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E3

1 (MEEE) XEAREMARNRASHS. (a) BRELFXEMES B (b) METERSEXSE O (c) BF4%H
meERmE 1

Figure 1 (Color online) Typical applications of quasi-periodic structures. (a) Spherical conformal antenna array (8l
9]

(b) microstrip reflect-array antenna [; (c) digital coding metasurfaces [19]

B2, HIE T A S A L. TR A B T AE AR A 22 e B SR S A AL, HH T e ions 22 ek )
P B TTCHEAT S RO, — SRV . BRI, xS A A i R m Ay 3, A7 5 Mt R B B % B
FEHRBEIR AW KRR, AR EE AT, A FEH R IA N T R, (R IEA A
FRIENER 2k T2 WL BT RE % R, A S R E AR G 8% (method of moment, MoM)
AU R, S e T R A 2 4 A 1 R Bk (2

(1) DAy, X EERRAZ O AR A - RE RIS, R EB AT ROR, AR
BFEPEZ T BIERAR S SLYORRREE — (B (Fourier) A2 #4. Horh, PUd 2 i1 VR RIE R
KR B4R TR A 7RI, #5508 20 Al Rhs TRRVH A8+ K EE R 2 — 181 Gy i
B, IR M TS 2021 45, Wu 55 M 2 2 P0E L A 7R (multilevel fast multipole
algorithm, MLFMA) SHHERES AL &, F T8 HIRE A WIRE S 2047, 2022 4F, He 55 191 BT 3447
THEA MLEMA, J) S A ISR S0 &8 88 Fe K H b F T B, 2 H R ERGE 22 1) A TR ) B
KA R T S AL 0 T KRB SR IR BT 35, DR 22 W S50 1 350 A 1) PR 288 Jol S0 5 4 1) LART A
NVERFAE, B8 BB RUIE K, S8 A N A bR A A B2 T 2 ).

(2) XA ik, 2RI “ormiva e B RARR RS G TH B 0] R 3 S T /) 1) A
3R, AT B A DR RIS P B T B ) AR . 207 V0 T 20 2GR SI N F T4, H A 320
WHFLTT A 55 BR T X 3003 i« FR3 D7 A2 X80 i DA B & e X 38047 il =28 161, 2020 4, Zhao 45 117)
Feth 1 — AR EAR & 2 B X e o s, A R R R A [ 4 R AR ELAE AT AR B —
BAERE SR, 762 T @A i A B B A4, 2022 4E, Fan 25 U8 K AT R S0 AN X 480 43 fif AR 45
&, T T YE g i, A EC R — Sk, RN N AT A BORIR T, SZhr b, X iR R
&G FEFNEER AT, AP  FEAS [6] 5 70 2 8] B R 5. H, 7R AE T OA I 2 AR 2
IFIE), R e H AL I, S REm BERCR, AR — A « AR [A]#e 4 [A] (1 Ak 2 AR K

(3) EFRBOE. BERBFERIIZ LR TR m 4R RO B AR REREAT BB, PR SRR B RE G T
FRYERE. %3 bR A R i A% 0, HRT 3 B EUASCHE FH A0 2 ik R BB R AR R R B 25 258 o A
TSR R A 1O, Horh, SRR ) 2 SRR IE R R AL, B Mittra 55 RO 2, R EBARR X H AR
3 BRI I e AR HIE 25 R B AN [R) RS () PR 55 280, P o e o g 2 — IR BE AR R T 2. 2020
, Park &5 P SR HIHTRHMEE KA 2 )2 2 0INIREE, H 12 PRRRE R R B i S, 1
SRR, MRBVA RS Bl % H R FE B R e, RO | RSB, (HEDERRER . WAF5E
JiTHFEAR B 2 Ak, X T R RERESIT &, MR EVER — AN BB e WAETHFERUD, (B
PR EVER SR A B — H RS FE MR 2 —.
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N T v At G B AU SRR AE R R SR IR S oMb, REFE . A3 AR R AE LA SHE L i)
R, AN T IR A1 ) J LA AR AL R, S T — B BAT e 803 AL JRAT 255 B 802 (parallel
synthetic basis functions method, p-SBFM). %57k J& T 7% 5 B B0 75 W5, feW) B Matekovits 2% 1221 7
I3 M BB R S BRI IR SR Y, I R 2 2 B G e B 9 S AR E RN T T — R BRI R AT
T BTG AR o), W R 2 AR PR LR A R i 77 L AR AT SO AR R
Ve B 77 ANHRE e SR G P B BRI B v 52 2 . 123~261 0] PR g 2 T ok AR RS AT R 22 2 £ 5 R BCHC R,
P EE AR E M T 25 RENEN WA, S MORAE TR W, SO R AR B, (I REAS
ERTE 2T, WA A R T S TR A A (2835

AICE IR HIGAUE T 2 L2 ZEFEH) p-SBFEM 1 2 4 28 5 J&] R 51) 45 44 20 B o 0 A Rk, &%
T XA+ AT AT B, p-SBEM REREAE ORAF iSRG 1 [RIIN, AR KRR N AE T 46, a5k
R, HONE B, BT SRSEHAE, RE RS BE T AN AR T (AL LT AR A i S — B LR G R R
B, B PRIREE R R TSRS BN, AR 2 AT 5 2 WA AL G R
EFEARTEEE, 58 3 P R IALE A, FR LR A MBOE S BT K R 4 A 3 AN IR SR IR UE
PEEEA RN, 5 5 ARG AT, I TR R R,

