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B B BOR LA R e 5 A LA g b B B N ]
WA, BT # R . FEEVE? (Method of
Moments, MoM) PR v+ 50K FE & 1 43 21 )32 B
e SRT0, 4 HARAHE KRS BCRA B 2% L 45
I, FHEVEM R 5 SRR AR SRR B i 2™
A m T E SR . AT X — Pk, 2
RAFFKR T ZRNE S, O PRE 2 )%
(Fast Multipole Method, FMM)Pl, % 2% £ i)
F 77 (Multilevel Fast Multipole Method,
MLEMM) A K T 3 42 XA (Adaptive
Cross Approximation, ACA) M7, RE M
b, ETEH AT AR, BT R AN R T R
B RE AR AR A AT B MG M E S5
XARRGINKET IR

NG B8 A A P T B R R, W R AG T
(Asymptotic Waveform Evaluation, AWE)[7, %
THH S Efh 7 (Model-Based Parameter Es-
timation, MBPE)® DL & B HUAE BEAH (P 145+ AR b
SINFEABUN 4. b, AWEE R SR 2= #1 2%
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BT 5 RO & KBS AT PRIE S, ITERE S
HE. KB s & D RIE A %, (B2 RIT
B E S0 SRS PR, FESEABUS =N S IR E
F: MBPEE A & B S sk 2, - 75 s
AR 2 AR B B A B AT R A A B
s BEHUAE R4 (A B AU BE B oo 3 34T 4 B 1
T, Joifa BE BRI AR, Oy TR
1) B 5 IO R 4, SR A% 45 PHLPURE B AR ELAT) 75 75 7%
KB R S R s 4R BT RS, Ak 5T EOT
BRI AT .

TR, H4%EH (Compressive Sensing,
CS) B 5l NFE &L, A 43 BT L L A e A
ARFB, B4 B FE % (Compressive Sens-
ing MoM, CS-MoM)!, 7EgtHeAl [, 456 R
(Hyper-Basis Functions, HBFs)5 & 45 &K1 1]
CS-HBFMMHEE AR Y, A58l RARSR AL T 5
. HATH 2L R B 3E Krylov 127 [A] 2 R
), RRESE B 3 (Characteristic Basis Functions,
CBFs)!0 SIPL J RREA 3L bR 25 (Characteristic Mode
Basis Functions, CMBFs)", CS-HBFM/{XE & &
W G —IKCMBFs, A 800K 7 & 5R 3K
B E G AR, R BCSSEIL 1 iH RN .
RAZ 7 1R FH TR Bl LR R 2OVRT 35 50 SRAT: (21 S g A
i E RAAERENE . BeAh, AR R BRI R e
KABFERE F A . N RBEE, T IRAE S
AT B A IR AR BE BT AR TR, RGN .

WY S IRIAT B SR AT R EIR R IR, A
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M 792 (CS-ACA-MMI) o %515 B e 75 Bt i A
FIH ACAF IR IR £ ERao—Wilton—Glisson
(RWG)E R BT R G, HFHHAESMBER,
ST ) O ) S AL, A RO A S TR
FESEEIFE . b5 52 25 B4 E (Meas-
urement Matrix Interpolation, MMI)JH AR, 8
i B N B AT, BT e B PR R
ARG . B E AE S SO R AR S IR I B R I 3
HPEATACAT R, B RAUBRE B 7] B AR AL &
BMINEREIEE . Tt CS-ACA-MMI %] i 3%
PR T HL A EUR 1) R T SRR

2 FEfRRLAILE &R T H (CS-HBFM)

X HEAR SR (PEC) B bR 1 58 7 HRE U A
L, ST RS T R RO R RE T R, AT SE B
R £, € [fu, fu] T HEIRAE:

Z(fu)I(f2) = E(f2) (1)
X, Z(f)RARN x NI, E(f.) £~
N 1 F 380l S B ﬂmﬁ 53R 1 R R B
NARFMBEH . EimME fm bW EHBFs
(JUBEY, T RAFRE AN G P (1 B ORI U
i), I(f.) Rl ARy R

