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Fig. 1. Transfer learning framework of conformal metasurface.
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Fig. 2. The structure of conformal metasurface and electromagnetic response of meta-atom: (a) Jykosckuit airfoil function; (b) the

structure of conformal metasurface; (¢) prototype of the meta-atom and simulation setup, where unit cell conditions are applied in z

and y directions and open condition is applied in z direction; (d) reflection phase and amplitude of co-polarization.

N ARYE 2-bit EB R B TT YRS, A oA R
S ILEHIA 0, 90, 180, 270 PUFHHU(E. 1 i FhHL
AR G HABDL A AEAS, AR (2) T P45 21K
ARG 530 5 U 0 S .

222 RBEIFEMAE

XF T AHAL 73 A B FAL PR, SR 5 B 2 1 R AT
T A B 1) Ak BESRE W AR SCHR AR A A AE—
YENE F BARREE, R SR A5 S i Jr 1 (o
Sl 5 ) AFAERA IR, 16 y 7 A AT MR,
Il /0 B B U AR, B AL AT 1 x N (N =
24) I — 2 1) 11 KR . WIS, SHIZ AN ) [ 0 R
TR (39 Jey # AR DA, A1 Al 5% 2R 119 2 (AN
A, A SO R 0 A AT T AR
Ko T BRI R A7 A e S5 30 W PR 2 [ 29, — i g
WO N x A1 " HEFE R, 73 20 B4 5 )5 i) A
oA X, He N 9AIAZHERE RIS, 4 D9 R
KE.

AU 7RG 181 ey 1t , RRAE zoz THIH
IRT7 L 10 2 KA A1 7 0—180°YE [l A 1Yy izt

s, WK 3(a) Fras. 2T (3) RATHU 5
HEATIH— AL AL B0 R Vs, oA 326 FH 45 K dwe /s
F S8 B 03—k,
, i — min
a mazj((y) - m(izjl)(y)' 3)
T b 35 B8 AR S 43 A RIS S 8 o il 3
TN X, Y, JOAE B RS Y5 3ok B2 I 25 K 4 4
D, = (X,,Y.), Hl X, 0 24 x4 () —HE5ERE, Yol
1811 Hy— 4w 5.
2.2.3  RBARAAE
T RS R R B 2 S B ANy i
AHAE 43 A7 3 BRIR HUR 3 2Z 0] 9 e M B i OC &R
fo: X = Yoo DL 24 x4 (AL 20 A T A G 15 1 A
FA, H—1r) 181x 1 WIS S EHRAE Mk i, #4
AL 37 T R R M 2% B an 1] 3(b) i
N, BT E 2 DN ERREUR b AN i, Hoh,
G 4B RUZE . IE WAL ZE | S ek A K,
TG PRBCK FH LeakyReL U pREL, B FUHFS B T 41
D53 A BE P RAE PRI, i e i i 12

234101-4


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

Y] 32 2 3R Acta Phys. Sin. Vol. 73, No. 23 (2024)

234101

(a)

it
MXN

iR
361x91

o L 4096
. = 65 fcl

B 32 conv2

PGS convl

B3 PRI AR A R AR 2 Ay

%%ﬂﬂ@

g9

- 181
512 fcb

< 1024 fcd
2048 fc3
fc2
LBRZ ENMEZ
AR R AR

(a) 2T RE G TR F BRI AL T 2 88 (b) TOUIZRBER Mo B 2% 4244

Fig. 3. Training data generation and model network construction of source domain: (a) Numerous phase distribution and scattering

data can be generated based on antenna theory; (b) paradigm of pre-trained network Mo .
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wave simulation setup of conformal metasurface.
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Table 1. Search space of model structure.

F5 P RS
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Fig. 6. Network structure analysis. Model average train loss with (a) convolution blocks number of 1, 2, 3, (b) fully connected layer
number of 1, 2, 3, 4, 5, and (c) activation function of ReLU, ReLU6, ELU, Leaky ReLU and Soft Plus.
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Table 2. Search space of model hyperparameters.
75 s il A ik
1 )R {0.0001, 0.0002, . .., 0.0099, 0.01}, 2K 50.0001
2 AR { 32, 64, 128, 256, 512, 1024}
3 HEARFRIR {5, 10, 15, 20, . .., 90, 95, 100}, K A5
() ° L]
0.08 L(&) ] 0.0090 t-(b) / 0.0100 | | (¢)
% 0.06 Pﬁé 0.0085 | /’ % 000951
= = i = 0.0090
ﬁ 0.04 ﬁ% 0.0080 - p B*E 0.0085 [ &
=S = = e o
E 0.02 £ 0.0075 / & 0.0080+ ¥ Nt '\
J 0.0075 | \./ o/
0 1 1 1 1 0.0070 1 1 1 1 1 1 1 1 1 r 1
0  0.002 0.004 0.006 0.008 0.010 0 200 400 600 800 1000 0 20 40 60 80 100
E TR Ejw AN BRI