2 ZRERBEERRIE

2.1 EZEBEE
p-SBFM & 25 8 Fi i B4 5575 MoM ) —Fh sedb vk, dutb A N MoM IEIE T REH R, V48 p-
SBFM [FREAEEE. Lh&)@ BAr i, F I n i 5 R

i X L(J) =7 X By, (1)
Horp, n FoR BARRINE M AALR & J RoR H R R IR L% R 8 Eine R RHE I L K
& L BB HEF, HEXH

LX) = jun |

{X + Lv(v.x)|gas. @)
S k

XHF (1), MoM 18 It B BRI AR 56 P ANk A2 nDKE A4k =X (3) Bl RRE R U7 FE:
ZI=V, (3)
Soob, BHUERE Z AURAERE V ORI TE R R
{ zn = (Fs L(F):
v = (Fs Binc),

Hp, fo A1 f FoRRKERREL, — BN RWG %L 1T RWG BREUREET— X =i A g X,
X e HUR R, 24 B = A T BOR IR 2, 2350 MoM HIFERE TR 4E LR, X SRR IR
FIAAFHFESR TR PR, 2T I, Matekovits 45 28] S H FHER & BN 30 (1) #EAT B ARG 3, AN
1 B A KA T RELE L. — RGO R, £38 BRAIUE SO RWG B2 ME4L 7,

(4)

N
Fou(r) =Y pmkfi(r), m=1,...,M, (5)
k=1

432



HEBY EERE Bt H2 W

RWG function \
. |
A i

F (1= p.f,(")

i
| . .
i Synthetic function
i
i
|

B 2 (MEMEE) ZEERHS RWG RBEEXRE

Figure 2 (Color online) Relationship between synthetic functions and RWG functions

Horb, fi FOREE kA RWG BREG F, F0R58 m NEEE AL N RoR RWG BREREH0R; M RIRSE
BRI S BCRS ps RARGRE BREEXT T RWG BB 22, HAERE Py o, 8, 8%
US5GBS R 2 /N T HARE A 1) RWG RECER:, B M < N.
Kl 2 s TR — AT — oo & RS RWG RO R K, B4 RWG R R € AE
—X =AM b WA REIRKFEATE RWG B0 LH. FIAHZEE RO =0 (1) 3T B EORES
55, AR R N % AR RE T
WserY = Gsgr, (6)

H, Wespr M1 Gspr 20037~ 28 T 256 s B BLEUEFE AU AERE, Y RoREx & o0 B ra il R 508
K. Wspr M1 Gspr MIFERE TR MR EIAAN

{ Wmn = <Fm(7'),L (Fn(’l"/)» = [pml Pm2 * - pmN]Z[pnl DPn2 **° PnN ]Ta (7)
Im = (F(7), Eine) = [pml Pm2 * PmN]V~
¥ (7) HIEREEREIR, Wspr M1 Gspr HITHREA XA HE N
{ Wige = PZPT, .
Ggspgr = PV.

RIETIRE (6) W LAMSRIZEE R BN IR R BOERE Y, FARIE N (5) £ BB (BRI T SR A5 48—
A RWG R 5 ra it 25, 40T B

Inyi = (Puxn) Yarxa. (9)

BET AT DUARYE RWG bR ) 52 S 2 HARR B = A A BRI A B oL, e Se et s &
SR ff BLE HE A
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An array composed of 9 square rings

(shown in an isometric view) s .
Unit 1 is meshed into a

series of triangular patches

|

|

N

Create AS for unit 1 }
I

I

I

3 (MEIRTE) —FXEHESIR AS BEREE

Figure 3 (Color online) Schematic diagram of a quasi-periodic array and AS setup

XL (3) A (6) AHMERIL, LA AT, KRR N x N 4R T RERS68 M x M
Y. M < N BF, HE 5 FE SRR A4 P R0 N 7T FEHE ORI, 4, 2 H bR 25 0 A% A AR R Sl
WEHRE G, JFE Z AV RME—HE I, BN (8) ATAN, M@ Ls & bR A B 7 FE A AZ O TAE w2 1
SELEE RN R TT RBUERE P.
2.2 ZFERBEE

CLEL 3 Fron 28 S8 BAREZ 8, WFRE TG 1 3EAT = A R 43, (R o W RWG REEE A N.
HEETC 1 FI=AE 0 M ER, X N A RWG R F2 o mm. WiE 6), Mo 1 Ergs
BRECNIX N ANCEIT RWG BB A G N TSR GE & B BT &5, FEAEME I 1 WAL E
X —RFNIMFEEBOR (auxiliary sources, AS) F LA IAS R BE 70 5 0 A B e AR G AE . AEAR SO,
AS B E AN B, T 1 BB — AN S P, A S, izl AT AR A =
FRRSE 7y, IR E R 5 RWG B3, BN AS, Wik 3 fis.

