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{5051, AT 2 4R & R 4 il A AU Pk e, (R AT
T & FIEH T H 28 2 FEA B (Internet
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Pk

ik, AFAE WYELE %2 4% (Physical Layer
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FHK . SCHR[10]BF 78 1 — M Rl B AT B i 22
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P HTRERORME, MIoEpE eI Rl SCHR[12]
M FHIS A CHE ) &2 F 1 R IE A RUAE 5 MR N RE
BfE B E S, NI RG22l EMERE.
BR[131R T N LWE A sl B ) 2 A i 7 %6, 58
TGN HARE B RS B (Channel State Informa-
tion, CSI)ATEEMIFHL, (EMH(EH - HISINR(Sig-
nal-to-Interference-plus-Noise Ratio, SINR)ZJH T
s /A D9 v A8 B3 Wi 2 R 0 H B 1 e A0 AE e T
(Signal-to-Noise Ratio, SNR).

FER RN TP EE M A P 5 ISACHE bl
Z IR B EIR A 5 %Ak, X RSG5 1 fe i A
MFCIE . oA 7 AR E AT SE R EAE BERE, W LU
& B e S T (Intelligent Reflecting Surface, IRS)
GRS TR RIS . IRSH K E P SA TG IR
SFETCA AN, RERSIE I I N HE S RIAAL N E T
FRALTCIR B R I 25 o TR [14) 878 T IRSTEZR
I (Vehicle to Everything, V2X )il R4t H M
H . ARG 2 g 5 bl B TR S AT LUA A 32
THV2X R GG 5 7€ nAE 4k e 7 UL AGHAS 1) 22 4.
SCHER[15) B X TRSAEJE AML(Unmanned Aerial Vehicle,
UAV)IEAE RS R BEAT TRTF, EBa e
BRI BRI R AL FIIRSHR, e KILR G
FREEAIEZ . EISACKRS Y, HMERIRSAE®H )
ISAC H G5k 45 52 K 1) S0 M E 15 78 i Y0 | DA A3
BEEAMEPERE I 25 01T, IR Rg I AEEH
Br, IRSHEMSAL RGHE S MESHE S M2, L
WA NG 5 1) 22 AR 01 . SRR (18]I FHTRS K 1
SRISACRSHIPLS, (RN H b5 2 8 1L 53 Wr # 1)
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FERE,  EORAGEN H AR BORTT ) B 25 . SCHR[19]
FEISAC Z Gt h 2% 8 IR0 B AR 8 e & i fs o, fi
A IRIRSHI B RSt 2 4218 5 . AT,  FIA TR
F T BT AE — BN ] PR RO B AN AR IR AR
o W RS B BRI, HAL B A EAICSI
W PR AR, DTG HER A5 0 15 S IR B DA Je 5
I 1) 22 Al A e 1 IR HERY . PRLE, FIHISAC &
S5 1) R R RE 0 7 3l 53 W 5 ) e EAT SRS R ER
FeRIE R G Z R R

N Y S B A BUR AN R SR, BEFUN AR
7 2 BB R R S LUB BRI SRS T I H F ak
B E bR, ALFE DU 7 8 (Bayesian Filtering,
BF)P, ki€ Y (Particle Filtering, PF)PAHR1Y f&
IR 2 8P (Extended Kalman Filtering, EKF),
SR, H T PESA TR E0 R BT BEAT KA A1
SKFE, HUT B 2% T o Tl R 250 385 i R
K, I HAEIRTSAR F 4k B2 G HL R 75 iR AN v 740 A7
AR R G, HERIHRE M SEKFRE L
IR S8k, BEEE@E L D7 5E BT H bR
AT, T E RS BRI HARRES 5 3
oA, HHEEKR. SPRRIBFEILME, EKF{E
AIRHEIRAS 2% 8] (1) i S AE B R G i B 2 R ARG,
I HLRES LI R A ) IR R 1 e L

FT EREHL, AR T h A BB H bR
YERNIBAE DI & I, IRSHHBIISAC RS %4815
i o AT ) L TTRR TS L T

(1) 237 TIRSHIBIISAC R4t 471815 AL ks
B, BIRRRGN HARIRER B 5, A &Rk
BAT SAG T H BN H AR 5 Rk 2 (R 1) FE DA SRR S
FFEAL b, S EXEF B H b5 SE 328 CSTI
HEEL R R S AR S SR R B o