7 BIRGEZSESAL. MR R IR EE (a) T K, () HERAD, (o) AR YA ML £&

Fig. 7. Model hyperparameter optimization. The average loss of the test set varies with (a) learning rate, (b) batch size, and (c) iter-

ation rounds.

234101-8


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

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 23 (2024) 234101
BT BRI SN, SR A A S TRSS 2 MR 3.3 RETELERSH

0L, FEVRZE BT A BRI K 4 A4t S5
WBLT DRI F RN AR, R SCRPRRSS
2 AR, FEIZAE LT AT SRR R HLAAR At
WV, A B ) 2B R AR A O R RAE P2 I RE
BB R T, B OE BRI P RE 3RS
AL

0.011 -
— i
o FRME
0.010 F 4 SR
A
ﬁ{ 0.009 F
+]‘::
&
=
= 0.008 -
0.007 | %
0.006 L , , \ , ,
1 2 3 4 5 6
UReh 2%
B 8 BRI R4 R HON DU A 45 2% A 1 5% i)

Fig. 8. The impact of transfer learning frozen layers num-

bers on loss value.
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Fig. 9. Loss value and verification of Mg, M1 and My : Loss over the epoch and prediction results under two testing instances

of Mo (a), My (b), M2 (c).

234101-9


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

Y] 32 2 3R Acta Phys. Sin. Vol. 73, No. 23 (2024)

234101

(0.008) I B & E 7E 0.0002(0.006) ZE47. Mo Y
B R AR 40 A 5 U ZR AP 2R (B AR 200, T My i
Moy BB RS0 (A I K TN ZRBE 40 S A, 3 i
Fofr 22 S 1) TR B IR I Mo OINZRESE SR BB, A
YR DA S S g g 400 T, DAL T S ik
BB/

S BE BN R, X R = AL S
BEBLIEERL 2 A B T30 0E, b Mo A
SRS AR 1 IR i b 2 10 B B RS P s B
My IR BIAE 254 1 IR A R e &
BT BAE T IE I, Mo ISR B AR 254 2 HP
PRI A U A7 LU R h i B, BRI G 45 3 an
Kl 9(a), (b), (c) T AFIFEIFTR, Hi EL&FRRE
RIFFINAT 3 (1) I A R TTE voz 0 H BN
B, LSRR HUN Y AR EUE. |l 9(a), (b),
(c) AN FEFTLIE H, Mo, My Fl M T )
B S BARas BT & RAF, FRBleTE £
Jrmml b, BAME S BIE LT =S, A E A
W 25 T AR, A PCC £ HARME S e
(8] ) FLEHE B, TS Mo, My Rl Mo BT T3
DA 5 H AR g 72 w9 A Il 4] H iy PCC 41
WK 99.3% F1 99.1%, 94.1% Fl 94.7%, 93.9% Al
92.7%, Horfr Mo BEHY B TR B e, X EE R
PRI A e I it R R R, A5 A 2 ) U B die
P2F SURSEPRIEERE I EFEEE S

KT SASR W RZSASR A
55 ) F LR A7 LR AT A O FLT R A
Ak B S REEAT A AT A LA, N T e S B R e i

6

(a)
5 A ey n gy

| —m— 2IE
—o— BRI

N

log(time)
w

10 20 30 40 50
(UEN/d

F10 IR > WAL A I 0 ELN [E) X LE

BEAR AU 22 S5 Ok B R 22, BEAIL 2k B 50 1~ 4544
1 P A R A 50 A2k 2 SR B T,
Oy BIAETE R 4 ST SRR A P AT T B TR A
SEIERTA, R LRGSR T 2k ) R 207
L 80—200 s, 1M1 T 9 45 455 AU+ 53 F IR 47 I 5 B
AT 100 ms Z247. S T T 407, B X 45 151 7
4 (5 BUHUR 03 AR TR O RO 004 7 He A, et
[ %ot 5 Hh 2 A&l 10 B, Hodr it [l 2 2L ms
Hf. f R 10 AT RLE 6T RS R ) SR
FFETE , TERS S SR My FI Mo BT fa]X 4
HEETE 2 2247, AU 07 LA D EA B 1E 5 42
1, RS2 SRR ] H 4k 0 B [R] VS FE T
B 3 AMECER, RRIRT T IR B R B
BEYES