FIN AS J&, TR B (EFT, BEJC 1 3R MAERE T RERT 'S 2 34

ZR=V -V, (10)

H, Z FosFEoe 1 2 RWG B8 H ELPUERE; R Rongi i s i = AR RS, Vv R B0t
FETC 1 RN RE, Ve RRMETG 1 5 AS M TR R, HARRE TR M RIA =N

Uﬁm = <frlzlznit1’L(.fr?S)>’ (11)

Horp, punitl FOREETE 1[5 m A RWG B8 £245 FoR AS 55 n > RWG B3

KARTTHE (10) HBILRE BB E R 5, MHIEITEHRESE R=UpVE. R5, LA K
AEXT T RWG BRI R RECEF NIELHERE U B9 M 5, Bl P = [Uy,Us, ..., Uy, 9, M £
ARFETE 18 K GE B, U — ORI TR B A B SR S AR . iR, M OBOR, TR
R, (AR B BE 2 B R, T 256 bR BB I B, AR SR UR 23 (B FIR FE (capability of
description, CoD) #EN] 271,

2.3 [MEFIEMGRE RBIESITRE
LR RO T2 S5 R B SR SRR G T
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: | | | |
[ | | |

Y G
I I
Compressed mutual-impedance matrix I | | [ |
| 1 1
w | | l |
| . L |, |
| Ll % R
i L | | |
| Compressed self-impedance | =1 F—=— _l
| matrix of unit 1, 2, ..., b, ..., B | | | | |
| / : I | I : |
[ | |
: | ==4 - |F=——4
| : | | | |
| Y, | | G |
: R L
| N | [ — L
i L1 | | |
i L1 | | |
| Compressed mutual-impedance matrix I | | [ |
. L1 | | |
| . == =1
| [ | I |
I [ | & |
[ | | |
I— _____________________ —_——— —_———

Bl 4 (MERFE) BEIGRLRE RBUEER RN R EE

Figure 4 (Color online) Schematic diagram of the matrix equation of SBFM for array structures

DR 1 SRR

1-1: XA HITHEAT =M R 22 9F € L RWG BRAL

1-2: R I B HM RS R

1-3: THEEANRITIZR & R AURTT REUERE P;

DR 2 IR TR

2-1: MM P AEFRIEAEREA AT RWG BECTH S0 H BT R

2-2: MH] P AERE RS AR T2 (8] 5T RWG bR BTt 550 0 T RHA AR B
2-3: MM P AERRRAEREAD FICET RWG BACH S B AR B

AUR 3 FEFETTRER R

3-1: SRR IEAEFERE T RE, FRIER & R ) L I R L

3-2: MRABZR G R BN AL TT AR RWG bR B HIAT AR B, B = A 1 b R SRR LA
3-3: FEF =AM A b AR AT B R B AN 3.

XEFIRILE 3 PRSI 4K, AR fet, BB cEdE N B, 5 b T L5E LI RWG B
BN Ny, LA REBEEY My, WHEEAFES 25 G MECERE T R R oAl 4 osigal. 1B 4
T, Wiy, FoRFETC b 45 00 B BLPUERE, FL4ER0N My x My; Wy RoRFETS p 5FFIT ¢ 465 1
BHPUHERE, FLHEZN M, x My; Gy FoRFETe b IEZEBUAERE; Y, RoxFEoT b ELRe s il &
HOERE, 75 R R R AR
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A I AR B T BRI AL S8 MoM. HAH SR T B4 3

Wy, = P,Zy P,
Wy = Py Z,, P, (12)
G, = PV,

Her, P, RIRFETC b MRS REBURTT REUERE, 485N My, x Ny. iCHTEFEICHIZEE RBUSECN M,
RWG BREUSECH N, WEYE G AR T RE4EE N M x M, i/NF MoM FEFE T FE4EE N x N.

3 BiRMufigit

R ZE G BRBUE D HTEES HARES, —BOATRE MoM ) A A THFERR IR 80% LA b, 8%, X — 4R Y
AU R THEE TR 3G 0. AHEL MoM SKRAERAE, £58 RBGETR ZAVUMT RN ETCZR G RBURTT &
B WO —FEA LT BUE AR DA fa) 4 2 a] 7, 5 i R )2 KRR “BEANRESE” 1 1),
N T B DIRREE U AP 1R, AT A BLR PN T 2t

(1) SIAFHAT VRS X T EES S5 R 5, BN FE T 1 25 6 o0 AOR 2 -5 BELTURE T 24 1R A LT
Ry, o mT U AT AR B Y 7 AU e SRR,

(2) FIFI T LA AR AL f A 45 BR BRI AU RE . SRR SIS A PR e 2 1) — SRR 4% LT AR DA,
A BE G T XX LA B S AN R K 7o 45 bR B 22 TR AR LA R 2R, WU R ARALL) L AT B e
125G BRI 23 18] W] AR, RO R A IR R AR SR ST A (R 25 B RO I R K