I(f.)" ] J}

. K .
I(fac) = I(fm)J :Zai Jlj :JHBFaK

(7)™ | N

Hiar #aK x IBER AL, #KX2)RAK(),
CIEES
Z(fx)JHBFaK = E(fz) (3)
NRIHECSHELE, Xt Z(f,) FE(f,) K BEHLF
PESENE, 152008 ZM (f,) RS 30mh EM(f,)
BHANK(3), "TRWTHE:
ZM(f2) T o = EM(f2) (4)
Wi FiRisE, AL RS e = ZM JHBE,
5 Ja A B/ A A IR R B ok -
ax = (0"0)  (O"EY) (5)
3  ACAIRzZNMEXEFEHR{EE(CS-ACA-MMI)
X 5 FAL 4 I CS-HBFM M 51, A SCHR )
CS-ACA-MMIHE B2 8 i 47 B 45 1 4 v 4 111) 56 B2 [
PURE P 1 AR I B R, MARAS B FEAIK 1 4300
ST TR o TR OB B AE TR AL

HACA SIS BRI 2 PR 4 A R X CS A A2 it
TOREIE, BARINE, ZHEEREHU T =S
BT I o> A
3.1 CMBFsHIMEMETACAHNHEMITERSI
1EEL
CMBFsA i HEAMEAE R, Gk
fiE H AR 32 SRS A A E M, XM T AT
w3 bR RO BRI 2 BEAG FE Rl . v SEIL LI
TR BT A, A SCHE B AR f SO B S
B, FRARHEAR A B 25 M (MS) #E I 6 CMBF s 34T
i o MISTHE U OV 3k 2 B 1Al 5 AR 25 o A5 L 9
IDTERFERE, IR OGRS, AR E SON:
1
:’Hjx

(1=1,2,-,n) (6)

HAN AFRHEE, @& e A EAMSEEron, AT
DASH B 305 DT ik 95 P O BEABEES (st AR AAE AL VG
BN > Tom FEFERHE(E N, /N HBFs .

Bl JE, TE fu bR 52 PR EITACA, @
TR R AE (7)) ISR R SR I AT R Bl e

Z(fu) =U(fw)V (fu) (7)
VERN— Mz I R R R8T 7738, ACAREHE
Jo R o P 5k o ) () s A S e, TR LR AR
REFRWGERHMATRI . XLERT|H {El il
T B SR AR S RN K O Tk ) R B
w7 Xk, XHlFCS- HBFM‘*‘E’HFE@XE@KT?
AT ACAI I E M AR PR R AR SR BB 1 &R 5
R IB N . BT R s AR T B AR B R
WEE TARBL IR, B AT IR U v i 7 T e R
() 95 BURRFE , ATV BR T A0 rl AR IR
Gl T A . ACAHM B SRS 1~ = A B L
IR TTE EAE T A TR, (AR AE
R BT R E R, AERIUR. Atk
ASCHEH M EH PR AR, MARA L BRig st
FIUAR, TR AR G\ 76 5 o 4E P HUsE FE 3 VAR
YN R R
3.2 MEEEGE
B, RAVIH T RK-1& EFE(Chebyshev-Lob-
atto) 15 a2 B PUASRFESZE 2 f,(p = 0,1,2,3)

JE ] A A RN AR £, R s R S
EITERE 8 o R A R G B . BAR
KA (B):
fitfm fu—nf D
fp= 5 - 5 Cos (g‘ﬂ) (8)

W5, BRI R AT R 5 SRR
PR S AR BRI SRR, AT A4 e T 5 28 P T AR
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K 1 ACATEARFEM s =

Mk RE . BeAh, Rt P I DA KA A
BIEfE B STT R 2, (f) M, Hatk B Ay

L) = (o) fy) @27 E B fr - (9)
oef, M (VR f, A SRR E, R
B m /N5 0 ARW G B 02 6 1 L
BETT, o ph s e e
SR, TR RRE S, A3 A4 I 0 A
B, O B T4 0 A £, AR I
WP H
3

