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Deep learning-based over-the-air measurement system for RF circuitries

Quan Zhi,Gu Yifan

(College of Electronics and Information Engineering, Shenzhen University ,Shenzhen 518060, China)

Abstract: To effectively evaluate the radiation performance of RF front-end circuitries as demanded by the wireless industry, this article
proposes a deep learning-based over-the-air (OTA) measurement system. By training a fully-connected deep neural network (FCDNN)
with radiation measurements in some test points, we are able to accurately estimate the radiation performance of a RF circuitry in all 3D
directions. To balance between the number of radiation measurements for FCDNN training and the estimation accuracy, we further
propose to dynamically evaluate the accuracy of the trained model and increase the number of training radiation measurements, until the
trained mode can satisfy a predefined accuracy. Experimental results show that the proposed OTA measurement system can accurately
reconstruct the radiation performance of a RF circuitry with approximately 60% test points as compared to traditional methods. The
proposed OTA measurement system can provide an accurate but cost-effective radiation measurement solution for the wireless industry.

Keywords : RF circuit; space radiation; wireless communication; measurement system; deep learning

FEMA ORI, BUA A STARER S (over-the-air, OTA) I
IRAR G52 BRI 28 RS RN KA JORE 5% B e %
R JEE S5 ) 2% AP i e 1) R ], 2 ] 7 9 ) B 2 3%
FIR o SEBRR T i s B o 1423 ) 20 0 SR DTA S 05
HL I B R AR LA 25 () 55T [ B R R R R, T T e

0 3l

i3

SRR S LS5 R WS ML A 2 TR i P i O 2 i 5 33
A OCEEVERETE AR , 2y A i e B R AL AR R

pRpEREE " E PR SN B A AT B 2
(cellular telecommunications industry association, TIA) 5%
ZRAVEIKAEDTTH (the 3rd generation partnership project,
3GPP) A5 M ZE R HIE A o4 17 1 # 0 Z00 o 727
SE TR I B v = 2 ) 254 T o) 18 S D 38 S 4 iR A
Wik H 151:2022-08-04  Received Date: 2022-08-04

# FEIH  [H 5 E R A RI& T (2019 YFB1803305) % Bj

LRI (A e =4S a]_L A 5 o 4

N T SETHII OTA PN 2R e = 6] o0 B 0 AR Z 1
FENGUHR A R A 2| S8 T 2 1 Rk
PR WTTSE o 7 = 2k 25 ] L3S 2 05 S AR
SRR LA ARAR: S B4 RS A0 S0 2 ) o B g o SR, 3k



5512 1

A B G ET IR T B SR L s ) e R R 249

D5 2s i FHEE R A3 s (8] B i R Se i 52 4% 5, I
115 K 335 o e o) R A

T REATCIN G2 ], — 22 5 B 0 B A 1 SR 2k
PG B E R 153 T 2 20 K 3 920 s 18] g )t
HONITT A R ) 2 ST Tk AR 56 0 e, i 3R
SR SR RE R 23 1] 3 9% 77 R0 124 32 Ok fin b 302
G TR SR AR T R, 35, 1
Yyt zs ) o ) — 262 3 4 A SR 4 S BOR A B
SRR A R s T G Sz T (k2
W2t 75 BATH T 12 e T B I 3 AT 3 b ) St 0t
HL PR ER AT PR BE , 230 ABERI IR 2

TR AR, AR SR R TR A ST Y
SR S ARSI R GE . Prisei il R Gl i = 4k =S
lia] r A R % 00 SR, DI 2 — > 4 T 4 TR R A 48 I
(fully-connected deep neural network, FCDNN ) #5#1 M ifif
A5 Z B A5 L 5 R GEAE RS = s ] TR A D ) B
FROTVERE . (HATSR I AR BUA B T ER A A HE W
B U, T RE 2 i H Y 2R %02S (8] (function space ) 1%
TEAT PR, TSRS H00 F, 6 A 40 A0 1 RE AR AE 2 O e AR R, &
BOATT7 AR METE JAT 280 0L T it PRASE T FFE b ) 2
J&, FCDNN #8424 Uk W] 2 — A~ 388 18 3 4% (universal
approximator ) 7 , R R 05 B 4 17%) 28 0 4 0 34 5 174 L S
23 ()RR RRVE , TR T L DI 5 A5 AE AR 125 b A8 55F
AT ARSI VERE . SR ZE AR A L T BRI T
22 I R G T 2 60% (03, 35k BEORS 1 B A B
T ST L 46 1) 25 TRV R SR PE R, S B DB 1 A AT 3
IR AT R R REARG 1 0 iCo T] A il e AR