3.1 XFHLEHNGRE R BMR=EER

M (10) HIZREG BR B 22 [R5 RE AT A, HLOCHEAE TR oo B BRPUERE LU BE TS AS PR
FETHSL, A B2 AR RWG s Bz [ RS S 14 RWG pR AU & SORARFAE, g RIE S 45 R
FHEHBIR T Z H5EEKMA RWG RS AL B T 0, 3T BA AL U B R T, 25 mT
AL AFIRETS | RWG BB — — X RCR, HARAFE RWG B EUR AR L B % R [, WAT AAE
RRFEE EARUEPIAN T B BEBTRE R AR U, anl&l 5 o, oo 1 AR T 2 B J LA, w2
A DU ST R PR A3 (A AR AR Ak 28 T2 AT DUR AR AR AR AR 5 R LXK AN R Te B 2R 6 pR EUR =2
AR RS 2R (1) XTRETE 1 BEAT = MR 23, JF2E T IR EE = My RS2 SO T RWG B3 (2) KifE
TG 1 B =S PRI R AR PR ARG R LR <R BT 2 b, WARIER T 2 B2 LI RWG B
HRETT 12— XK AR (3) EIXPAFETT A BBl LAAH R 7 B E AS, BUR] GRAEREANFf 7o 5 Hoxt
RLE AS ARXH L E R A A, Wk 5 B

FEIXFPAL R 0T, FEoe 1 MFETC 2 bR 2815545 3 (10 25 6 o8 SO 22 [R) i 2R AR ABLRY , B PY
ANBETCHI SR A R B A 1R AT AR SRS B AL LT R ) 22 AN B e, 256 eR B0 g s )
THE I, KRR i S JA R 51 1) £ 1 bR R IR

3.2 ZMEIEHGET|RALE

55 3.1 /NIRRT LR BB T B4R A B AU R . FESEBR TR, A — M MK
G, RIS SR A5 . B 6 o T — S R A XUR R S F AR AR R 3 T A L, ANTRD
TR T ) £ 15 R 30 22 ) S AN AN RE SR I, (EL TR R T A 3 bR B s 1R T 0 3.1 /NI
JrAGHATE . N LA 6 J9f, 1R 2 # T S I A1 ) AL B AR
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Create auxiliary sources for unit 1 and unit 2

0] 0] [0

B 5 (MEmFE) SAHEE/LMHENRNMET=ZAMNERS R AS REREE

Figure 5 (Color online) Schematic diagram of triangulation and AS setup for two units with the same geometrics

6 (MEIRFE) —HMi R E AR B RS 45118 Y

Figure 6 (Color online) Typical quasi-periodic array with two kinds of geometries

(1) JEBOT A7 FEAE I3 FEIEAHE B TT, 20 AR AR 25 6 R BURIT REOERE, i8N P A1 P

(2) A P M1 P B4R 51 ) BT R AT AR .

(3) MIIE S48 5 HORE R T 7

PAEPER, (2) A1 (3) F& 2 A R S J I 5 A B AR OB, AN TR) ) L AT B % e 4 L PEL AR e s 4
HTE T B AN B R AR B 7 TR T UK B S R ST ) s 4 R R O R R B 3 AN R IR,
WA TR ITTEE A By HM TR THEN Be.

XFECE 4 A7 AT LU B, 00K R I Fa] IR A7) 0 R A 7 R A o o B RIS J IR A7 R B T R )
AR, AR B GUE R A N AN [RI AL 2R S 7 W 22 T F) e 4 L PEL B R B T SR B A A
27 AR R AR AL 5 FB AR, Tt — D R AR R 2 M R SR SR IR 271 X A5 g 20 A
ST MBI TS, AT 22 A4 2R S 0 K ) 1 L W PR S
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BRI~ Compressed impedance |/ TR IR TR T LT P
[ Pl matrix for sub-array 1 | | | |
F I L L
| | " | W’;Z | | | | | |
| e | | | |
| [ | Weee ]! | l |
| Cod | (]! | '
| W | | Compressed mutual-impedance | | | | G |
| !_ _bb | | matrix between sub-array 1 and | : | I |
| -l | | sub-array 2 | | |
[ [ | : | l |
—_— —_—
| 1= H | I |
| y |
| 72 L |
i
[ I [T = | |
I N ! ! | |
| ] s | |
| L, O | |
[ | | ]| ]! | I |
| L | . Y = e
| | | ! | ' |
| | we [ o _; ]! | : |
rq [ SR
[ | | ]! | |
| | el ]! | ' |
| | . S5 || |
Compressed impedance . [ | | |
[ | matrix for sub-array 2 | WEzsz ' | | |
E——_ o — — — — — — — [E L__ . L]

7 (MEhRFE) WAGEL 2B ARSI EMLR S RBUEIEME S R EE
Figure 7 (Color online) Schematic diagram of the matrix equation of SBFM for the quasi-periodic array with two kinds
of geometries

3.3 EZEMFHITIEIT

BT BEBI S5 M AN R B TG I 25 G R B 2 o BELUAE B e 4 #8  BR ST 3E AT 1Y), WP st A7 b B 1
AL B FVERCE, SRANGE B R BE < LA [R]85 (] 3X — BB VT SRS A R R 3. AR SCH e 1 9
TR 8 Fias. &%t 2 A R 2EJE IR 41, p-SBFM K H )& — 3 T MPI4+OpenMP £ 1% 28
FEHAT MG . kg b E — & F PC HET 64T PC, BAARBARE A 7 ANFEPE
JCHIST A B FE A2 R IFAT PC M, & PC EEMTULL 0L BRI DA Rt 5. H eIt
17 PC HIASFE T FE AR BT ), S SR A B FE R 75 B [ Z ML R 1) A, 45— & 94T PC
RFEHME £ PC BT EIE AL BRIFT, I B EHE A B3 A MR I 7 oK. X A B ARE AT DA KK 6
G5B BRBEIRAT RO B AE S, 8 G T X R R B R T R R S5 AR . TIHAS A 8, VRN
A p-SBFM -T2 44 1 58 ) 1 1 1 b BRI 2.