ZMn(f:r) = ‘ppzi\in(fp) (10)
p=0

Hrb, o, RaREREL € ON:

o= T (E22) w=0129 oy

q=0,q#p fp _fq

HTabE, AT DI o A R A5 3 (42 1 R PH A T
15 2 AL 1 H S B LT =), () -

M (fo) = (BN (fo)/fo) e P2 EBmn fy (12)
3.3 FERUEMEROINIRADEE

TESREUS RO £, F RO B e, it —3b
SEFFH AR, A SCR U P A C A 6 i B 4
BRI 3 2L BB AT 20 . s e, R AR
PN L CHARE St eSS oL
T IS A e P B o LR B 2

Z(f2) = UMV () (13)

S22 5 LU 5 RRONRE B U () IV (L) o B

S VI (F,) 5 B TR RIS, S UM(f) A
T, ENATHIRRANTIANOERRAERE . i TP AME R

WO 24 L AT R S RRA O, Bz /N 1 B AR (4
FE, FrUARENS B2 S mit SRR . gy, W
BB R R 5 2 o R SR AT B AR RO R . iR
A3 BN AR A PRI A T

@ =
VAR S ZMJEBE UV JEPE)
Z%J{IBF Z%%J%IBF . U2j(‘/2jJJHBF)
Uzl(‘/zlJ{IBF) Ulg(‘/ZQJ%—IBF) ZZI\;IJ]HBF
(14)

&%, ZITIEN T R SR AR — B
FE T REREA N — AN e T RE, IR S/ — Fevkxt
HLI R BOIAT FE M, IR 5 Y H RS SR A
4 BIRESH

TEART R, {EF XL HT T CS-ACA-MMIA!
CS-HBFM MR VAT RS R . N T 75,
WENNAMBIEH, KNHBFsH3E, MA
CS-HBFM B LA HCHI 47 %0, 1S NCS-ACA-
MMIFACAEE 474 . BT ACARBKIITES
EREAL I B EARRE, EEHLES < Mo &K
U3 BT X AL B N AN 0 R T 58 i 41 A R
5399 MU B R R A AR SR PR AN,
B T TR CS-ACA-MMIHE S 544 4 CS-HB-
FMODVERITHR S 2 . XF Hb b 48 B an & 1w,
BEWHAAIL T ASCTEE TR LR ERA.
4.1 NEEE

G NIREEA, JEARLE N, AN i ab &
B ER MR BRI TUREAME, UF 41 Chebyshev
T Kb ) v R A RY RT . R MRS AR BN
O(N;MN)FFEZEO(4SN), HANy > 4.

* 1 WMEENITTEEREIL

WiRES N R ) S A T M A I8 3 1 TR A
CS-HBFM O(N;MN) O((1 — )Ny MNK) O(yN;MNK)
CS-ACA-MMI O(4SN) O((1 —n)N;SNK) O(nN;RNK)
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4.2 {ERELFERE

ACAHE S FH -0 5 5 B 138 37 20 BE $70 6 B 7y
iR (37 ey ~ 0.8), RHAASCRIRIITTE, T
AR AR BERIF HE R EHO((1 — )Ny MNK) BE
FO((1 - n)NSNK) . mHEEEMNOMNMNK)
BEREONN;R(N + 9)K), HTS < N, SHLIZ
WAL, Pl 2 2% B v LRI O(nNs RN K),
Forr R B B 1A RAORR

g5 LTIR, CS-HBFM Hh 56 % (10 A B o 4 2
HIRENO( —n)NyMNK) + O(yN;MNK), i
CS-ACA-MMIHJTHEE R NO((1 — )Ny SNK)+
O(MN;RNK), HTR<S<M, FrLLCS-ACA-
MMI) & A FE BT CS-HBF M.