1 EiRSHH

11 BEHHE

SR AT PR I 2R G AE (O I B v = 2 ) 45 A T ) B R
SRR E AT RE R DGR bR . AR TR A
T3 F0, 35 55 8004 1] 3 81 T) 2% (effective isotropic radiated
power, EIRP ), Dk K 3 5 5 T %R (total radiated power,
TRP) , EIRP FRAE KL AR A T7 ) F 8 D30 KN,
HE SONTERE— e E AL I 20T, RE TR 5 45 5E 05
o] bR Y 0T 1 45 O, AT K< N EIRP,(6,,9,) ,
{2k dBm, FHrp e (6,0 HLLXBIMIRKR RLAR KM
WAl = AFE KR AL 6, LA AR AL & i 1 T
IREHR (O, d,) KRB ER AR BR R P — A R ED
=Hezslrh—AREE T | BRI, K 0<6 <
HERAEAR R B A, ] 8 g BOAS [i] A 0 K 2 44k F
TR ,0 < ¢, < 27 NERABR R 5 LA, T 2o 45 1
AR GEHe 1 A BEEA T IR, AR SR X s ) e S P
M 2501 K =4z R iy m A OGS T A

A A R = 2 () b A [R] 5 1], AR SCHE i I AT
y .z Bl (EASRRIE Y K AR BRI LA L, AR R =
iz ] ey T T A A B AR S — R ) b T R Y
25 [ R R R B R dBm, EIRP A0 0528 J5E % A B
T, PRI A T 2 RS O G % R G, A A
MK R 45 Gy S AL BEHAAE Ly, (LA SEZ N H R
23 MG REIAE Ly, o SRJE AR 45 01 5 JoAb T 5
RAGTNAORDS o HTF ok, R 5 & /97 1), If il
Rk A3 591 R 40 /K S 2 A A Ak =X, iR R —
Fi 5 7 18] b B % %5 1 EIRP {5 EIRP = P, + L, -
Gy + Ly, Joh P BB ARG 5P X D R F B
Ji, R 2243 8 0 1 S DA T A5 LA AR 2t 45 A 7 1) 1k
M52 45 (1) EIRP H .

B Gl R
6 €[0,2n]

S R e I EE LRIV S el S AP
Fig. 1 3D spatial direction and spherical coordinates

with unit radius

SER AR 1) A SR AR A 1 R 5 7 A 25 ] 4%
ANJ7 1) L RORR S D AR RE , TR A D) A S e TR
ARG DRG0, %€ 0y 23 18] v 4% i EIRP {H7E =4
BRif BRI, R TSR PR AR G BE AR AR I SRR A
TEAZ M T HAE RS 2 BE e (W HE R R S M H 45
SR A R AR AR D7 AT A Y AEA
SRR FRAE NS, BIRE N AN REHSK D7 A Ak
ESRAE M AT RIOKSP- e £ ADRS 80 5% 1) M4 S EE RS,
TP AR DR A (1) B .

N-1 M-1

I
TRP = —— EIRP,(0 +
ZNM;) mZ:O ( 6( n 9(bm>

EIRP,(6,,5,)) sind, (D
1.2 BWREE

TS P S ) 200 T A S A i R G
R S AL R R G B, AR Ay 452 AL 1 1 R e 3
FIREZE G Al UL S5 504 ) R (effective isotropic
sensitivity, EIS) DL K & 4 [ R 8 & ( total isotropic
sensitivity, TIS) AT, EIS A9 7T DL 2 I 24 & 5
REGARRAERE A T7 20T, B B e 5 4 1 % =5 [ vh
R I ) A RABE W LARIROA EIS (6, ,4,) , AN