(1) AR FEZ ) ATRFAERS H br 2 et T B B R 7B, v — AT R L — & 984T PC.

(2) B— G AT PC 758 BT B B JE A T B B 25 BR BI0TH B3 DL S 7 B P S BEL LR B 3
JIhFERERAR. 5 B R, B DA B R TR R FTHE — IR A R R (). o, FRE T
(Y BEL B R B R A B 4, E T B T A ELAST M, AT T 22 LR R 0 SR B AT AL B

(3) FHAT PC BT LR IEMEL = PC, EUEEIR AR BT HERILEE REUR T RECERE . 48
Ja HIBEBURE B LA A BN AE B 4. AR5, 3 PC 4T PC LA R B 18] B FHAUHE BT ST 45

(4) FFAT PC THEAN [ B (1 B REBUAERE, R 256 oA HR o R E0 FE X AT IR 40,

(5) IAT PC A [F B IA) ¥ 47 ELRHPUREFE R #% 32 PC, B PC 58 BN B A 1) e 46 46 K 7 A%
PR AN SR A, SR H br 2 H BN, FE 25 5 2K o, v S HLAEN BB K il 3 =
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Host PC
v

Task assignment

Parallel PC 1 (for sub-array 1) Parallel PC 2 (for sub-array 2) Parallel PC N (for sub-array N)
¥ ¥ ¥

Set reference unit

l

Create auxiliary sources for

Set reference unit

]

Create auxiliary sources for

Set reference unit

l

Create auxiliary sources for
reference unit

I

Calculate expansion coefficients matrix P Calculate expansion coefficients matrix P
of synthetic functions for reference unit of synthetic functions for reference unit

| [N |
| [} |
| [N |
| I |
| [N |
| [} |
| [N |
| [ |
| [N |
| [N |
| [ |
| [ |
| [ |
| [ |
| [ |
| [ |
| [ |
| [ |
| [ |
| [N |
| [ |
| mw B i vcacing and paraile |
| [ |
| [ |
| [ |
| [ |
| [ |
| [ |
| [ |
| [ |
| [N |
| [ |
| [ |
| [ |
| (I |
| [ |
| [ |
| [ |
| [ |
| [ |
| I |
| [ |
| [ |
| [ |
| [ |

reference unit

I

Calculate expansion coefficients matrix P
of synthetic functions for reference unit

[ I
I |
I I
I |
I I
I |
I I
I |
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
] i
} } Multithreading and parallel }
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I
[ I
I I
I I
I I
[ I

reference unit

I

Compress self-impedance matrix Compress self-impedance matrix
of each unit using matrix P of each unit using matrix P

Multithreading and parallel

Compress mutual impedance matrix
between different units using matrix P

e

Compress exciting matrix using

Compress self-impedance matrix
of each unit using matrix P

e

Compress mutual impedance matrix
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Figure 8 (Color online) Algorithm flowchart of p-SBFM
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Figure 9 (Color online) Cylindrical conformal FSS model

4 REGESEIE

Z0 1 MR RIE R . B 9 IR T M IR ARG R I (frequency selective
surface, FSS) FAY. 31X /& —Fh UL s iy RO T ARG 21, L4075 144 ANPETT, %8 18 x 8 7y 2]
HeAn T2 B AR SRR T, RSP ITH TER A ROT DL bRy, B 9 RN 7 1 R B T I = A I A%
HoA AS WERERE. He SR ITHEAN 212 MMM O0, E X 244 A RWG BREL, AS JLi%
B 882 I~ RWG K%

TR 8 M EVEAE, R p-SBFEM 234 T 1245 28 v [ A J& 1) AR S A 4, SRR AR 4.5 GHz
(1935 50~ THT 3, s R T AR o B8 T T [ Rl 1) g [ BRSSP TR R A 7 1) +2, A7 ) —2. AR 450K
BB LR AT AR, F PC FEE N: WAF 64.0 GB, 140 4.2 GHz, 4 #%. FiEPATid e, I 6
LRFEIFAT. B 10 JROR T2 AL BIAE R 1A A Xt RCS B4k, AT PAE 2, p-SBFM KIS 5 MoM,
MLFMA 2528 fi 500024, Horp, MLEMA 3545 5 iy B g 45 8 Feko K15