5 BUEFEH

A E N = AN UE SR T 3R A A 2L
P o SCH R B8 i R A B UET (RCS ) B 27 5 AR AR
7 (RMSE)E RS FE 45 b, HBAARE LT

Ny
RMSE = J Al[f ; (Geal — OnioM ) (15)
Hodr, Ny AR B oca M ovion 7 AR AT
B 5 i A ek i S R

BB 1 HET AR RN K, BN K
AR FEAAR G 96 HFRCS, 43 BT AT B YE 100 MHZ 2
1000 MHz, 5K 45 MHz. %R 4 54
N66T0N =¥ e, 1FE1000540 K HE. K Hix
R N8I, TN 0.1 F KK, 3
JE G153 15 3524 A k. MSH{E 1% & ~0.0005,
4 i 8334~HBFs.
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B R R AR G AL IR B AT . ik gh
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H AR R 5 0 89 0724 = AT oG, 33113608
KENE . B R HARR 0 NI8AS Ik, A Fik
A REO SR, L5322 264 RENEL. MSHI
B 5 B ON0.002, TE feom A s IR 151
HBFs. PWIRACARIBIE 5 MW E N x 1078 F
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{748, 3 HTARBE I N0.8 GHZzEl4 GHz, HK N
80 MHz. H bR I#EH 73 N39 1861 =M T, 19

3.5
3.0
2.5
2.0
1.5
1.0
0.5

RMSE (dBsm)

PREFE
—— Time —e— RMSE

Bl 5 AN[ERAE ST I A AIRMSE

5
e

0 va
I
m
= -10
9]
= -15 Y

-20

-25

0 200 400 600 800 1 000
£ (MHz)
—MoM o CS-HBFM ¢ CS-ACA-MMI

K 6 AR 9EHRCS

BI58 TTOMN AR FE . B HE W B br k43 N267 15,
AT RN R0 15K, /5591 2334 K
S, MSHIBRIE % B N0.002, 1E i stk
43 628 1MHBFs. MIXRACARRE 77 % & N
1 x10719R11 x 1072, S HMoM, CS-HBFMAICS-
ACA-MMI=F 7% EHRCS S R EI8FR,
MBS H ] L B R 7 vk A A R 5 MoM )T
HERYE R
RIS IGUE TR TV E AR, K245 H
T CS-HBFM5CS-ACA-MMIHEUAT . 1+ 5
B, IHRIRZE S NAAHEER . mR2PR, 1R
PREFAE RS BE RT3 T, ARSCOTIESEI 7 B3 m
W, TS ANEA T B A2 4R T 93.4%
96.7%M81 %, BLAL, BN s I F B 1) AT

-6
-8 f\w
% -10
;; -12 2
= — ¥4
~ 14 /V/ﬁ:
-16 ‘
: Y
18 ;
0 1000 2000 3000 4000
£ (MHz)
— MoM o CS-HIBFM ¢« CS-ACA-MMI

K 7 Al g HER SE A RCS

500 1500 2500 3500 4500
/ (MIz)

o CS-HBFM ¢« CS-ACA-MMI

8.0
7.5
7.0
6.5

RCS (dBsm)

6.0

— MoM

K 8 # MR FEHRCS

* 2 WMTER T ER BRI

H i I T 3 BN () RMSE(dBsm) PRI R R EG A 47 (GB)
\ CS-HBFM 3001 5285.27 0.46 0.46

A A

CS-ACA-MMI 1104 349.33 0.4 0.16
CS-HBFM 4082 34991.7 0.04 0.83
A

CS-ACA-MMI 2839 1154.52 0.05 0.58

e CS-HBFM 17633 180182.5 0.07 15.44

S
CS-ACA-MMI 13292 34316.2 0.05 11.64




6 G

o

=]

