) 3B 3R Acta Phys. Sin. Vol. 72, No. 3 (2023)

030202

MBI ERBRATEER ST =ZEBXER
FE R B ST A 1

EF#D  EHEARY

MERY EXH#Y

1) (ZHETRFHIGEE TR, R 232001)
2) (ZRORFHFEE TR, G 230601)
3) (R IMVE AR S i A LA B, R 232001)

(2022 4 7 A 28 HIF]; 2022 4F 11 A 1 HUEEIEHR)

h 4R v i T 4 R B AR Y R e 1 A A R O R XL R IO [ A T SR AR R AR E A, R R
R I 00 R AG 7 v, R A e 2R R SR AN [ T T R T R £ G Y TR A S A
T ST BT A TR ST R A 18 0 ol MROBEL A R A 1) D7 9 A R LR AR BTSSR R, T
Foldy-Lax J7 8 4= i 22 Bir e AiF i R B8O TR by i 10 5 0 8007 FL JE R A 600 0 2 4t 5 P A0 2 AR o A A i o 50 12
LA B2 ik S 0 FEL O 1) S 36 2 1, R S 500 T A D B/ AR B, B RERE TS R R O — S R E R GUOF
SR e/ 3Rk A LU R S AR G T AR LU, SR 2 SRR S AT AR AT SN AR BORE A, 38
AL B R FE R s U IR [P 30 ) SR e 8RR A 2 R 5 LA SRR A T8 7536 1l A A s

RERIA): TRARIEON, FEER T, FRAERE R, IR

PACS: 02.60.Cb, 02.70.—c, 02.90.4+p

1 5 =

VDR 3K A L R RIS TRl R A 8B T R 22—,
Sk I (method of moments, MoM) 1] L H
WA DT RE B RO — DR AR 7R h TR
SR BELATC R B Sy ) 28 e, % T H R RS [, SR
FEAZ R By R TH AR R B IS TR R A STt
RN NI ¥ Sp QL VST I RV IE =57 ST
TP AR REE P B MoM! HIRHE
HpREL (characteristic basis function, CBF) ik [0
AR, 46T (compressive sensing, CS)[7
FEARBE TG AR MoM Hr, Ry I iR [ E L 158
M2, JFIE I T PIFh 2T HERERL: J3 i)

DOI: 10.7498/aps.72.20221532

2 T AL VR A 3 RS AR L R R Y
THAART.

BT R Rl U ) RS Ry R B A AR B R
2011 AEHE Y B AR 1 SEAS 32 38 o e 4 A G
PR AR A R AR AR B, DT 55 22 Bl
RO ) SR SRR ARCR . R BT RISERE |- MG
XA ARUAE B N o R L Ik LA AR S S R
AT TURABEGE -1 IR i N Y R 2R
LB RE) B (R IS ) R 02030 BRI B ARATIIR K
FAAE S8 738 5K A MoM W (R AR 45 2, TG F T 3L
i O LB AT . 58— P RS [R] AT 4 O
T 2014 4R A T 8 T BRI TSR ek
7 MoM B L E5 ), ffi I 2 CS HESR, 4k1mi 5]
A CS BEAR P FEAGRF R B 27 Bl A B

*ER HAR AR (S 62071004), ZRUE AR EEE (HEHES: 2108085MF200) FI4L R A AR A G H (LS

KJ2020A0307) %% Bl iR,
t BIE1EE. E-mail: zgwang@ahu.edu.cn
©2023 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

030202-1


http://doi.org/10.7498/aps.72.20221532
mailto:zgwang@ahu.edu.cn
mailto:zgwang@ahu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B 3R Acta Phys. Sin. Vol. 72, No. 3 (2023) 030202

AR — D KE RS, WD 7RI R K R
IFa]. SRTT, TR AL Y — S O AR AT 2
DGk, 5, IR R A i b, BEALA
Y RH A0 e (14190 B8 7 Sfe BE AL ey S0 R B (10171 8y
T TR A R AR M Ak, ZE1EH Rao-
Wilton-Glisson (RWG) & pRi I — 4[] AR ¥
1A T L. Cao 55 181 R A Krylov F45[H]
A 3 B R 1) R S B T = 4 H BRI N L T 1Y
M B 4G, L 6 P P s S DA i 1) P e AR
a8, IFANE TR RS AR Ding 45 19
HARFER BB FET CS HARM) MoM ik (CS-
CBFs) [RIFESCHL T X =4k H bRk fL i i 76 i 4%
e, I R DI o0 SRt felt 3 T R R
[, AKX TR A% B AR, 25 TR A 1
P2 5. Wang 45 20 2R JTEE T X 040 i 1 AP RS AY
MG AL, AR T RO M R S I LA R R T
R, SR 1% v o R BSOS LA S N st R o 1) 4
B ERK. B&E, BT e mN, T ROE
T3 R TSR A AR ELR (0] R b AR U G 3 1
iR UNM € €S Siie 28