(2) L EKE M R H A A B A5 A
CSIZJm, A Fuli i K S R WCBOR Y« IRSR
SPARIE BA K EAT P B 5 Th 3R AT B A A
e, @S TR ARG IR R F RN . T
TRIE RS ERERVERE, (EHEKFR LR 5 RMSE
VENERERTERELIA, [R5 R& Fk ki i) A 5 D 3R A
PAKIRSHIAHBE AW . T i il AT #E & AR
Fetk, WA MTTEAE L EEOR A, Bkt 7 —Fh
BT BRI A R, Rz AR b 5 E N
RE 7 RS2 1: 3 Rl 1 O 071 P79 EBE Y ik BB ik ~AFN
T IR TR SRR A S /MU SRV SR R Rl R
W IRSAH#E . EATHERS FH 7 RS D232 L S A
Ul R WCB R T -

(3) DI AL RERAIE T FTR 7 R A B A S,
R T AT Z A LR RAF I H AR ERERRCR,  SEIL

X B H AR PO R AER I . RN, SRS
BB Sl H AR T AR, P 7 23Kk
FHIVERER R Z2 5/, RES TS AC 2 Gt S HE R 3t 1
BORSS . RSSBORRIE,  ATTERAT 5 825 ) 22 4k
REME . 74k, PTHEREN], IRSTERIISACH
gL At RE T I B A IRK RIS

2 REGHRE

ZIEWE R IRSHBIKISACR S, Wi
INMSACE:SS, . MR BN 2 R A H bR 1A
EVERIEAE P UL EA MAS YT B ITIIRS .
v, BRI RIEE S, B H ARE N
1 R E B BCk 5 P s E R . T Eh
ATHERE I EriFE S DA 53 I BE B 115 S AR,
WIRSHEAE AL T . FEuE 4 N, x N, [
PSS, R RNE 5 fE il 2T
THERBAR 2 BB 5 ME AR HAE 5,

N TR TTE, BT 3YE S ] R B AL b
Fo Feuliy IRSHIEER P IR BRI A: qp =
0,0,0]%, g1 = [z1,y1, 210, qu = [zu,yu, zu])T e tHT X
AT EHPRIAL B RN N ge(t) = [ze(t), ye(t), ze(t)]",
0<t<T. HBIET EHBULA NIBFFR, &R
IFRFEES RN = T/N o fEFE KB, BAH bR
(o7 B AN TH R 43 391 BT DA AL A g [n)] = [wg[n], ye[n],
2T, gr = [#r[n], geln], ze[n]]", L epln] = [gs[n],
Gr[n]])T RGN HARIRS M & .

R EER P AR B FRER o & 7 —HRKR
2k, MAVEH BB H AR BSHIRSHAE A EE
3l hyg € CYY ) hyp € CNeNoXt | hyp € CM*13R
N, MIRS BN ANH br . Akl 1 25 205 18 B
hip € CM>X1 | Hyp € CN=NoxM 7R, P FE G 2 B
HAr {518 H hpg € CN=NvX1RIR . BT 850 H bR
AT, R HAE S A P AR Y R

K1 ARG



1054 B 75

& B

IS AT %
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PAERAFH5ERIICST. A, R b A Ao HEE N

hge[n] = £/ podgp™[nlas(0seln], eseln]) (1)

(2)
dpg[n], dug[n] 73 3N B HARLE S n A B 5 2
ui SRR, po RN S idy = 1 m BN IE
IR, ree, rus 9 B4R A RE 10 3EVE 15 40
ap(Ope[n], peln]) AFEEE RS S AR5 Wi N 6] B

ag(fpe([n], ¢e[n)]) = ag . (Use[n], prE[n])
® ap y(Ose[n], pBr(n])

huk[n] = \/ podyp ™ 1]

(3)

Hrr, (0gg[n], epr[n]) =S 5 Ao DR A
MAAA, o P W, ap.(fsenl, een]),
ag ,(Opg[n], ppe(n]) 7 MNBESF AR B, yITIA
o

ag . (Os([n], ppE[n]) = [1, o7 I% de sin(Bun[n]) cos(enelnl),

- e—j(Nm—l)%dw sin(fpg[n]) cos(gonn[n]):| T

agy(0se[n], ¢Be(n]) = [L eI R dysin(@sp(n]) sin(pnslnl)

R sin(m[n])sin(erm[n])} T

Ho o, sin(@ge[n]) cos(ppp[n]) = ap[n]/dpsln]
sin(ppr[n]) sin(@pe[n]) = ye[n]/dee[n] » K4 K 2& %
FROR 261 B T (Self-Interference, SI)5 & Hgy 1]
DA IR 00

