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Fig. 1. Typical application scenarios of conformal RIS on complex curved surfaces.
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Fig. 2. Schematic diagram of the modeling and analysis of the three-dimensional (3-D) periodic near-filed equivalent model of con-

formal RISs.
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Fig. 3. Comparison results of time complexity.
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Fig. 4. 1-bit 64-element conformal RIS: (a) Structure of the unit cell; (b) array layout; (c) feeding network; (d) equivalent circuit of

PIN diode.
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Fig. 5. Simulated and calculated scattering patterns of the 1-bit 64-element conformal RIS: (a) Simulated results; (b) calculated re-

sults by the proposed method; (c) scattering patterns in the cut-plane.
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sults by the proposed method; (d) scattering patterns in the cut-plane.
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BRIEYE. B —JrmE, xF RS 1 58 2 a7
KRB, MR AL S RN LU, TR T AR S5
SRGXIRAIREA T T T A ST A
i I B ARSIE RIS 1942 (5 BARBGE 37 % 550l Ui
ST, PR SRR A i E 4%
JE T 3T B G ) ) ERR RGN, | R T RN e A i
SRR, DR I B T Y — 4 SR I Y S s A
EHIEME B E T Easn, Be Ll
XFF ARG B A RE . SR, FERE SR, A
URE 3 F M A M H AR B 51K T Y6 £ 08 17k
(R TC A R TR L. th T RIS T
P MR AR 3222 JE R 2 e 30 B2 G ) P8 5 2850 0
P e R TT R PR G 355007, TR T it i 2 A2 A ik
AN, TR S B B IR T BB 2
HR A F R B S0 M HA A 46 3, it 3420k N
ST BB AR R RS

4.2  4-bit 64 LI RIS (FESLLG

Uk i $2 05 A AE 22 HURE RIS B A IE I,
R HISCHR [25] BT BATTEs Bt T aniE 7(b) Br

TR

V.
\J‘
2R | hs

x ﬂﬂ*})’(

[#l 7 4-bit 64 JLILIE RIS

TN 8 x 8 FATTHY I IRIE 4-bit RIS, HFEIo4s 4 an
K 7(a) s, i, =80mm, Iy =8mm, hy =
15 mm, hs = 1.524 mm . BEFMFRIENCH FABM,
HARXF A 5 ORI FE IE V) 4051 3.55 F1 0.0027.
BANRITAEA 44 PIN 4, PIN —
WA RSl SMP1345-079LF, jifi 31845 PIN 45
() TF S X RS ARAT (4. Ak, A S %
WHE N 2.4 GHz, VA S ABRE N 0, = 30° Fl
win = 90°.

[FAE HlL, 4390 2R FH R Ry 58 T it
JE RIS 7EAT B — RS T 19 = 42 M HUH
oA, IS WP AR T T . el Y
5T RAR B U S R 2 A5 53 i an s 8(a)
& 8(b) Fizw, AT LLBA A H 2 MR AE 53 A 1) — 3K
PE. B 8(c) RIFERR TR By k5 2 &
TE o = 90° I B35 35 50 A, AR WA 3R
AR USSR ILF—3, B 523  BY
BTG R, E KA B R X S A ol N2
St g b X X AN ST DUE L TR
R R e .

(a) BLICEEH; (b) MBI R

Fig. 7. 4-bit 64-element conformal RIS: (a) Structure of the unit cell; (b) array layout.
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Fig. 8. Simulated and calculated scattering patterns of the 4-bit 64-element conformal RIS: (a) Simulated results; (b) calculated re-

sults by the proposed method; (c) scattering patterns in the cut-plane.
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4.3 tHEITE

Ryt —R T i sk R LR, X B
AP TR ZE (root mean square error, RMSE)
KA L Z AR 2. RMSE & LR

P
RMSE = \l %Z | Emethod — Eref|® - (18)
p=1

Herhr, Epetod J1 Bt 73 5|38 BT 07 1 sl U m Y
BTG W HALE p S REE AR HUN
(B, P Jyzs[ARAE UL PIANRGIR) RMSE 25
qns 1 RS, ATLLA Y, BT 2 S O e &
JTEYIRERE SIS U HA R R T, B
PRI 1A A S rh 2 2R B AR L AU RMSE
(B, S 2PIUE T T 5 iR MRS L.

Sy —J5 i, R T WU R R T R I mAhE, % 1
Syt T =AU S R B IR, (AR
&, RG] 1 AMBEB] 2 A B R SERBUN, 7
AT E P RS 2 T 3, S BRG] 1 A
1 2 BT H R I 2 T 3. A AT L&
B, AR v ECE Sy 64 B, BT A S
TN R g 12 BT L 3 8 i s vk A AT HY
FEINE. SR, 24 PN 798 42 i 1 %0 H BRI 256 I
IR AR 2 T I T 5 i A e, HOFE
BSCA BUR I 8 I 0 1/4. XFERYE50 AR
5518 3 v i R B I 1) 52 2 B B — B, TR
L BAIE T W i A . I B, SE g %t