F 1 BR VA CoD Febn T, BEMWEAE NAE « THEIF IRVAITHS0RS B &7 8. Hoh, “PHiR
7 (mean error) & LAMR#E MoM WITHEZE R NS HEG R IISEL. BEAE CoD &N, &P e LR
A RO 2 | SV AE N A7 AT ST I B 2 38, (B EORE b 2 P2 . 2 CoD > 0.65 B,
FE R ZERIATFEE] 1.0 dB BLR. BL CoD = 0.65 A, FNEC B X 24 ANgEA RS, m/hTFaEA
BTG B E X RWG BREEE 244 A, R85 R RETTFR4ERE A (24 x 144) x (24 x 144) = 3456 x
3456, LG BEVE s B0k sUA7 0 2 R B0 % TR B U BE T N A7 75 2R 29 91.1 MByte. XS A5t MoM, FH
PURBREAERT N (244 x 144) x (244 x 144) = 35136 x 35136, PP FEAEMHE TR L) 9.2 GByte. HItT]
PAE 3| p-SBFM 1EN A4 BB RIRS. i —28, K 2 R 7 A RISRE R UEAE N AE T FEAT T B Ta]
XL, AHLGEE 4 MLFMA, p-SBFM 7E W AZIEFE_ LR A B, (BT8R G 286, 5 —J71H, M
F 2 WLLER], AEHIF p-SBFM LT MLEMA [N AF 4608 % A A8 — AN EE g, X EEEH
A ICEEMIATAE S RS AN EE MG B, AR 2.3 /NITIRIR, p-SBEM ¥ P A7 1 #E 5 2L Fh 25 A BR AU 3L
BT, ERE RN B 1 B T 256 bR 8RS R BRI 23 a0 A 27, — R 5, BEFIER I
JURTH BRI I, TR B LR G BB 2 | BRI AR 2 Bl 2 ok 55,
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Figure 10 (Color online) Bistatic RCS of the cylindrical conformal FSS model
&1 T[E CoD #EHFART p-SBFM HIAIERE
Table 1 Performance of p-SBFM under different CoD
CoD Number of SFs Dimension of matrix equation Elapsed time (s) Mean error (dB)
0.50 13 1872 x 1872 233.36 1.186
0.55 16 2304 x 2304 228.52 1.249
0.60 19 2736 x 2736 229.38 1.112
0.65 24 3456 x 3456 235.17 0.965
0.70 29 4176 x 4176 251.42 0.845
0.75 36 5184 x 5184 270.53 0.506
0.80 45 6480 x 6480 345.72 0.416
*2 £ 1 TEEERMREERIMI L
Table 2 Performance and comparison of different algorithms for case 1
p-SBFM (CoD = 0.65) MoM MLFMA (Feko)
Elapsed time (s) 235.17 2178.78 152.26
Peak memory cost 91.25 MByte 9.24 GByte 328.26 MByte

ZM 2: AR REEEREER . B 11 BAR T — ML R RIE BRI (energy selective surface,
ESS) A, Xt — P g B SRS, A 210 AMFEJT, %88 21 x 10 907 XSS HHG TR
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Figure 11 (Color online) Cylindrical conformal ESS model

FERIAM IR, BevHE B 0 I VER Z5 4 RO W B iR i . AR Sl vh, BN Bl B ool 70 164 D= TH
Jr, € X 188 A RWG BRI BRI BA T LT &5 Ky B T B8, B B0 B X 5 NS B BRI AT Ik 213
TR
FAh, MR 1 A R ai e, ARZBIRRES T & AN AR PIN ZAE, R 2258%) PIN
TRE AT @A AR SO R A <R SRR AR AR, PIN AR T O IN B T O b i
ERTCHE: TACERUER, SRR NS, TARE SR, SO RIS, Wik 11 P, XA AL
77 RIS K LSRN <4 — T EEREREE AR CIH - TH HEEE, M8 RIE N, RWG BRECKE, A H 3
AhEINHABR B BB R 2. T2, 7RI PIN A Nk Ak I BT G =T, 75 20 kAT n s
1k, B
Diode OFF : 2., — 2 + 12(1/jwC), Diode ON : 2, — Znn + I2R. (13)

MR SCHR [36~38] A, ESS Jf&—fhAe B 7 R e il AT R}, R RE & FR G AN I, PIN 4
BT HUEIRES, BSS fo v BB ARIAFEE L ; 2w At B L UM I, PIN MR8 kN i, ESS fiE
i P FURRL B R B S S, TS 155k F B 97 4 P, OR3P L7 B0 4% B 32 KD LR R . sk, AR
SR B i OGTEIE 11 FORARBUTE PIN AR AR G AN b A Aotk A T 0 R B R SR R 7). TREHB A AT
#10.0 GHz A5 1 THTIE, 5 B4 T o 388 L IR el i 75 R SRR, P T A= 48 7 1) —a, BRAR T 1A) +2.
A F IR AL RFERIFFAT AT %, F PC WIRCE 5 ZE 6 1 M.

K 12 A 13 73l fE R T PIN AR SIEAMELE AR T, ARSER R 2 = 30 mm Pk
PAAEFR A2 (0, 0, 30) Ay, 1K 120 mm FEFEIX IR L7045, AT DLBLR A B, PIN & /R Sl IR
T, PR T BB ROR, p-SBFM HHSELAE R 5 S TR R ST FE BT, B R p-
SBFM Ml Feko BfFHITHRE S RECHHGE, (B CST WAL RAAAE — €N ZE R, X FER A
Rl SR A T4 R AR I I 2 57 SR IN. FEARZRGIH, Feko BAFR ML AZN MLFMA, J
5 p-SBFM #2SUsE MoM e, 3 1K) 25 TR A% il 235 W58 42— 8 CST BRAFR I 2

442



HERBYERRE B4t B2 M

» (mm)
» (mm)

60 3
40 ' 25
20 2
0 15
-20 1
60 0
60 40 20 0 -20 -40 -60

60 3
40 r 25
20 2
0 15
-20 1
-60 0
60 40 20 0 -20 -40 -60 60 40 20 ] -20 -40 -60

x (mm) x (mm) x (mm)