250 f# £ ¥

43

dBm, EIS {505 2 K A AN R . 1 5, TR A 2 18 3k
TS = R G, 19 2Rk KW 15 Gy 3000 2t €
Lo VARG N [ 28 WG REIAE L, . SR K pkil ik
FRCE TG L R G B R — R O )
B Rk, AT A5 LA &% 77 W) L% EIS {5 EIS =P, -
Lie + Gy = Ly, o o P2 P05 4 9 45 5008 LU AR 32
(bit error rate, BER) /INT—457E [THRET, 40 10% , K4k
PRk /N JT DI 2t/ INR DR AT DLGE i 9% 18 34
AR Th i REAR L 1 R ST A, 456 % &
FE R A AR PR 4 Sk KLk 3 25 AL RR I, R nT 45 )
PeR B i R AR, B Ok S R L B Ry
TR KRGS SRS R0 Rt Ak 7 =tk A1
T 37 0 DN 15 28 = 4 25 TR 454N 7 1) A I R AR

JUIF EIRP 5 TRP Z [ FR, TIS KWL T 8  i5
A AR SR AT DAGE o W = 4EBR T 4% 5 IS A
Uy ERA =X (2) Fiow

2NM
1 . 1
6,.9.) EIS,(6,.9,)

TIS =

N-1 M-1

LPIPY (Elsg(

n=0 m=0

) sinf,

(2)

() AR, K (2) FRAN T EIS A8 Bk 47
O30 B TR IR A AR 23 (R4 A O ) Y R AR A1
ZEFIE R, A7 R GBI 5k, R R A 2 I e, B
EIS (6.,,) {HE R I, 2 F 320 (2) PRGNSR 1
SEFR S 20T A B A I AT 15 e R R
oA
1.3 FriRHETFREZIMNMLAGE

R T WA I B 5 AR = kA A 44N D ) L
EIRP \EIS PERERIN, IF AR 20 (1) A1 (2) i 9l i &
) TRP \TIS PEfE, A E L ik E e AR 1 iR
FER AR FR 1 B 2 JE A, SR, SEPRIE = R
GRS I3 T T B 03 B ) A A, G LA
EIS W4k, 75 78 D03 L S B 8 2 48 Sk 1) & 5 D) R LA 55
HIZ AR A A R O B, S5 T PR3 R e AR M
TR R, BeAh, BRI Ty i B R
R Bl 38 45 104 6 SV R (B = A 3 A ) AR o
Wk I35 2 7 AT 8 A SR S P e B W &5 AR
FIHEWTR2E L, A B A T e R o R 2
JEE IR B 0 S AR (R A T 3822 B TR
P 24, R T4 0 I vk DA e AR S, LT
DAL DR AR SCHR R T 4 R T A SR R A 1) o] 7543 )
FE SR AT R B DN 2R 55 v % T 3 T AR BRI L S BB
T AT A5 A 25 (R A MR BB 2 2) AnAT 76 CRIE S 43
BRI R GRS B SR T, R 2D 22 55 BT 75 1 I3t
BH? B TORKBEISE DAL BN R0 ), B2 TR
2 50 (RSB R % 4 T SR R G BB v TR

J T IR,y (x) FORMEIN B8 (Y SR AT B 2R
GEAEIR 1 Fs i) =4k 2 [ K AT 2 — S SR Sk R4
b, BT Hr E € {EIRP,EIS| HILAX 4} EIRP =i EIS P
Ae. i x R =iz ) B IR — 2%
JE MR AR R AL 5 =X, AT poE SChE(3) -

x=[p,0.,0,],pe{0,0},0<0 <w,0<¢ <27

(3)

BRI 15 25 S AT H, 6 ) 2 A 25 R) R SR R PR AR i | AT
PAB A AR = (4) i R BOBERL £+ ) o e T
= YEAs Al AT B x, B3Z5 1 EIRP EIS PR REAY
PWRER,

ye(x) =fp(p,0,,9,) (4)

PRI, BB FH T ise T S A0 F, B X R e 7 A B
it TSRO R 0 2K (4) T BT R £ (), )
REAS RN 25 7E — 225 0] b2 e B MRSk e . 4R
T, SRR S AT H, [ 1) SR SRR AR AT AR 52 % (A%
JE SRS 5 ZR AR M S 7 B B AR R AT SR i B I AL
154 TUTAFEARUR BE 27 2] SRR R GEAH OG5 rh HUAR:
(O | LA B IR 28 N 2k 1 5 2 e M I
KRBTSR RE Ty, A< SCH- 3 Hh3d i — > FCDNN Jf 5T
A BRI e b A, B R S, () BT