AR Fx &

& MK T65% 30%M125%, I HCS-ACA-
MMI A A A7 VYA KA S I =56 R, 1 CS-HB-
FMIU T EREAS B AR 28R vh S = R

6 it

ACHR T — A CS-ACA-MMINNE 58 17 B i
B T B BT . ZTVETECSHER T,
ACASMMIE LA, ARAR T B0 EEE
FEHERE BT R AT B . BART S, %5 R
B A AL ACABER I E SATR I, MUK
TR T R e, 3 4 A B B 40 PR AR B 0t
TREEMIFME . ok, I R T R 4
FHPUAE BE AT 4L, 235 PRAIK A R4 R,
BB TR . B4, Bk 5] N ZIRACAS
fildE— S0 I T RGN R A . BUE SEIR 45 SRR
B, 5&4CS-HBFM 7i%xMHEL, CS-ACA-
MMIFEARFE A FE BRI, i LE I T 80% o

& E x|

[1] HARRINGTON R F. Field Computation by Moment
Methods[M]. New York: Macmillan, 1968: 22-57.

[2] CANDES E J, ROMBERG J, and TAO T. Robust
uncertainty principles: Exact signal reconstruction from
highly incomplete frequency information[J]. IFEFE
Transactions on Information Theory, 2006, 52(2): 489-509.
doi: 10.1109/TIT.2005.862083.

(3] KRR, XNTE, 2B, S @ RSB G H AR 2B R R

B[] BT 515 B2, 2011, 33(11): 2790-2794. doi:
10.3724/SP.J.1146.2011.00398.
CHEN Xinlei, DENG Xiaoqiao, LI Zhuo, et al.
Electromagnetic scattering by mixed conducting and
dielectric objects analysis using fast dipole method[J].
Journal of Electronics & Information Technology, 2011,
33(11): 2790-2794. doi: 10.3724/SP.J.1146.2011.00398.

[4]  SONG J M and CHEW W C. Multilevel fast-multipole
algorithm for solving combined field integral equations of
electromagnetic scattering[J]. Microwave and Optical
Technology Letters, 1995, 10(1): 14-19. doi: 10.1002/mop.
4650100107.

[5]  WANG Zhonggen, DONG Dai, GUO Fei, et al. Fast
construction of measurement matrix and sensing matrix
with dual adaptive cross approximation[J]. IEEE Antennas
and Wireless Propagation Letters, 2025, 24(1): 13-17. doi:
10.1109/LAWP.2024.3481498.

[6] FANG Xiaoxing, HELDRING A, RIUS J M, et al. Nested
fast adaptive cross approximation algorithm for solving
electromagnetic scattering problems[J]. IEEE Transactions
on Microwave Theory and Techniques, 2020, 68(12):
4995-5003. doi: 10.1109/TMTT.2020.3024732.

[71 XU Zhou, WANG Xing, CHEN Lin, et al. Combination of

[10]

[11]

[12]

[13]

[14]

[15]

[16]

adaptive cross approximation and asymptotic waveform
evaluation for efficient analysis of wide-band RCS[J]. IEEE
Transactions on Antennas and Propagation, 2025, 73(11):
9648-9653. doi: 10.1109/TAP.2025.3589667.

WANG Xiande and WERNER D H. Improved model-based
parameter estimation approach for accelerated periodic
method of moments solutions with application to the
analysis of convoluted frequency selected surfaces and
metamaterials[J]. IEEE Transactions on Antennas and
Propagation, 2010, 58(1): 122-131. doi: 10.1109/TAP.2009.
2036196.

NEWMAN E and FORRAI D. Scattering from a microstrip
patch[J]. IEEE Transactions on Antennas and Propagation,
1987, 35(3): 245-251. doi: 10.1109/TAP.1987.1144084.

LI Weidong, ZHOU Houxing, HONG Wei, et al. An
accurate interpolation scheme with derivative term for
generating mom matrices in frequency sweeps[J|. IEEE
Transactions on Antennas and Propagation, 2009, 57(8):
2376-2385. doi: 10.1109/TAP.2009.2024476.

CHEN Xinlei, ZHANG Liyang, GU Changqing, et al.
Wideband Sherman-Morrison-Woodbury formula-based
algorithm for electromagnetic scattering problems[J]. [EEE
Transactions on Antennas and Propagation, 2023, 71(6):
5487-5492. doi: 10.1109/TAP.2023.3263627.