B 12 (MLEMFE) PIN ZRESBRSTHESSH. (a) p-SBFM; (b) MLFMA (Feko); (c) FIT (CST)
Figure 12 (Color online) Electric field distribution when diodes are in ON state. (a) p-SBFM; (b) MLFMA (Feko);
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Figure 13 (Color online) Electric field distribution when diodes are in OFF state. (a) p-SBFM; (b) MLFMA (Feko);
(c) FIT (CST)

6

IR EVE FIT, HAs 1A P51 43 77 S5 IS R AR AR R IR 2 57, dom KA (Al i) Jeon T 205 p-SBFM
AAE—E W ZE 5. br b, XU SRR THRAT 2 SE R 435 18] 3 B8 2+ /0 R Y.

Rt — D BRI, TR T PIN S Sl AELE B ARES T, ESS B 2AE (shielding
effectiveness, SE) Flffi A#5iFE (insertion loss, IL) $8¥x, & N

SE/IL = 201log (%) , (14)

Hp B, RoREFE ESS BEVIM AR, S £R 2 = 30 mm “FH L, # ESS FEFIFTEL& I R IX
W, B S 2?2+ 92 < R,z >0,z =30 mm.

3 (14) RAEMRBE ESS B4 X V-2 di i s B 5 NS sl B LU, TFE Bl X — LA
KATR ESS X ML FIAEHIRAS: PIN S BULR, BSS fo v UG 38 i, A5 BT F R4 1) 3 ek
AN, B HFROY IL; PIN AR FIER, ESS A fu v Ao i, Ay BT F A I 3 Dbk G, 4
HHFN SE. % 3 @R T ANFIRERTHR S RAERE XS e, Mo, RMSE FoR AR FETH R RE S
5¥FriE MoM 845 R ITIRRZE . WEEEIEAAEE B, p-SBFM HTHEAS 5 i ki T [F
—KF, THRCERIS IR T MLFMA Al FIT, {HI(E A 777 A8 5 A W R34

Gt 3. XU RSP [ S JE SRR A1), AR 2450 53t ] 6 s (R XK R 28 Ja SR 31 (1) RCS etk 1B
AL AL ST, A TREE S 9 NEMIRE TS, Hoh, T T REE T oy P L, BE
FI AL T AR JE AL RIPA TR VAT T I BE SN EAE 2 = 1.5 m AW 41 . 35)°F )k M 2
LT BT PR 7 1) HR G B2 AR B, AR 1.0 GHz, 48T 1) —2, AT7 1A +2. FIH p-SBFM 434 1%
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Table 3 Performance and comparison of different algorithms for case 2

p-SBFM (CoD = 0.7) MLFMA (Feko) FIT (CST)

IL (dB) —0.45 -0.3 —1.26

SE (dB) —16.5 —17.7 —18.4
Elapsed time (s) 387.56 262.16 266
Peak memory cost 8.41 MByte 618.25 MByte 1.11 GByte

RMSE 0.13 - 0.47

e MoM —o—MoM

p-SBFM (CoD = 0.6) p-SBFM (CoD = 0.6)
° MLFMA (Feko) 0 e MLFMA (Feko) 0

30

330

330

20-|

_
e

BiRCS_xoz (dBsm)
BiRCS_yoz (dBsm)

0 0()

14 (MBIRFE) JHIBIZFHAFETINGE RCS BhiZk. (a) zoz FNME; (b) yoz JME

Figure 14 (Color online) Bistatic RCS of the quasi-periodic array with two kinds of geometries. (a) zoz; (b) yoz

BEITE 2oz F yor PI/FIHI_EAIXGH RCS #HZR, RAXNLZ LM HATIHEE . B E PC HLIOHE
PFRCE 526 1 MF, 86 PC HLRE 6 ZFEIT. THEIIRES, BT HBEGE X 750 4~ RWG B
o, FANBEMPETCE X 767 A~ RWG 3L A TR TBEX B LR G B3, 18 HUREAS 7 B o0
JCNFHERTT. ARG, TEREAER TN E 912 > RWG BREUEN AS. K 14 /R T p-SBFM 545
R5 MoM 1 MLFMA WIXfbE, =& W)& s, MSUE 1 p-SBFM A5,

4 R TARIEER RS L. 2%, tHERS 7T, 24 CoD > 0.60 B, p-SBFM AHX} T MoM
FITHE R ZRIATRE 4 1.0 dB AR, IR, THER E J5 T, p-SBFM 4% MoM A B ke, HARA
W MLFMA. )5, WAAHFETTI, 24 CoD = 0.6 B, J7 ¥ PR TG g X 46 MRE ks, [T
FEEEANRE TG L E X 45 DN rREL, BEANRES R 4645 M5 FR4E R N 819 x 819, itk BVEHIHR AN
AEEAE R A T 25 G R KR 8 A v B 5070 5 AIME0 46 A305 1Y) EL P LA e o 40, LR R 4 2 23 ) N 750
x 912 (JTHFFE) 1 767 x 912 ([APRFFE), XFRLRIAAE 7 3K 50508 5.22 MByte f1 5.34 MByte. Hi%
W ) B K N AETH FE SR 10.89 MByte. RILLE 2, #HEL MoM #1 MLFMA, p-SBFM 1R [T
RS FER RIS, BARTE TSGR B AN MLFMA, {HAE N AFTHRE 7 TR B 35 1t movkos HL b
KIEREFIRIRE S5, R 5 BN T ARRBIAFES B AN AT PC TR ] 7040, Sk 2
B[R]V FELE T FEHPURE BRI v 3. 3 o, BEAE BE B RUSIIE K, RERE 7 RE R AR i (Rt 2> Bl 39 n. w7