Hg; = nHs (5)
N RE ARSI EME B 25, Hs B MEriE R &
Wior Ao BTG HARFIIRSA B &, < A JLF
WA RERYER, B el mmEE R H
LoS/or&; SvEH P A THum, 258X A B R
FRLSY, DRIIRS-&92: 7 2 1) A 38 R S e /5
ERA, FEIRS Az-y I LAY A, #
M = M, x M_ANTEIRR B IuH s, g, hu 7B
baw IE v

hie = \/ podi ™ at' (O1k, piE) (6)
K,
hyr = £/ podur” ™ ——— RUlos
UI Podur ( K, +1 UL
+,/71 h (7)
Kr +1 Ul,nlos

Hora NIRSHIBES e B ) &, HH () Fom

al(aa (p) =

)

[17 eI dsin(@)sin(6) .

o—i(Ma—1) % dsin () sin (9)} T

) 7

® [1, eI Fdes(®) .

o—i(M.—1)Zdcos @]T (8)
sin (pig([n]) sin(biln]) = (yeln] — w1/ dieln] ;
cos(Oig[n]) = (zg[n] — 21)/ dig[n] » dip[n] T 7~ 7€ Fn
AN BN H AR STIRSIEE RS, du R 5
IRSHIEE & o hipies NIRS-H S TEM LoS &, R
TN hutlos = afl(Our, out) » hig, mos ANLoS4r &,
MR AR AE S i i 0 A, run e N ERARTAFE A SV 45
., dNIRSHFR TGRS, K, RRHMH
Fo (O, 0m), (Bur, pu) ERIRSHIE S AoD., ik
i (Angle of Arrival, Ao AWM AL . BT
TRS-EAT H AR % Hh I8 oA A NS TE 1 25 DX H AR
AT R AR, R, TRS-EGN H AR 1B/
B n Km A

higln] = £/ podic™ " [n]ai(Os[n],p1e[n])  (9)

H T IRSH & B /LG EH P T, Rtk 2 0%
IRSXHEAE S I . teoh, BT ES&ET
PR T = B35 B30k, Bt AASE RS 2 IR 1)
B9 T, R EE ST IR A

ys[n] = w(hyg + HIBsPhUI)\/TDs

+w" (Hg; + ([n]ap(0pg[n], pE[n])

-ag(0se(n], ¢pe(n))) fz + npw" (10)
Hr, w e CNeNvx 1 RIRFL S U 5 B3 Rk
R, Alw|” = 1. P RIREE SRR A
sHIP. N T IR, ks & B AA T E A AL
o7 2B FRE S BN &, Bls ~ CN(0,1),
E[|s|?] = 1o a2l REREAES, fe CNeNuxt
Ty Bk ()RS BEOR SR A &, ng ~ CN(0,031) N
FE U AL I BN Ry T I 7S (Additive White Gaus-
sian Noise, AWGN). & = diag(e/V1,el¥2 ... eJ¥n)
RARIRSHIMBHRE, ¢ €[0,2n), m=1,2,-, M
FIRSHE m A P R IC NFHE S AR . ([n] 2
FH % 12 2 FE A1 75 12 # 1 (Radar Cross-Section
RCS) i ZETH R IbR &, 1T LARR N

¢l = \Jpo/dBpln] x €/dBgln] (1)

Hr, ¢RRRCOSKH RE. FINEEh = hyp+
Hip®hy, W ZIH EATEHEBKEBERESH
SINRH LAFEIR N
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Pluhy|? TR SR H RS 2 %R, 7

n| = 12
i | wHh A(6g[n], pe(n]) £I” + o3 |[w]|? 12

H o, A(Oeln], ese[n]) =Hs + ¢[n]as(0se[n],
wBE[n])ag(GBE[n], @BE[”]) o *Eﬁﬂijn E‘(Z‘%D H *ﬁ*ﬁq&
(15 5 L SINR AT Ao Bl R om A

ye[n] = (hugs + hﬁa[n]@hm)\/ﬁs + hilo[n] fx + nE)
(13

|th[”]f‘2 + 0}
HH, hg[n] = hyen] + bL[n]@hu, ng ~ CN(0,02)
FRIEA H R AWGN

MAIEWE 5 P AR EATRER(E 52 )G,
ATLUR A SR R G I E T H0H BREORR AR
H e rsem 28, Rk, A SCR A B AE 5 1

Yeln] = (14)