SR A CS LRI (NCS-CBFS)
FHF 3R A =4 B K H AroBLl HEL R IR T A 15k,
SR AT Y4 5 4l BCREL B0 8 g 174 5 125 ) s YO e R o
IR REE 45 R, SRR, BT Foldy-Lax J5
A L Z B CBFs JH T M4 18 Wi i 0 o, ARG
BERR BN BOAAE 1 I 18] FEAAEAREY CBF's (9%
PEIRIBUG IR S50, B R S B0 T Ak Ry e/ — 3Rk
A — R AR, R R N ek
i %1 NCS-CBFs 45 CS-CBFs #Lt, i & F#1K
TSR], S TS . R G BARSL,
75t T4 CS-CBFs RYHLESS R, IEW] T NCS-CBFs
A L.

2 EARHE

2.1 EFXEFEM CS itEER
ZEE CS HARAY MoM ) HE AR AR 210 SN H
TAE MR AT, K46 O BHATRE [ A3 ih 7 A
Sy ) 8 R AT AR, T R B R A S — A
KIEZRG. 18 MoM 1, L RWG pREUE A3 R %L
FIA PR, K4 AR 5377 2 B WO AN R o e
ZnxnInxi = Vnxa, (1)
A, ZFRREFIBEBURERE; T3R8 RWG 2R

B R B, SRR RN FL; VO e
i, N RWG R By Boas, BV HEm) £
BEALAMEL Z TV ) M AT 43 5 i D R Z A
WAV, WPKE (1) LA Ry R e Jy
ZyxnInxa = Varxi. (2)
T IR ARG, i CS HESE, Fxf I 7H
REZ/S
Inxi =¥YNxNanx1, (3)
Kb, OAMBEARARE, o S AE 25
m. B (3) AR (2) K, TR
ZyuxnTnxnanxi = Ouxnanx: = Virxi, (4)
K, @ MAEEIERE. M4 CS #ig, Y oW 2R
T A R B (21, DU AT SR PR A2 S kA BN A e 3
WK R TR R BRI SRR, filtn
] SCIE 22 VG LB 25 581 (generalized orthogonal
matching pursuit, GOMP)?2.
FE LR T RE T RE CS TR FlifL
) 38 1A 00 R A T s i b T B 2 R AR N
PE. AN, X HIRRGT R, T REN 5K,
FE N x N 4 (1) 0 7 45 R0 I LA IR M. X T =
Y] 5, SCHER [20] 2R CBFs Wi w. 1 50k H g
K530 m BN T8, X g BT s AT
DACR B L I 7 AL i 2. SRS, el
P30 = 2R E L R AL (PCBFs) J' 5IRERHIE
FHpREL (SCBFs) J*:
Z3J; = Vi, (5)

T

ZeJs =z gP (6

Kb, ZEMZE(i,j=1,2,3, -, m, Hi#j)
SR T30 H BT B RE ST SR T
R R XI5 1) 4538 CBF's et 28 fin i i

=

>

Jo 0 -+ 0 a;
0 J2 0 as

I= . . . . = J%®a. (7)
0 0 - Jn an

SR, TR IR B I AT TR,
i & AERCH m® < m?. i T CS-CBFs H R —
Yy SCBFs, 45 B T-3s8 i i 1 Ay 5 LA, e 34
5 2% B BRI FEAR G

2.2 #FBY CS itEER
FERE LT CS B9 MoM BT TR g F )

030202-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B 3R Acta Phys. Sin. Vol. 72, No. 3 (2023) 030202

FRE M, AS SCEE BT AR B . 0 S N E A Tk, A
T — R Al CS H AR (NCS-CBFs). & 45k
T Foldy-Lax JT 2RI Z B CBFsO 44 1 7 i 4 40
JilE. o PCBFs #1775 5 CS-CBFs ik
FHIA], AR (5) 2015 2] H 438731 PCBFs. 245,
X F AR, A 1A PCBFs BT =42 AL
S ENIER AR T A8 —Br SCBFs:

Z5 T =~ Y Z,Jd). (8)
J=1(574)
Ze el i, By S UL A& By SCBFs H b — B i)

SCBFs 143:

ZfiJiSk - zm: Zz'ijS(kil)a (9)
J=1(5#4)
A, THF R i IS k By SCBFs. #1153
2 kI, W4 ilm(k + 1) CBFs, Hf 1 7] i
X6 CBFs &PEERR N

JS 0 -0 a;
0o JS - 0 as
I=| o _ ) = J%. (10)
o 0 - JS an
Ap, JE=[JP IS TP ] TR
MRS .

