrel versus the number of retained characteristic modes. (b) Singular
values σi obtained from Y−1.

whereas SVD provides an excitation-independent numerical
orthonormal basis based on singular values. Both approaches
are validated on a single element in Section III.

C. Exterior Scattering

After solving for the aperture magnetic current M s (via V
or w), the exterior scattering is evaluated from the PO current
JPO = 2n̂× (Ha,i +Ha(Ms)). With MBF reduction, solving
for M s scales as O(K3), and the subsequent PO current eval-
uation scales as O(N).

III. RESULTS

Validation is carried out at 32 GHz for an unmodulated 8 × 8
reflectarray and a modulated 20 × 20 reflectarray. The element
geometry is shown in Fig. 3(a) and is based on [9] with minor
parameter adjustments. A Huygens source is 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 illuminated by the Huygens source at a distance of 10 cm
(≈ 10.7λ). Fig. 4(a) reports the CMA modal significance, while
Fig. 4(b) shows the singular spectrum obtained from Y−1 and
the corresponding reconstruction error. For both constructions,
the reconstruction error is quantified by the relative error

εrel =
‖VMBFw −V‖2

‖V‖2
(15)

where V denotes the solved RWG coefficient vector of Ms.
Based on these results, subsequent array evaluations use CMA-
based MBFs, which provide lower current-reconstruction error
for small Kl in the considered example while remaining physi-
cally interpretable.
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Fig. 5. Radiation patterns of the 8 × 8 array under (a) Huygens-source and (b)
horn illumination at 10 cm (≈ 10.7λ). DDM–PO with Kl = 10 CMA-MBFs
per element is compared with the MoM reference. Insets show the corresponding
feed patterns.

TABLE I
BENCHMARKS (CMA, Kl = 10 MBFS PER ELEMENT) ON

I9-12900 K/128 GB/RTX 3080

Fig. 6. (a) 20 × 20 reflectarray scanning to θ = −15◦, illuminated by a horn
at h = 10 cm. (b) Elementwise modulation of g (in mm) using eight discrete
states, with e fixed to 1 mm.

The 8 × 8 array is evaluated under both illumination con-
ditions using Kp = 10 CMA-MBFs for the element type. As
shown in Fig. 5(a) and (b), the proposed approach closely
matches the MoM reference in both the E- and H-planes.
The computational benefits are summarized in Table I, show-
ing orders-of-magnitude lower memory and runtime relative
to MoM (CPU+GPU time). The average relative error ē is
computed from the sampled radiation-pattern values xi (linear
scale) over the E- and H-planes as

ē =
1

N

N∑
i=1

ei, ei =

∣∣xi − xref
i

∣∣
maxj

∣∣xref
j

∣∣ (16)

and remains within 0.6% to 1.3% for both Huygens and horn
illumination.

Finally, the method is validated on a 20 × 20 modulated
array configured to scan to θ = −15◦. Eight discrete element
states are used, and each state is represented using Kp =
10 MBFs. The array geometry and modulation are shown

Fig. 7. Radiation patterns of the 20 × 20 array scanning to θ = −15◦, com-
puted by DDM–PO with Kp = 10 CMA-MBFs per state and compared with
CST MLFMM.

Fig. 8. (a) Magnetic current Ms using 80 CMA-MBFs (10 per state). (b)
Induced PO current on the PEC.

in Fig. 6. The resulting radiation pattern is compared with
CST (MLFMM, solver tol. 10−4, level = 6) [34] in Fig. 7,
since a full MoM reference would require prohibitive mem-
ory resources (about 1 TB) that are not available. The re-
sults show good agreement, while Table I indicates an over
two-order-of-magnitude reduction in memory usage and a
> 10× reduction in total runtime (CPU+GPU) relative to CST.
Fig. 8 shows the computed M s and induced JPO, illustrat-
ing how the modulation shapes the current distribution across
the array.

IV. CONCLUSION

This letter presented a DDM–PO framework for analyzing
large-scale reconfigurable reflectarrays and RIS. The formu-
lation couples the interior and exterior domains through a
generalized aperture-admittance system and employs PO to ap-
proximate the exterior response, enabling efficient evaluation of
electrically large arrays. CMA-MBFs further reduce unknowns
by reusing precharacterized element operators and updating only
those elements that change state. Results for 8 × 8 and 20 × 20
arrays under different illuminations 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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