EFTLUR B, B PR D8 E 09 BT,
T RERT LA, X EEA 5T FFT A1
R, AR, B4R sk TR [ A AN
P, 35T RBBILIE RIS 1958505047

W, RIS AR A Y RIS R ]
PR B TR E L0 25 SR 52, X AR SE TR
R 150 o R 475 L B 8O0 e 2 5 50K JE S AT
FERYEATZ A AT, AR AE Rk 2 o).
SR, BEACRFEMIEE (B JORME VB H ) X5
i BE B RZ AR /DN, A B IA TR A H AR A
P A YR T, R RAF: (8] B — i
1/10 P At B RefE 5 R ILIE RIS MUHUN
TRRURE BE. AN, XTI (8 R T R 8 r, 38 T
1.2—2 Z [ fE. W& 2 LB N, rigiE ks E
F AR TR, E R 2 AR TSR0 5 SR it iz Fry
PR R, B HR(E JRTT 240 r Y BUE T
TR S M Wb mix TR IFREL g,
FOH R HC8—16 Z R EL. K 2 aTRIE Y, Bl
Fq B, T2 T R 4 1) R R
K. BUORE, BIF REUN AT TR B
BN

5 %

ARSCHE T —Fh TR AP RIS P A
PEREITA Y — 25 i 0100 37 A5 RO A g ot B L o3
Jrids, BOREETE T UGB E R THRRCR. B 5,

F 1 NIRRT R ] B A

Table 1.  Comparison of calculation time and accuracy for different methods.

s PP 42 s 1 5 /A HEEm I /s RMSE/(V-m~1)
kI GRITI 2 3 GRITI F2 3 GRITI Hp2 3
Fr 64 64 256 0.1741 0.1914 0.1773 0.0520 0.0313 0.0957

E3%E I 64 64 256 0.1866 0.1944 0.7602 0.0485 0.0269 0.0937
AR 64 64 256 4835 5523 2946 — —

2 AFEEREERIEE S RIT R BORE T RFEI SR A

Table 2.  Comparison of computational time and accuracy under different sampling spacings and expansion coefficient con-

ditions.

FAEFE /mm JEFFFREL - I FEL ¢ RMSE/(V-m!) LR ] /s MBEESHER/(°)
8 (£10.2)) 1.2 8 0.0529 0.1714 0.4225
4 (210.1)) 1.2 8 0.0520 0.1741 0.4225
4 (#10.1)) 1.8 8 0.0519 0.1519 0.6250
4 (#50.1)) 1.2 16 0.0520 0.3028 0.4167

T “ N "R
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Abstract

Reconfigurable intelligent surfaces (RISs) are recognized as a promising key enabling technology for sixth-
generation (6G) networks, offering effective optimization of network topology and enhancement of system
performance. Conformal RISs, whose physical shape elastically adapts to the host surface, enable large-scale
deployment of intelligent surfaces in a “stealthy” manner, thereby unlocking the full performance potential of
RIS-assisted networks. However, modeling such conformal RISs at both the element and array levels remains
challenging due to the anisotropic scattering characteristics of individual elements, necessitating a scattering
field superposition approach. This leads to an inherent trade-off among scale, computational efficiency, and
accuracy in electromagnetic (EM) performance analysis. Moreover, existing two-level (element- and array-level
integrated) EM analysis methods for conformal RISs suffer from limited computational efficiency, failing to
meet the stringent requirements of rapid adaptability and real-time reconfigurable intelligence. To address these
challenges, this paper proposes a novel and efficient EM analysis framework for conformal RISs based on a near-
field equivalent source array mechanism. Specifically, we first develop a three-dimensional (3D) equivalent
periodic model that extends the applicability of the pattern multiplication principle and integrates both network
port-based methods and active near-field subarray extrapolation techniques. Subsequently, we establish a
theoretical linkage and fusion mechanism between the network port method and the construction of 3D periodic
near-field equivalent sources. By unifying all active near-field data—originating from internal control ports at
the element level and incident field ports at the array level—into a single equivalent near-field source array, our
approach achieves seamless compatibility between element-level modeling and array-level computation. This
enables an efficient construction methodology for the periodic equivalent model, thereby broadening the
applicability of the pattern multiplication principle to holistic performance analysis of conformal metasurfaces.
Furthermore, we incorporate an active near-field subarray extrapolation technique to account for inter-element
coupling and other mutual interactions. By extending the application of the fast Fourier transform (FFT)
within the near-field equivalence framework, we establish an integrated two-level efficient EM analysis method
tailored for conformal RISs. In contrast to existing machine learning or deep learning-based approaches, the
proposed method not only enhances the applicability of the pattern multiplication principle but also
synergistically leverages FFT acceleration. It maintains compatibility between element-level modeling and
array-level computation while being insensitive to the scale and environmental variations of conformal RISs.
Consequently, the proposed method exhibits high computational efficiency, notable methodological and
technical innovation, and expected superior performance.

Keywords: reconfigurable intelligent surfaces (RISs), near-field equivalent mechanism, internal multiport
method (IMPM), Schelkunoff equivalent principle, fast Fourier transform (FFT)
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