444



FEB FERE Bk 2 W

* 4 R 3 FRIEZNMRERILFIXIEL

Table 4 Performance and comparison of different algorithms for case 3

Elapsed time (s) Peak memory cost Mean error (dB)
p-SBFM (CoD = 0.6) 33.09 10.89 MByte 0.96
MoM (Feko) 270.19 1.41 GByte -
MLFMA (Feko) 15.26 158.91 MByte -

* 5 ARETEESKRESABERSH (CoD = 0.6)
Table 5 Elapsed time of different tasks in the case of CoD = 0.6

Task PC1 (s) PC2 (s)

Construction of synthetic functions 1.36 1.39

Compute and compress exciting matrix 0.05 0.05

Compute and compress self-impedance matrix 1.53 1.50

Compute and compress mutual-impedance matrix in the same sub-array 14.05 13.87

Compute and compress mutual-impedance matrix between different sub-arrays 13.95 14.21
Solve compressed matrix equation 0.16
Calculate RCS 0.18

* 6 TEBEHAER T BRSO

Table 6 Contribution analysis of different improvement measurements to computational efficiency

Case 1 Case 2 Case 3
i:};s(esc)l Improvement (%) fi):zs(esc)i Improvement (%) ‘i:eps(esc; Improvement (%)
SBFM 987.27 - 1229.07 - 242.45 -
SBEFM+SF reuse 865.66 12.3 1148.01 6.6 215.25 11.2
SBFM+SF reuse+parallel  235.17 76.2 387.56 68.5 33.09 86.4

HE— BTt p-SBFEM LA RCR, v MBH TR B B 1 SRR B 5 FR s AR A AN T, Eh 223 5
%5 MLFMA 456%%.

ANIEE 3 NEBIBAET p-SBFM EK A WFEFI S5k 0 b (A k. MEEAE ST SBFM, p-
SBFM HJ B 73 9P 73 B AR AT AL 3. 3 9 A e i e R AH S Y, H B #R 2 3T
&4t SBFM IFERR, Tallk «LAR )4 a3 (8] (0 530 v Sems s R R fomin. o, e 8= A
T RA MU LT R R SR R I S5k, T IFAT AR WX SR C A M A R R EOR, @ T
TR RIS S5,

N T B0 BRI A CTRAT AR PR SO O SRR RCR AR T I TR, BT XA 3
NGB, 73 TR T AR IR B R SRS AR TH L, a3k 6 . W RAE B, Bt P ARh ot i
TR T SRR IR T L AT [ e A, SEPR R THRCR S AL A T LT B R B B IR 25 DR 3R S A
Kk b, TR BTTERELE KT BRI SRR S U, DUASR G R A I
AR AE RN FIRURAE P o5 1 LA B gl LRI
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5 REERE

BERE ORI SIS B FEL A 7 3, A OB TG R LT AR AL AR LA S P R, SR T —Fh AL
A BREE RIFLEIN p-SBFM 53, S8k 1 AR 2 A4 R S IR A7) i b (A RhE . AT EL TR AR (R 2565 bR
#ik, p-SBFM J: T “BEE M + JHTACH WS seit, SR m 1R SR E AR, — R
ETER T “DAR[A] 3 25 B)” SRE BT S R (AR . AHEL MoM, MLFMA 2828 JiL 5%, p-SBFM
FEORRFIRI ST BLRG BE (0 RTINS, BEAERE S0 10 VA N A T B4 D — DB L b, D KRS 1 F 51
(R0 AT B 1 5L, ARl AN 2, BAR p-SBFM fETHH &R FAE TR0, (HAHE MLFMA,
FIT &P, B3R LA AR, JFEET 5K L 5 MLFMA M4 &, B RIPEVEREE, NAR
JEER IR B (0 i R A T LR O AR Bt A ok T 5.
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Fast electromagnetic simulation method for large-scale quasi-
periodic arrays
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Abstract Quasi-periodic structures have distinctive characteristics in electromagnetic regulation and have
important applications in several fields, such as antennas, radar detection, and target stealth. However, efficient
and accurate electromagnetic simulation for large-scale quasi-periodic arrays has always been a crucial and difficult
problem in the field of computational electromagnetics. Considering this, a parallel synthetic basis function
method (p-SBFM) is proposed in this paper. Based on the geometric similarity between different units, synthetic
functions in p-SBFM can be reused, which can greatly improve the efficiency. This paper is the first to verify
the effectiveness of p-SBFM for analyzing multi-configuration quasi-periodic arrays. Compared to traditional
electromagnetic numerical algorithms, p-SBFM can, to some extent, overcome the difficulty of balancing accuracy,
efficiency, and memory consumption while analyzing large-scale quasi-periodic arrays. Thus, p-SBFM provides
an effective method for applying quasi-periodic structures in terms of theoretical analysis and simulation.
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