AR, MIE—AN N x N 4Ef% JC AR B
% &%) SCBFs TEWHL 7 X 130 R4 0] (1) A
BN, R Y P AR IR R, R = B Y
SCBF's X8 HL YL (%) BT AR B /0N, AT H A R Se g
ZAEXRHIK A GOMP #E17fRifk. 76 GOMP H1,
BRUGERR I EE— 25 by SR BB B @ rh 5k 2=
AR, ARG R i/ D IR i R a.
P T e A 2 A 80 % I F 32 o B5OGT HL 37 1) B ik e G
P54 Bk Se s 21T 1, PCBFs Fl—2LKB Y
SCBF's X} [ (1) © H (1) 51 3gf S FIT 22 <5317 1 371, 3k
8 CBFs (/N 2 176 JC EFRERE. Rk, 78
W 2 DK BY CBFs J&, 7] L4 & GOMP iy
SRR, BRI a. AR R L
oy HrRr A, AT AR CBFs.

B E K By (% PCBFs), L35 L = mK
A~ CBFs, L R Sosc:, W (10) g I

Je=ar g SRV

¥ (10) XFAF] (2) ] 15

ZysnISxranx1 = Ounxrarx: = Varxr.  (12)
NCS-CBFs H M BUL (%) 3—5 175, et (12) 2Xoh—
ANHE . SRIE R/ N Tkt a:

a=(0,V)/(©,0). (13)

5, ¥ afUAF] (10) AGH R T .

Xof T B R PR AR e, SR AT 24 S0 il B A
FERER T, R e A TRE MR R e T, 47 iE R R
YN/ M. ES%, BT HUEMEER A RWG
PREICER BT R AR I, SR 2 IR iR ) CBF
HAAHINE:, t AR % I8 45 91 2 [R]ASAH
O HR, FATAE MR 76 BEACHE FEA T ) LY
FCRECEA TUARYE, SR H T B ARZR T 1 15
BLARA, BILL RWG s E B RE TUAR TS LA
N, P AE S SIS AR E LT, 1T LA R BT
R I 11 A — A 3 A A — WRORT FL 3 2R A ORI L A
IF) P 3 5L S ST ISR BE R AT AR A5 0] e 4
P AR BER R E RSN B 2 S A4 0
(7] s i 0 £ 6 A ) RS TR BRA T e i 11
FEHR. LA B0 TR, 354 S SO [
A P o 5 AT LA BRI, T L (R s P 7 R
BRSO ER. — B M A(E, Rl R 1 —A
FE PRI S A R, DRI R T A4S

530k [19] #H L, NCS-CBFs AUSZHE T %t
= AR, L R B RIS A, i LRl T R B
e A L RITN  RE E R o  2X, ORI T RO B
. IbAh, NCS-CBFs WS4 1) 53T )0E I i
P ERRUANTE], FeZHE BsR AR AL Sy — AN e
4. T NCS-CBFs A iR/ (K < m),
1R SE R AEBCEAR, ELEfb TR, mTLL 8 3%
Iep I P s 35 R 50 B A L 300 2R 50 I )

3 WRERESMN

NCS-CBFs #l CS-CBFs #1455 ¢ 3553
AN AT SR BB R | b 1 R A L R A
TARE T, B BRI m A4
KNG TR, FEAF I R A N, I Z 0
TP T A .

BUE BT R X BUe BT R 4y, PIRh
TEBIF A R AT R, HO R R e
O(N?).

030202-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B 3R Acta Phys. Sin. Vol. 72, No. 3 (2023)

030202

Mk BLpR 8 76 CS-CBFs 1, SR LU 43R
fit (5) 2, FEOEIE LS R T (6) . Kt
i (5) IR E L R O (mN?), K (6) =
(315 2 2 4 O [m(m — 1)N?]. 78 NCS-CBFs
t1, PCBFs #1155 CS-CBFs #[H; SCBFs AYit
Bk AR (8) 5 (9) 2, AR LBy, HitH&E
ZBE R O (mkNE). X FHRKER, #£F<mif g
PISRAS 8 RS FE, R NCS-CBF's #4) 1 3k bR 5L
(4 24 /T CS-CBFs.