SNRAE A FE KB MERE T & . FHikREES
SNRHAJ L5 %,
SNR[n| =

G¢In)’ |as (8sen), eueln])al(9seln], poen]) f|”

2
0

(15)

GHFORULECIE P ARG 25 . FENT B, RGHIAT
KR RN

Rue[n] = [log,(1 + p[n]) —log,(1 + ye[n])]" (16)
3 ETHRFRERKNITIREREE

BT A H bR 2 feah i), HAr B MM <A
WA . PRk, A TR AT BRI R G IR R
K, TERMHISACRSM IS Iy aex H bt
AN B E’J/E:ﬁiﬂﬁlﬁﬁk_ﬁr 7 82 B AR ) PE
B, A TEEEAES b E PRIRAS T e 2
JuRin g 45/\X/)ﬁﬁf/ﬁyﬂ—$¢ﬁ§ﬁ5@§ﬂﬁﬁﬁﬁmﬁ
i, BB EE T E Ak MR AR AL I 2 S 500 B AR )iz
L HAT SN P . AR, BT HARTE34E
TR EENLIZ S, A EA AL F Bt
IR 2 JEP (Linear Kalman Filtering, LKF)Joik H %
N . B, Al HEKFH AN L AR 3E 4T
Je A 1t Ak DA R FRER AN SR BN H AR IR o ARYE
TO S B B AR ELAE R, AT DA 3l 1 R
WY ANIRS S S99 R OB 04T SN 1 8, 527 &
G Atk
3.1 EINERE

FETHRIEEEAE S, USR] B ARSI &
ZHJ{#[n), pln], Ose[n], Gplnl} »  F 7] flan) 4
S B B A R B SE R 22 0 B A0 RS A THE

G H ﬁﬂﬁ*ﬁ%cﬂ R AR TR Dy

I 2fch[ ae[n] |
A= gl
siné n| = yE[n] + Wein opp[n
cos éBE[n] = iE[n} + Weos Bpg[n]
cos Ppg[n] = zeln]
gl e el
Hob, SRS BAR BRI AL, || asln]| =

%Egiﬁiﬁm@ﬂﬁﬁﬂ%ﬁzﬁmm¥ﬁ
By Wein), Waln] s Weinppln] s Weos O ok N Weos o) 77
R R RIYENTT Z N2, M ,
02 oot P02, TR B SR 75
ﬁu5HWN§W@£wNRm&&:*Tu%?fJ
02, =b1/SNR, 02 =by/SNR, 02 =bs/SNR,
02 ) = ba/SNR, ﬁtlﬂbl,z =123 4m 5 ARG E
FIRR 8 15 5 4 VA G IR P Ak,
03y W02 BN, BT DB = £ % U
KM IE S R BRI NG a5 n)
O costis [n]~ sinéBE[n}aeBE (n]s Tcos ope ]~ SIGBE[N] 0y n] o

(7)) E AR AT LS Oy
X[n] = gn(cr[n]) + w(n] (18)

/ﬂ\: EP ’ w[n} = [ Wrn]s Wyuln]y WsinOpp[n]) Weos fpg[n]>

wcosgam:n] %%Tﬁﬁ‘mi/J{EE/JﬁﬁﬁuﬁF' ﬁ;-a_

2
T sin Opg [n] >

X COS éBE [n] (o [n]>

win] FIP T ZHFEQ,, HI(19)% 1P
e ay as  azcos2fpg [n)]
Qu = diag (SNR7 SNR’~ SNR

assin® éBE [n] ascos? $BE[n] ) (19)

SNR °  SNR
Horpdiag(l) Rt FAAERE, LRI AITER
3.2 BRI EMER
K FH 0 PE A Y R R RS sh B H b, BB H
PR BRI LLR IR N

cg[n] = Seveg[n — 1] + z[n) (20)

Is 013 ] (21)

Sev = { 03 I3
Horp, S RSB NE, I 0550 7723 x 31
FALHERERIOREPE, z[n] Rt ZHERE N Q. e
i, Q. (22)F I~
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Q(', — dlag (50-7%’ io-i’ 50376203%.,5205,5203) (22) TZEIEH iFEPEKF“EEiE\‘%/zﬂQZj(EX@%D E*/T“E‘/J’{ztzm\o EE
4 4 4 TROS) P ryl EB A AL ), ASCRAY &