3.4 BRI

TEER A R, AR SO RSB e 1 7
T SRR, IR e R G I Skt TR] e > 3% —
5%, BERIZEMAE I () - Y B R B AR A T ANl
SRR LEW TR £2.03% . 8 T ST 2% 3 K
TSRS BE A 52, K RS 5 R aE A A 7
XFE . DGR @A R 45 1 6], D
i A AT ERE A O DI 2545 B R 1 F8 22 ) A
M.

B 11(a) 25 T PR T 0 08 5 H ARk
ez mlpy PCC &I ds mny A8 e 22, nl DA
T Bt RS B R G, A IR 8% 1 TN B 4 A
B AT, (H R A R B BN 2

6

(b)

5 Anamm g gy w2 At A

| —m— 2 E
—o— MRNTE

N

log(time)
w

10 20 30 40 50
(UEN/d

(a) G54 1 ILT0 AR AL 2 T TR BRAF v AT A e BT ST UM 3%, SARBEES My 5

THCST 7 R I RD X 5AE (b) £ 2 L TR A 2 T 7 S0P vh AT Al 07 BT SR 3, 50 AR Mo TSR0 37 1 I ) %) 5 {

Fig. 10. Time comparison of transfer learning model and full-wave simulation: (a) Logarithmic value of full-wave simulation time in

CST and model M; calculation time for conformal metasurface with structure 1; (b) logarithmic value of full-wave simulation

time in CST and model Mo calculation time for conformal metasurface with structure 2.
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Fig. 11. Performances comparative analysis of models with and without transfer learning: (a) Model accuracy varies with the

amount of training data; (b) bar chart of dataset collection time.
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Table 3.  The transfer relationship between models.
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Fig. 12. Average loss value and performance verifications of structure 2 conformal metasurface far-field prediction models: (a) Far-

field prediction model MY, (without transfer learning) for structure 2 conformal metasurface, trained based on structure 2 conform-

al metasurface full wave calculation data; (b) far-field prediction model MY (with once transfer learning) for structure 2 conform-

al metasurface, transferred from the structure 1 conformal metasurface theoretical far-field prediction model My ; (c) far-field pre-

diction model My (with twice transfer learning) for structure 2 conformal metasurface, transferred from the structure 1 conformal

metasurface full wave calculation far-field prediction model M; .
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Fig. 13. The transfer learning performance of different contour equation structures: (a) Average loss value and performance verifica-

tions of far-field prediction model M. for conformal metasurface with contour equation of a circular arc; (b) average loss value and

performance verifications of far-field prediction model Mg for conformal metasurface with contour equation of a quadratic curve.

The illustration in the left figure represents the comparison between the outline of structure 1 and the structure of arc and quadratic

curves.
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Abstract

Conformal metasurfaces with flexible structures can fit complicated platforms and have obvious advantages
in moving platforms scattering manipulations. However, the far-field simulation of conformal metasurface is
time-consuming and difficult to optimize, thereby making the its agile design difficult. Here, an efficient and
intelligent scattering field calculation method is proposed based on transfer learning for conformal metasurfaces.
Firstly, according to the consistency in physical mechanism between antenna theory and full wave simulation,
an initial mapping model between phase distribution and far-field of metasurface is constructed and pre-trained
based on a large quantity of theoretical data in source domain. Secondly, by pre-training, parameter freezing
and model fine-tuning, the far-field prediction model for full wave simulation is transferred and achieved
successfully, based on a small quantity of full wave simulation data in target domain. Finally, the transfer
learning model for far-field prediction is transferred once again for conformal metasurfaces with different
structures. Results indicate that the proposed method only consumes 0.1% of full wave simulation time for
conformal metasurface far-field calculation. In fewer samples, the model with transfer learning can improve the
average accuracy by 19.8%, and the training data account for only 42.9% for the models without transfer
learning, which reduces the training data collection time by 50.1%. Moreover, our far-field calculation method

demonstrates good transfer performance between conformal metasurfaces with different structures.
Keywords: conformal metasurface, transfer learning, scattering field
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