T LI 2R B 7E CS-CBFs H A= il il 55 pR B
(A m? | A HL IR SR F GOMP 3% AR ff.
T R T R SR R T TR R 2 R O(MNm?),
AR E 2 R O(sMm?), Horh S g AR 8.
£ NCS-CBFs H, A iy R B EE L = mK,
HAGTEAL BRI R R A2 O(MNL). S
TR T R4k GOMP Jy kbt T kAR i, H
WREREN OML). HT L <m?, AT
B M Ry R A [ 5545, NCS-CBF's #4)18 1) ]
o PR A SRR A ) AE AR A itk NCS-CBFs
It CS-CBFs 7E A HL I R AP A AL E

ZERITIR, NCS-CBFs TEM 3 i pREC L S FE A
HLUIL R BG4 E Z BE L CS-CBFs AL, AT LA
PRt TR

4 HAEE

i THER NCS-CBFs IARE, 43R H NCS-
CBFs fil CS-CBFs X A~ [A] = 2 S (A A5 7Y 447 4504
P53, Hr CS-CBFs XA GOMP H3k. i B 6
7F Intel(R) Core(TM) i7-10750H 2.60 GHz, 64 GB
RAM iy PCHL E5E . S 7o Bt 3k e, & CH
BBl B IS B LA (radar cross section, RCS) Y
BT iRiR2E N

j—p
RMSE = \/ N > (Caati = Owri)? (14)

i=1

K, o WATH T LB R, 0w WIS
MoM HJTHELER, N JRAE AL

BH 1 AT IR 1 m SRS
P AL Bl RCS. A S T ke i 451 %
800 MHz, AFIHAEN 0 = 0°, o = 0°, H:if 0 fll ¢
a3 SR R BR AL A F R B R T A A A . R
RWG %E R # H AR 3R T 16206 4~ =M 12
I, FEAE 24309 AN A FIEL. K HARKI 4> N 26 BT
B, IR 0.5 5K, PR IR MR R
Bl 33772.

5, /i E CS-CBFs #il NCS-CBFs 1A
[l i 7 2 v s 1 0 2 R e 5 s s L =2 () 1 A
KRB g 1 s Hop ) gEh U TR A
JIT A= R A 35 pR BCECH 19 4 £%, NCS-CBF's 1155 &
13 By CBFs. H# 1 a0, 78 PUAh 5 2k i oAa s ()
SR PR AR S E] A S AN A DG S A OG. FR AT
S0 S R AT R R 1 91 A BE R L
71N, DU AT D O i F 3 RS i A . S ik
— L BIE NCS-CBFs T 45 3 i Fs e M FvRG ik,
* H] CS-CBFs 11 NCS-CBFs fE A [m i #5720 F
33T 5000 AT ESEES. Frig 2l RCS 1R 254
FHHES, W 1 . B 1 R] LUE H SRR
PO i, BT R 25 R HE, H RCS %
ZETE—E B BN T Bl TR Y S B0 A, 7Y
Fh BRI AR AR [ TR A5 R, H RCS R4
R FEHLARE 20 E I, B 2 g5 TR
R AL U 7 B9 CS-CBFs 7E 5000 YR 5256 Hh B g
T KR 2 Fldse /MR 22 B X RCS. | 1A 2 m] A,
FEEUS B KR ZE R HA TS5 0 B e fw 22, DRk
SR B ST 3R AR A T3 45 R T ol T &
SHAERNT L A 7 VR RS BES O, 22 5 AR g
PR IR A T X530 =K.