(00, 0y, 01" Mo, 0, 0] 5357~ K0 H AR AL E
A BEAE o b o A0 2 b 307 170 _E AR T 22
3.3 FRFRBIBKBIREE

TP IRER R G ARSI B AR AR,

R R I BN . N T ik
T e Tt
BRNG,

cllgell  cllgell cllqell
2fc$E 2fcyE 2fczE
fo fy f
, cllgell  cllgell cllgell
TEOE - _TE 0 0 0 0
G, = | lal HaEH (23)
2
e e 0 0 0 0
HaEH gl
TEZE ypze  we? +ys? — 282
o 3 3 3 0 0
L [l gzl gzl
i f_yé ie  Grqeve f_m; T4k, R (15) IR 5 IR MSEH FE M [n) #g
e \lasll o Ylgelf® ) Y e W R EEKF M H R . BAME, Mn)+h
Jr  dpgeye C2f [ & digeee R A 76 2R R s 4 e [n] AR IR AR B 0 TN %
T E fa= laell  gsl® ) ° ZERN, BN A TC R R IR AL B A (R AR DGR

P AR IR B R PR HERR T, RS TOUII AN PR R
RISl R
(1)B&%n H ARRAS S 56 i
ég[n|n — 1] = Seyégln — 1] (24)
(2)15 B 56 38 77 17 22 56 P (Mean Square Error,
MSE)
Minfn — 1] = S Mfn — 15" 1 @,
(3)THH R /R &I 2k 56

K[n] = Mn|n — 1]G(Quw + GnM[n — 1|n)G;)) ™
(26)

(25)

(4) 1850 B ARIRAS 5 58 Tl

ég[n] = ég[n|n — 1] + K[n](X[n] - gn(ce[n|n —1]))
(27)

(5) 5 B MSEH 4
Min] = (I — K[n]G,)M|n|n — 1] (28)
TEn — VSRR, JE s 56 20503 1) [0 3 0 A
Xn — AT HFRIRZS, PASRASBAIE T —
POEAR T S N M ep[n — 1], SRJELE R —iki&
ARHIE I 2 (24) SRAF I B BN H AR A 19 56 56 791
18 B drln|n — 1) B H 5 n AN BREE G- B0 H AR H
FA-IB5N H bR LR IRS-B0 H ARS8 hpg[n], hu(n)
Mhign], FERFGHEEREEHT RR LR

A R T BT

KL, N T ARIEEKT G895 v #f 70 ik k0 H bR 75 28
n /NIRRT B, (LS RITRS A 5 75 1 B HE R 1
R G UL RS R O, 5 B MSERE [ B 12 %
B tr(Mn]) < Igo o, Ipi KA QIR ER
MSE R {E -

4 IRSHENIISACREEHMBEKERERI K
Wit
4.1 RAiEl R
TERHEKE T H 8 B A5 75 58 n AN B R
CSIja, WIiLEcA Bk HE i F U R M= w -
KW AR RIE & f . IRSHIFEIREH P L K Ak
MRS R PUR KL RGN R B R, fE5L
I 22 4 AT ) [R] IS CRAIE 2R G R RS P e DL A 38k A
(R SR T R L . R, B n AN BRI AL
] 8] AR IR N

pmax Riec[n] (29a)
st. 0< P<PY, (29b)
|Bn| = 1,Vm = 1,2, M (29¢)
[wl]f* =1 (29d)
I£11* < PR (29)
tr(M[n]) < It (291)
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Horb, PU PE 53 I3k FF RIRR S 1 55k
KA, K (29¢) KA EANIRS R F E ) AL
AR, R (296) WERERMERELI R, I fR %%
PIREFMSERME . B TIEN I H AR, 20
LAt Az g, )i (20) 4 LR AR . 2495
[ 5% A P @ w RIFI, 1 (29) 7T BLFE AL 2934
U BT SR AR, SRR ) AT AR R A
PRI, AR SCHR HH — o T 58 B AL IR B JB SR
FIE SR AR 0] R (29) -
4.2 REVERMRES LITHRA P LS IhERK
STHEEMNS, w, BTG NI E Hypn] =
hee[nlhipn] ,  Aw[n] = A%(0pe[n], peln])ww"
A(0pe[n], epe(n]), RN E HEEF = 1, F =0
Hrank(F) =1, 7] LU H 478 830 (29a) B IT I H
5N

Ap P|whg |
Aptr(Ay[n]F) + 1

AP |hi[n]|*
b&<1+xmmﬂmmuv+1

:b&(mﬂwwmf+AmmAMMFﬂﬂ)