DONOHO D L. Compressed sensing[J]. IEEE Transactions
on Information Theory, 2006, 52(4): 1289-1306. doi: 10.
1109/TIT.2006.871582.

SHEN Cunjie, CAO Xinyuan, QI Qi,

Underdetermined equation model combined with improved

et al.

Krylov subspace basis for solving electromagnetic scattering
problems([J]. Progress in Electromagnetics Research Letters,
2024, 119: 79-84. doi: 10.2528 /PIERL24032101.

WANG Zhonggen, LI Chenwei, SUN Yufa, et al. Fast
analysis of broadband electromagnetic scattering problems
by combining hyper basis functions-based mom with
compressive sensing[J]. IEEE Journal on Multiscale and
Multiphysics Computational Techniques, 2024, 9: 84-91. doi:
10.1109/JMMCT.2024.3355976.

CAO Xinyuan, CHEN Mingsheng, QI Qi, et al. Solving
electromagnetic scattering problems by underdetermined
equations and Krylov subspace[J]. IEEE Microwave and
Wireless Components Letters, 2020, 30(6): 541-544. doi: 10.
1109/LMW C.2020.2988166.

FAPMR, FERESE, VEUR. ST Sk A 32 SRR e H bR 1 5
HAr % AERCS[I]. BT 515 E 24k, 2018, 40(3): 573-578.
doi: 10.11999/JEIT170499.

WANG Zhonggen, TANG Xiaowan and WANG Qiang.
Fast calculation of wide-angel RCS of objects using
improved primary characteristic basis functions[J]. Journal
of Electronics & Information Technology, 2018, 40(3):
573-578. doi: 10.11999/JEIT170499.


https://doi.org/10.1109/TIT.2005.862083
https://doi.org/10.3724/SP.J.1146.2011.00398
https://doi.org/10.3724/SP.J.1146.2011.00398
https://doi.org/10.1002/mop.4650100107
https://doi.org/10.1002/mop.4650100107
https://doi.org/10.1109/LAWP.2024.3481498
https://doi.org/10.1109/TMTT.2020.3024732
https://doi.org/10.1109/TAP.2025.3589667
https://doi.org/10.1109/TAP.2009.2036196
https://doi.org/10.1109/TAP.2009.2036196
https://doi.org/10.1109/TAP.1987.1144084
https://doi.org/10.1109/TAP.2009.2024476
https://doi.org/10.1109/TAP.2023.3263627
https://doi.org/10.1109/TIT.2006.871582
https://doi.org/10.1109/TIT.2006.871582
https://doi.org/10.2528/PIERL24032101
https://doi.org/10.1109/JMMCT.2024.3355976
https://doi.org/10.1109/LMWC.2020.2988166
https://doi.org/10.1109/LMWC.2020.2988166
https://doi.org/10.11999/JEIT170499
https://doi.org/10.11999/JEIT170499

% x EAFPRREE: I ACABREN ()05 R0 K4 (BI04 10 #r

(17]

(18]

(19]

20]

DU Ping, TONG Ziwen, LIN Hai, et al. Wideband RCS for solving the bistatic scattering problems of three-
analysis of finite periodic array in the vicinity of object dimensional targets[J]. Microwave and Optical Technology
using modified SSED-CBFM and improved FIR[J]. IEEE Letters, 2020, 62(10): 3132-3138. doi: 10.1002/mop.32432.
Antennas and Wireless Propagation Letters, 2025, 24(6): [21] GAO Yalan, AKBAR M F, and JAWAD G N. Stabilized
1447-1551. doi: 10.1109/LAWP.2025.3539657. and fast method for compressive-sensing-based method of
OU Mingrui, SUN Yufa, and SHI Chaofan. Compressive moments[J]. IEEE Antennas and Wireless Propagation
sensing enhanced multilevel characteristic basis function Letters, 2023, 22(12): 2915-2919. doi: 10.1109/LAWP.2023.
method for analyzing electrically large scattering 3304306.