B3 25 T M A ik rh BT 8 M 5 RCS
BRZE CORMERT P OC R, FLrb R A o] 45 A i
PRSI ] | A4 3 LR i o 5 RR B E] . AE NCS-
CBFs 1, 4% 13 [y CBFs. A 3 AfLIAH, RCS

1 MRS B A RS R AL

Table 1. Correlation coefficient of the measurement matrix and sparse basis.
CS-CBFs NCS-CBFs
Jrik:
BES[ANE i) 14 KL Ly BifiBIL A H
FHRZREL 0.033 + 0.132i 0.100 + 0.021i -0.040 + 0.087i 0.047 + 0.053i
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Fig. 1. RCS error distribution of 5000 experiments.
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Fig. 2. Comparison of different calculation results of CS-

CBFs with randomly extracting (¢ = 0°).
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Fig. 3. RCS error and solution time of two methods with

different number of extracted rows.
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Fig. 4. RCS error and solution time of the proposed method

for different orders of basis functions.
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Fig. 5. Bistatic RCS of cube in horizontal polarization

(p =0°).
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Rk 40 B3, MHeTIEY R 0.15 Rk K, ¥ RE
KRINEEI N ECN 58126. WiRh 5 144K 44157 3l HR
O3, WA TEON EE R B LY 4 £ CS-CBFs
A 1600 1~ CBFs, 158 FE4E50R 6794 1600.
NCS-CBFs #1318 & 18 Fir4: i 720 4~ CBFs, 1%
TR M AE R 2912720, FEAD T B i3E B 45 51 0
& 6 fin, 7] WL, NCS-CBFs H3HE45 5 5 MoM,
CS-CBFs W &80T, HATREMTTHRRS
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Fig. 6. Bistatic RCS of cylinder in vertical polarization
(¢ = 0°).
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Fig. 7. Bistatic RCS of missile in horizontal polarization
(p = 0°).
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w2z NE2TLIAE N, 5 CS-CBFs M I, NCS-
CBF's i 2RI 148 15 JE pR A LA S JFG) FEL O R 4K
i T i s = R o S s N T 1 A
47%, 40% F 68%, KM AF B R IE B T, b
Ak, NCS-CBFs 158]) RCS 24K F CS-CBFs,
BT B = T A

* 2 IR RCS iRE K

Table 2. Comparison of computation time and
RCS error.
fai W e ROS
SR T v
mffal /s mHE] /s /dBsm

gfk  CS-CBFs 438 39 480  0.33

IR NCS-CBFs

240 13 256  0.09
ik CS-CBFs 2872  60.0 3481  1.48
B NCS-OBFs 2004 67 2080  0.71

CS-CBFs 754 24 781 102
NCS-CBFs 235 0.8 247  0.28
5 # #

EFXFEET CS 1Y MoM S A, A T
BRR B I ALY ik, R T — Rl R CS
LA NCS-CBFs. # A% 458 () CS-CBFs,
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Abstract

The method of moments is one of the most effective algorithms for solving electromagnetic scattering
problems. However, the high computational complexity limits its application to electrically large problems. As
an improved algorithm, the compressive sensing-based method of moments introduces the compressive sensing
technique into the algorithmic structure, which avoids the inverse of the matrix equation and improves the
computational efficiency. Using the underdetermined equation-based calculation model, this scheme is utilized
to efficiently analyze the bistatic scattering of the objects. In this technique, the extracted few rows from the
impedance matrix are used to construct the measurement matrix. Nevertheless, the results are unstable due to
the random extraction utilized to build the measurement matrix. Furthermore, it is challenging task to provide
an appropriate sparse basis for the induced currents of three-dimensional objects discretized by the Rao-Wilton-
Glisson basis functions. To address the aforementioned issues, a novel compressive sensing calculation model
that enhances measurement matrix building, sparse basis construction, and recovery is provided in this paper.
First, several rows of the impedance matrix are uniformly extracted to produce consistent computation results,
which is opposed to the randomly constructed measurement matrix in the conventional technique. The number
of rows to be extracted is typically set to be 3—5 times the number of basis functions for high accuracy. Then,
the characteristic basis functions based on the Foldy-Lax equation are employed to construct the sparse basis.
Considering the prior knowledge that the lower order characteristic basis functions are dominant, the columns
of the recovery matrix corresponding to some low-order characteristic functions are determined in advance as
the columns that will be identified by the recovery algorithm, thus simplifying the recovery algorithm to a least-
squares operation. Obviously, the matrix equation is reduced to an overdetermined equation instead of the
underdetermined equation since only a few low-order basis functions are to be computed. Compared with the
conventional compressive sensing-based method of moments with characteristic basis functions, the computation
time is significantly reduced in terms of constructing the basis functions and recovering the current coefficients,
while the accuracy is improved. Finally, both the suggested method and the conventional compressive sensing-
based method of moments are used to simulate the bistatic radar cross sections of the perfect electrical
conductor cube, cylinder, and missile model. The efficiency and accuracy of the proposed method are verified by
the numerical results.
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