Rgec [’I’L] = log, (1 +

—logy(Aptr(Ay[n]F) + 1)
—log2(AEEﬂhEhﬂ\2%—AEU(IJBEUHIF)+—1)
+ logy (Agtr(Hpg[n|F) + 1) (30)

EEP ’ >\B = 1/0']23, )\E = 1/0% o Lﬁ{&?ﬁ%%ﬂ:ﬁ
EPHMFRAEMN R, BT ORI R R
BN BRI A R IR, M1 eR R 1 2R 8 e T I AL
e AR ERR, Rt e ﬁllﬁ“ﬁ/ﬁ(Suc
cessive Convex Approximation, SCA), %IXJ45E
W F, PX(33) AT I R BN TT, it H AR
H5 1 35 AL R £ 2
Rmpqzm&(@PWﬁmﬁ+wﬁmAM@Fy+Q
+ logy (Aptr(Aw[n]F) + 1

— {logQ()\Btr(Aw [n]F) +1)

Agtr(Ay[n](F — F))
In2(Aptr( Ay [n]F) 4 1)
<+log2(AEfﬂhEbﬂ| F Aptr(Ag[n] F) + 1)

+)\E|hE[ n)|*(P—P)+\gtr(Hpg[n) (F—F))
1n2(AEfﬂhE[]|—%AEtrIJBE7Lﬁ‘ )
:Rsec[n] 3

BERE, 1R (29) AT LA N

max Rgee[n] (32a)
s.t. 2 (29b). 1 (29f) (32b)
tr(F) < Py F 7 0 (32c)
rank(F) = 1 (32d)

fE R G (32)H, AW (32d) BA S LR (29¢1)
AR . B RR-1Z 0, B IE R FA 5t (Semi-
Definite Relaxation, SDR) & IERKAN G IL LI R . Xf
TAEMZ AR T A (29f), B e MSEH B M [n] 24T
HEEE, 45 (26)FNEISN(28) B, I FLRHERE M n
Kid, WL E

M™'n)=M"'nln-1]+GIQ'G, (33)
Hrr, Minjn — 12 FIEIMSER B, F£T3X(19),
BV Q. =SNR- Qw , Qw = diag(ay, as, as
cos?dpg[n], azsin®fpg[n], ascos®Ppp[n]) &AL 5 M & 5
B O n) Bl pg[n] B = HIRE M AEFE . 51 NG BhAS &
v; >0, i€ {16}, FIFHEF/RAMEBLR 2 (296) e ik
J AN

-1 )
[ M !?'+]J oo (34)
6
> v <Iv (35)
=1
v >0,i€{1,2,-,6} (36)
e NHNIFEREI 5 H . Rk, 1t (32) m] LA
AR,
HI;,E?:RSCC (37a)

s.t. :(29b). K (32c). X (34). K (35). #(36)

) (37) & — AN, AT RUEE CVX T A
R,

4.3 FHYCRRRFARL
g 9l N B Agpn] = A(sg(n), en))
FUA(0ge(n), epe[n)? , Hp = hghl , & X5 [F

W =wuw', Z0EHRERE 5w AHREII, K
I B (29) 205 A
/\BPtI‘(HBW)
max Notr(Ag (] W) + 1 (38a)
st. tr(W)=1, W =0 (38b)
rank(W) =1 (38¢)

FbreR i (382) H > TRBSEIE ST, N
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BREL A EERITSTEREL, kA, Rl (38) s.t. 3(38Db) (39D)
—Aaﬁuﬁﬁwmaﬁmﬁﬁmwwm,A% ,

Hobr, BT Ha(40)13 8

FURARAR,  EAT DRI R AL, KKT w]”)iLHW

26 (Karush-Kuhn-Tucker conditions, KKT) =3 tf(AtrE ]B )—)kl (40)

RFSA. B, TT LS T R R EAR kR X N e

— A o R 4 AR A2 XE 2 S W T SIS, FARERSA(300) Jo A PR B X

PR — TR, Wi SDR TN ki Aash . JE
T LR, 5INEER, K @i(38) i
— B(Aptr(Ag[n]W) + 1)

max ApPtr(HgW) (39a)

Riec [n] = log, <1+ Plolhl ) -
|wh A(Opg[n], pe[n]) fI” + of

log, (1 |h

JiR A 2R 1 43 2R K Il A 6 4 T T AR A ) A

A HCVX T B R .