5, W A R Ge X =4k 7 (] i 24800 5
A, AR HCEL S IR w0 5 45 S 9 L % ) EIRP (IS
Bolls . BTk, T PR E R BE, LR /MK FCDNN 4
WAl 5 L S D 54l 22 1] 1 1 5 1R 22 (mean squared
error, MSE) & H #5, Jf K 49 W5 & % > ( supervised
learning ) 1975 s AL FCDNN (194 28 ] 28 25, 1A Ak 1n)
AT LA R R 3 (5), g 3E i B0 A Y BE PLAES B T [
('stochastic gradient descent, SGD) 20158 vl A TSR A

Mink [3,(6) = 5,0 1" = 10 3 () =50

s.t. yp(x) = FCONN,(p,0,,,5¢,) (5)
K5 E [ -] RonBeEmiEs - i B 1LAS &
x, X R TR MHA S S, | X I0AR 2 BT MK A 1Y
B, y,(x) F7n FCDNN B W7 B 00 15 45 7 x a5
ERIEESERE , FCDNN (- 5,) /435 FE TR v 22 ™)
A HBHCHN o, Fhs E JHLAK 434 %) EIRP & 3%
EIS FYBLRL

PR SR A 2% 1 I A A R I 25 s o Ay ) A5
AU B SR AN 2k T2 AR A 3 5 3 AR AT R e B A 1Y
WERGRE , FLAE5 A SE BRI 2 G0 Mk LA AR 48 A0 038 vk 25 A
KR RAS . S TR UI 2k FCDNN 5580 B 75 A 38
K S ORI TIIN 45 SR 00 vE A R Rk — 2 R i Bh A
Ko GBS MERA 2, I A0 B T 2R 5, B A
B3R B T R Y i e I de Ak g MR L T IR 2
27 B4 S0 F s R SR R 4



5512 1

A B G ET IR T B SR L s ) e R R 251

W 2 PR, BT T 0 5 A e I 2R g e =
Hezsla] L BEALZEEL N, A D3 05 SE 17 00 5 4 B
[N, X,y b AFAET 3 UE Tt b DL S S5 Y 1 25 of o
PRS2 Tk, RGO REHLR AL VI 2R 5 | i ft
YILAEANIE TIUEAEAS . Qs YIZAEAS 5 S R AT
=Ytz AR AR AT, B R0 3 A 6 ) 5k e Y
&, U2 5 PR TRY 3 5 R A 50 TR 4R rh 5L A8 B v 1 1 i
R, MR, A IR A 5 S A A TR = 4 %5 8] v )
PR AR WU 2 i A TR o 6 TE 4 v ) TR 22 R
Ko B, 8 %A 3 @ Y ZRREA B I e A T4 7
RECTR A IE A TP ) P BE e B, 0 1T o 0 — 8 iR 22 A
TS — A BAR I R R AR R R, BARII R0 R an
T, SEBENLEI N, IS REEAE (N, .0 Xy, L, I
P T INRabrb B S, 22 50K R R U1 25 v i) 55
W, B ZeX (5) R B 2% > i 7 XA 4k FCDNN B
M2 28 S8, B, W AT X B8 s R A TR A I 24
J& FCDNN BRI a2, HOA S AR AR h i3 ik
ZERI T 45 7 75 21T BRI A 5 2 S A A0 | 75 IIDfE 2k
—HRAE N, .. DIV AEAE T2t ) FH I 25
WA RE BP0,y b EOBTUIZREER R0
RUMERR B, B2 2 458 MSE 20 TRREEK

{ N Ve } Nt » %5 Vi
— ngH AN | LAY s
BAHLREEN i btk
MR AT AN
VY PR a e [N}
AT~ e FCDNN#$8!
//& f\ ;
\
— by | WTEREA SR |
\\/ —J \//
S FIRIES
- AN 050
/' VV VN MRS
FCDNN#E RIS e
#— 5 REIG N
IR i 5 HasTAEA