problems|J]. IEEE Antennas and Wireless Propagation [22] BERRIOCHOA E, CACHAFEIRO A, DIAZ J, et al. A
Letters, 2024, 23(2): 593-597. doi: 10.1109/LAWP.2023. note on the rate of convergence for Chebyshev-Lobatto and
3330820. Radau systems[J]. Open Mathematics, 2016, 14(1): 156-166.
TONG Ziwen, DU Ping, and ZHENG Gang. Characteristic doi: 10.1515/math-2016-0015.

modes analysis of finite periodic array with object using
entire domain basis function method and ACA[J]. IEEE FAPNE: 5, #A%, WRITENE RS FEYE S T,

Antennas and Wireless Propagation Letters, 2025, 24(5): SR, B, Wi, PR TN RS, RSO,
1149-1152. doi: 10.1109/LAWP.2025.3527927. BOCH: A, HIR, BRI R R RGO A
WANG Zhonggen, NIE Wenyan, and LIN Han. INER: B, #E%, W R E RS RGNS ik,

Characteristic basis functions enhanced compressive sensing

Accelerated Broadband Electromagnetic Scattering Analysis via
ACA-Driven Measurement Matrix Interpolation

WANG Zhonggen® WU Chenggang® NIE Wenyan®? SUN Yufa®

®( College of Electrical and Information Engineering, Anhui University of Science and Technology,
Huainan, Anhui 232001, China)

®(College of Mechanical and Electrical Engineering, Huainan Normal University, Huainan 232001, China)

©( College of Electronics and Information Engineering, Anhui University, Hefei 230061, China)

Abstract:

Objective Broadband electromagnetic scattering is essential in modern fields such as radar target recognition,
stealth technologies, and microwave imaging. While the Method of Moments (MoM) provides high accuracy, it
incurs substantial computational costs for electrically large or complex targets due to the construction and
solution of large-scale impedance matrices. Although acceleration techniques like the Multilevel Fast Multipole
Method (MLFMM) and Adaptive Cross Approximation (ACA) have been developed, they still require costly
per-frequency recomputations during wideband sweeps. To mitigate this redundancy, techniques such as
Asymptotic Waveform Evaluation (AWE), Model-Based Parameter Estimation (MBPE), and impedance
matrix interpolation have been introduced. However, AWE suffers from error accumulation in wideband
scenarios, MBPE entails high initial sampling costs, and traditional matrix interpolation remains burdened by
the need to compute full high-dimensional matrices at sampling points. Recently, Compressive Sensing MoM
(CS-MoM) and its derivative, CS-HBFM, have offered promising wideband solutions by utilizing Hyper-Basis
Functions (HBFs). By calculating Characteristic Mode Basis Functions (CMBFs) only once at the highest
frequency, CS-HBFM eliminates the redundant generation of basis functions. Nevertheless, existing CS-HBFM
frameworks rely on non-deterministic random or uniform sampling strategies. Furthermore, they are hindered
by large-scale matrix-vector products and the persistent need to reconstruct and solve impedance equations at
every frequency step.