4.4 IRSHIFEFEMIL
BARAMREEREIES

H@HI )
f‘ +0E

|w" A(0g[n], gse(n f‘ +UB+P|thB| |w" A(0g[n], (N f| + 03
= log, — log, (41)
‘hBE f‘ +0E+P|hE[ ]| ’h]}BIE f’ +JE
® @)
HEHEZEwW, P, £, ﬁ(41)qﬂﬁﬁ@lﬁj’jﬁ H}Uin ‘vHaE-I—&E’?-s—&f;—,u(]'uHaB-i-&B’?—i-&%)

AT, A]AE T R K 1) R A 2

?0' =
[w" A(Ope(n], esen]) fI* + of, 6f = |higln ]f\2+0E’
Al )L (29) S N
P|thB\2 +5']%
mgx WM% (42&)
s.t. 1(29¢) (42b)
¥4 H bR 20K (420) R IF

PlwPhg|* + &3
Plhg[n]|* + &%

2
‘\/F’thUB + \/F’IUHHIB@’LUI’ + 5’%

(43)

2
n] + \/JghFE[n]dihUI‘ + 62

%]A%%UH: [Ul, V2, "'7UM}’ ;E\:Eljvvm:@m,m’
M@ = diag(v'). i

S o Pb = Plldiag{al}b,

53
wHHIBQhUI = 'deiag(wHHm)hUI (44)
hiL[n]®hy = vidiag(hlL[n])hur (45)

% ap =+/Pdiag(w" Hip)hyi, ap=+/Pdiag hiL[n])hur,
ap = VPwhyg, ag = VPhyg[n], ALK AR (42)
HE R

|’UHaE + dE|2 + 5]%3
|vHaB + 54]3|2 + 5]23

rrbin fi(v) = (46a)

st. |oml =1, m=1,2,--- M

A ] i T 53 A )
DLKE ) (46) 5 AP

(46b)
SIS, W

(47a)

s.t. 2\(46b) (47b)
Hrfy >0, a4 50 B brER R o (1),
A LA SR 7 FE oo () = OFIAR KSR AT 1) @ 2 (46)
HIRARAE. BT ERZ R 2 (46b) FIAEAE, )i (47)
SR HMEASK A . R 7T 5y T4k 3, (A itk i
/IME (Majorization-Minimization, MM) 1 7 V23K HL
HH bR R B B

oo+ sl + of — pn (Jo'e + Gn” + 03
— pagai)v — 2R{v (uajsap — ahax))

+ |ag|* + of — plasl® — pop

= v (agall

< Anax (A) [0|* = 2R{v"d} + ¢ (48)
A, d, eI RN

A = agad! — pagall (49)

d= ()\max(A)Il\{ — A)’[) + /.L@EQB — &EGE (50)

— plan|®—p&p

(51)
HA, Apax (A) RIRXEEFE AR B RFHIEE, 9%R
B — UGEAT IR o A . AH S, a4k AR AL
IF] AT DL

min Amax(A)|v]* — 2R{v"d}

¢ = " max(A) Iy — A& + |ap>+52

(52a)

s.t. 70(46D) (52b)
WY o] = 1, ATLAEE]|v|® = M. 4h, 4
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O 5 dpy FAALAR [ B R{vd} BUS B KA, HFd,
RdiEmAN TR, Kk, BRI LS R

v () = [el B émﬂ@“] (53)

Ko () RN EIH bR B (47a) 1, SR G K45
BRI (1) o 2 f(v|p) Flg(D|p) 73 A F A (48)
HA AN 3 2 TR A T

flp) = v (apoy; — pagog)v
— 2?}%{1} (napap — apog)}

+|apl* + of — plan|” — pof (54)

g(f)|,u) = )\max(A)H'UH2 - 2%{0Hd} +c (55)
B0 < iy < pror T BAE )

@ (1) = f(v*(p2)lp2) (%)9(('”*(N2)|(M27'U*(M1)))

g(( *(p1)] (p2, 0™ (p1)))

) f(o (u)lin) < S (i) (56)

HT f(v|p) < g(®|p), ATLMFEIAER (a) AL,
Ho = (p1) s K A v (MQ)%%G'EQ( \(M%f’))ﬁaﬁ
b, RERO)BEL: HAREER f (v]) = g(v](,v))s
’%iﬁ( )55‘44 KN 1 < po s ANFE(d) AL .
I, E I (56) 7] Ao ()%P%ﬁﬁ%ﬁ JH
/%Ef%*( ) >0, @*(+o0) <0, FrLL, Wik =%
HRIEA IR IE & (1) = OFIME— Ry, RIEHHE
HAR B (1), MR EIIRSHIAHFEEMEd . BIR
i 8 2 (47) T LB I SDR 5 iR R0, (HASC Al
KB 75T UL E R WA Eo P AR, BET
SEPL, R HXTIRSH G H BRMEN, HikE
& RE S I 2 P

FE1IE 1 T A HAMME LA TIRS AR 56 FE 1
AR, HobeRpRRSOEE, LARRKER
EL

Bk 1 ETMMEERIRSIEB BRI E X

NG ;”

(‘

45 BAERBSERESH

NSRSV Tk o = RPRINE N o SR s T
245 T AT IR AL T EKFIIIRSHHBIISAC &
Gt AL 7T R EIERAR .