P2 T TR~ T 1 S A0 i e s [ S i R
Fig.2 Deep learning-based OTA measurement system

for RF circuitries
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Fig. 4 OTA performance of DUT based on the conventional method
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ZE AR STERE . RO, MUNZREEAEON 140 3% 280 B,
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Fig.5 Over-the-air performance of DUT based on the proposed deep learning method
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Table 3 Comparison between direct and proposed methods in terms of statistical TRP, TIS measurements for
different devices, and number of measurement samples
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S % 30k
4 5 it [ 1] ZHANG P, YANG X L, CHEN J Q, et al. A survey of
testing for 5G:  Solutions, opportunities, and
H, VR R 2 3 i1 B 23 al 48 B . L.
ARSCHE I 7 T DR IEE 7 > B S 00 o B 2 6] 5 5 challenges[ J]. China Communications, 2019, 16(1):
BRARYE oA BRI B 0 D1 45— e 3 0 R 6085,
Filt 225 [OX) 4% A 760 5 2] 9k ) g5 RGN = e o o . "
z,i’*qgt%ﬁﬁfzzﬁ;ﬁf fﬂii?i ?f‘@ JII?’% (2] BUEME, BT, L7, 4. 56 £ MIMO OTA JiliK
/‘*‘E A1 55 Bl AO ,‘ /Ail,/; — vh 2o 7 ) 23
ez L AR AT | AT SERAEATFICIEL )], T4 b IR, 2021 (4) -
A it 100 0 12X A o R A I 4 R A o e 1723
— B T3 S gl A G g AR R I 58 A B T R MUéTXEJANXD L ot .
. N N Ju. , , , et al. test an
AR MRV ANE . S2H A5 R R ML T B4 OTA o f ‘
MR RGOSR A T 528 /TR A 19T 2 AR 3 T standardization trend of 5G MIMO end devices [ J ].
VRHE 27 (A R S LA 340 AU, B B A Safety and EMC, 2021(4): 1723
6 5 B 2 P e ey () P BRER L SCARNORER OTA MR
[t TRP TIS WSS 56 1M BUAT A0 B2 00 Xy o 7 A0 JEL1]. BBIEMR, 2018, 42(6) : 7-10.
AR B E I, 2 AR B iR 2 . B BTk LI'Y, XU L, LI W. Methodologies of 5G base station
TR 2R S8 AT B T — P e OS5 AR B A 1 antenna OTA test[ J]. Mobile Communications, 2018,
SRPAREIN 3 AR i e U7 56 S JE SRR BIE SR TAE AT LA 42(6) : 7-10.
SR [F A 22 28 20k DA R i e BE i e sy (4] 5, &FE, Mlemn, 4% 5G &3 MIMO OTA i

HATEIT,

JNERTFEBR S B [)]. mfERE, 2021, 37(2)



256 & M R ¥R §43 %
22-31. Letters, 2015(15) ; 1167-1170.
MA N, YU F, YANG X L, et al. Research status and [15] TANGJ Z, CHEN X M, MENG X S, et al. Compact
prospect of MIMO OTA test methods for 5G terminals[ J]. antenna test range using very small F/D transmitarray
Telecommunications Science, 2021, 37(2) ; 22-31. based on  amplitude modification and  phase

[ 5] Verification of radiated multi-antenna reception performance modulation[ J]. TEEE Transactions on Instrumentation
of user equipment (UE)[S]. 3rd Generation Partnership and Measurement, 2022(71) ; 1-14.

Project, 2016. [16] QIAOZL, XIEY J, WANG Z P, et al. Exploring OTA

[ 6] Test plan for 2x2 downlink MIMO and transmit diversity testing for massive MIMO base stations in small
over-the-air performance [ S ]. Washington, CTIA region[ C]. Sixth Asia-Pacific Conference on Antennas
Certification, 2016. and Propagation (APCAP), 2017.

[7] FAN W, CARTON I, KYOSTI P, et al. A step toward [17] KRATSIOS A, IEVGEN B. Non-euclidean universal
5G in 2020; Low-cost OTA performance evaluation of approximation [ J ]. Advances in Neural Information
massive MIMO base stations [ J]. IEEE Antennas and Processing Systems, 2020(33) ; 10635-10646.
Propagation Magazine, 2016, 59 (1) 38-47. [18] RN, Z&f, FHE, % ETHEFEIEESE

[8] FAN W, KYOSTI P, NIELSEN J @, et al. Wideband R e 2 W ik ()], NS R 2
MIMO channel capacity analysis in multiprobe anechoic 2019, 40(7) : 39-46.
chamber setups [ J]. IEEE Transactions on Vehicular SONG LY, LI SH, WANG P X, et al. Intelligent fault
Technology, 2015, 65(5) ; 2861-2871. diagnosis method based on dynamic statistical filtering