Methods With CS as the basic framework, this study proposes the CS-ACA-MMI accelerated analysis method
for broadband electromagnetic scattering, which achieves efficient calculation of broadband scattering through
the collaborative acceleration of dual ACA decomposition and low-dimensional measurement matrix
interpolation. The specific implementation steps are as follows: First, CMBFs are constructed at the highest
frequency point, and the dominant HBFs are selecting significant modes based on the Modal Significance (MS)
criterion. ACA low-rank decomposition is performed on the complete impedance matrix at this frequency point
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to extract deterministic row indices representing the dominant Rao—Wilton—Glisson (RWQG) basis functions,
which are maintained throughout the frequency sweep to avoid the problem of non-deterministic sampling.
Second, Chebyshev-Lobatto nodes are selected to determine four key sampling frequency points, and the low-
dimensional measurement matrix of each sampling point is directly filled based on the pre-extracted row
indices, circumventing the calculation of the complete high-dimensional impedance matrix, thereby significantly
reducing the computational overhead of filling the matrix element-by-element at each frequency point. The
measurement impedance elements of the sampling points are corrected by geometric distance, and then the
corrected measurement impedance of the target frequency point is obtained via interpolation and further
restored to the real measurement impedance, eliminating the redundancy of constructing measurement matrices
at each frequency point. Third, a second ACA decomposition is carried out on the far-field impedance
component of the interpolated measurement matrix, converting the large-scale far-field matrix-vector product
into a low-dimensional matrix product. The near-field part is directly obtained by multiplying the measurement
matrix with the basis function, and finally the complete sensing matrix is rapidly assembled. Fourth, the
solution of the traditional dense matrix equation is transformed into the solution of an overdetermined equation
under the CS framework, and the least square method is adopted to reconstruct the current coefficient, thereby
calculating the broadband Radar Cross Section (RCS) of the target, with the Root Mean Square Error (RMSE)
used to measure the computational accuracy. Fifth, three typical targets (including simple regular, complex
slotted, and electrically large irregular structures) such as a cylinder, a slotted cone, and an almond are
selected, with different broadband analysis frequency bands and subdivision parameters set. The broadband
RCS is calculated by MoM, CS-HBFM, and CS-ACA-MMI respectively, and the computational accuracy, total
calculation time, and memory occupation of the single-frequency point measurement matrix of the three
methods are compared and analyzed to verify the effectiveness of the proposed method.

Results and Discussions Three typical numerical examples, a PEC cylinder, a cone-sphere with a gap and a
almond, are used to verify the performance of the CS-ACA-MMI method. The spatial distribution of ACA-
extracted row indices shows obvious hotspot clustering at geometric boundaries and structural junctions, which
confirms the physical rationality and effectiveness of the deterministic sampling strategy (Fig.2). Parametric
studies demonstrate that appropriate ACA thresholds and four sampling points achieve the best balance
between computational accuracy and efficiency (Fig.3, Fig.4, Fig.5). The wideband RCS results calculated by
the proposed method are in excellent agreement with those from the traditional MoM over the entire frequency
band (Fig.6, Fig.7, Fig8). The root-mean-square errors (RMSE) remain very low, verifying the high numerical
accuracy of the method. Compared with the conventional CS-HBFM method, the CS-ACA-MMI framework
reduces the total computation time by 93.4% for the cylinder, 96.7% for the cone-sphere with a gap and 81%
for the almond, respectively (Table 2). The significant improvement in efficiency benefits from deterministic
index reuse, low-dimensional measurement matrix interpolation, and dual ACA acceleration, which effectively
alleviate the heavy computational burden in wideband frequency-sweeping analysis.

Conclusions This study successfully develops a CS acceleration framework, CS-ACA-MMI, which integrates
ACA with MMI. This framework effectively addresses the bottlenecks of repetitive matrix construction and
equation solving in broadband electromagnetic scattering analysis, while overcoming the non-deterministic
sampling and high computational/storage overhead inherent in traditional CS-HBFM. The core advantages of
CS-ACA-MMI are three-fold: First, by extracting dominant row indices via ACA at the highest frequency and
reusing them across the entire band, it ensures a deterministic construction of the measurement matrix and
provides a stable physical benchmark for broadband interpolation. Second, the interpolation process is shifted
from high-dimensional full impedance matrices to low-dimensional measurement matrices. Combined with
Chebyshev-Lobatto node technology, this eliminates the redundant matrix filling at each frequency point.
Third, by applying a second ACA decomposition to the far-field components, large-scale matrix-vector products
are converted into low-dimensional matrix multiplications, significantly accelerating the sensing matrix
construction. Numerical results for various structures (cylinder, cone-sphere with a gap, and almond)
demonstrate that CS-ACA-MMI maintains high computational accuracy consistent with the conventional MoM.
Meanwhile, the proposed method reduces total computation time by over 81% and cuts single-frequency
memory requirements by up to 65%. By only requiring the storage of measurement matrices at a few sampling
points, it markedly reduces the overall storage overhead.

Key words: broadband scattering; compressive sensing; adaptive cross approximation; measurement matrix

interpolation
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