[ 9] KYOSTI P, HENTILA L, FAN W, et al. On radiated and deep learning [ J]. Chinese Journal of Scientific
performance evaluation of massive MIMO devices in Instrument, 2019, 40(7) ; 39-46.
multiprobe anechoic chamber OTA setups [ J]. IEEE [19] RILHE, B, IMEE, % BETREIBRYINE
Transactions on Antennas and Propagation, 2018, ZeIE PR E R RARFER[T]. AEGER
66(10) : 5485-5497. 2F3R, 2019, 40(8) : 12-19.

[10] KHATUN A, LAITINEN T, KOLMONEN V, et al. WEN J T, WANG T, SUN J D, et al. Perimeter
Dependence of error level on the number of probes in intrusion event identification of oil and gas pipelines
over-the-air multiprobe test systems [ J]. International under complex conditions based on deep transfer learning
Journal of Antennas and Propagation, 2012,2012. [J]. Chinese Journal of Scientific Instrument, 2019, 40

[11] KHATUN A, HANEDA K, HEINO M, et al. Feasibility (8): 12-19.
of multi-probe over-the-air antenna test methods for ~ [20] ROBBINS H, SUTTON M. A stochastic approximation
frequencies above 6 GHz[ C]. Loughborough Antennas & method [ J]. The Annals of Mathematical Statistics,
Propagation Conference (LAPC), 2015. 1951 400-407.

[12] QLY H, JARMUSZEWSKI P, ZHOU Q M, et al. An  {EEE/
efficient TIS measurement technique based on RSSI for S8 1999 4E Tob Ul HL K2 2R (S
wireless mobile stations [ J ]. IEEE Transactions on T AR, 2009 4E T35 E M K E 812
Instrumentation and Measurement, 2010, 59 (9). WA (UCLA) 3RA5 B F TR A2, 3E
2414-2419. RPN 5 15 L TR 2 B R 4%

[13] SHENPH, QLY H, YU W, et al. Fast method for OTA (P 2 ) S 9 52 6 2 1 0 3 5 R B 2
performance testing of transmit-receive cofrequency mobile  FHFF T sl , 1 B WF5E I 16 M TR (5 R G W ARGk
terminal [ J ]. IEEE Transactions on Electromagnetic WES I BURIR (S B b 3 K AL Re2E S
Compatibility, 2016, 58(4) ; 1367- 1374. E-mail ; zquan@ szu. edu. cn

[14] LLORENTE I C, FAN W, PEDERSEN G F. MIMO Quan Zhi received his B.Sc. degree in communication

OTA testing in small multi-probe anechoic chamber

setups[ J]. IEEE Antennas and Wireless Propagation

from Posts  and

engineering

Beijing  University  of

Telecommunications in 1999, and received his Ph. D. degree in



5512 1

A B G ET IR T B SR L s ) e R R 257

electrical engineering from UCLA in 2009. He is currently a
distinguished professor with the College of Electrical and
Information Engineering at Shenzhen University ( doctoral
supervisor) , and the chief technology officer with the Department
of Advanced Communication Environment Innovation, Pengcheng
Laboratory. His main research interests include wireless
communication systems, RF calibration and measurement
systems, data-driven signal processing, and machine learning.
TR —1A, (G {5 1 5) , 2015 47 F 8K A
TR JE R Je R 3 B TR 2 S 3R A o
TR, KAt FHLAE oA, 2019 45 T IRRR
RS R 2= FATAR LA L2507, IR
PR 7 515 B TR A B By B 4, £

WHFE D5 1) R TC LI 5 AR ST 2R GEA e S I & 5 B AR |
PAESE LA TR
E-mail ; yifan. gu@ szu. edu. cn

Gu Yifan ( Corresponding author) received his B. Sc. degree
in electrical engineering from the University of Sydney, and
B. Sc. degree in computer science from Dalian University of
Technology in 2015. He received his Ph.D. degree in
communication engineering from the University of Sydney in
2019. He is currently an assistant professor with the College of
Electrical and Information Engineering at Shenzhen University.
His main research interests include wireless communication
systems, RF calibration and measurement systems, age-of-

information, and graph neural network.