PN RN A SCEIERITH R R . (ERRIE
R, THE RS ROV 5 EATRERS H P D
MMFENE RN KL (NoNy)® + K1N,N,?), K
PN RIET R RS (37) I AR G AT
e 7K B SRR A A il 2 ST U R R O R R FE N
O(K2(NyN,)? + Ka(NyNy)? + Ko(NoN*0), Kofk
AN SR AT ) X (39) I N R IEAR B ok B AEAE
MMEVERALIRS RS H FE 2 T T 1H B A (A) » H
BIRENOM?), MFB/RIRSHEILHNE, MMHE
R UOERIE R NO(M?), K MME 1) %
AT I N OM? + KsM?) ¥, Ky RoRiZHIEK
AR RACIRSHIFS A6 MR B FH ISDR A %
THREERENOK(M +1)+)B, 5HAH, &
SCHTR A FIMMARAL BE T R A AR . 45 b
ik, ARXZBERELERTEERERNOK,
(B 1Ko NG N NG Np+K2 (NoNy) M+ MO+K 3 M?)
Horb Ky R EAR AL .

5 {HEZ

A EEMATLABYEAT 5 FL 255, B0k T i
IR . SHOL B RS R AL ﬁk
MBS A N: 6 =02s, N =80, FEuh. I
%FM$ﬁ\%ﬁ%—mom,m=m53w,
qu = [90,0,0]", B%1 H Fr LL25 m/s R 5 7E B vl
BN S BT S R TR ) R R R I
HMTH AR A%, A REHRUN, PR P-4
il PR35 3 AR A ol R RS R AR AR 5 /N RO B M) 2 7
FIHATER, HEEEWFEIREOE B Bros = 3.6. 17

Bk 2 BIRn hORRRIEIRE (29) R B EK ML R

1)#N: 6%, 62, ap, ag, s, ag, €,L

)
WIEAIER S = 1, v, p(O =0;

3) VT R (52) HH 1 B AR BRI f1 (v)s
4)EF

5)

6)

AR (49)-3(51), W5 Amax(A),d
FR(B3) RN BAira g (472) 15 2 o
Bk () = 0RO FH T H O .
8)  HHE R (46) i AR ER B 1 (o)) <
9 WEI=1+1.

10)EE| f1(v") = fr(e )]/ fr(vh) < eB#E L =
1)t @ = diag(v* (p))-

(
(
(
(
(
(

m)ﬂ%§%?

=

(
(
(
(

(1)$ﬁ]\ Plgaxv PlEH.X? I, e, L
()RR (24)-K(28) " F ép[n + 1n], M[n + 1];

B BERK S =1, FO = ff1 pO) = p
w0 = ww!, v =y, B(O) =0;

4EE
(5)  #HEe-D w1, @iERMEAERE7)HHEPLO,
f(l);

6
7

)y geel-D pM) ) SR A (39) 1w ®)
Yy PO FO) (), @I R AR B (52)H (D)
8) IR (20) i H AR R .
9) WHEI=I+1.
10) 5 (RE — RECV)/RE < el = L
1

(
(
(
(
(1
1)@ P, f, w, ®
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&

2 % AT

WIRS- 2 0 1915 18 Hig >R H 5 hop A1 B 1) 82 4 7
X HEAEREIR IO rs = 2.7, Ah, WEH)-
IRS. IRS-H#¥r. Fui-Hbr. H-HRE B0
FERREUT M o = 2.5, rip = 2.4, g = 2.2, rup = 2.
T ST Br, SIEIE 1B A FE W B N ps =
—110 dBPY . HALZH K EN: o} = —100 dBm,
02 =-90dBm, G=10*, ¢ =1, IR HHERN
PB . =30dBm. XEHETK=10, SHEIHRER
po = —60 dB, FIIR f. = 750 MHz. H4ECHR[23]s
BBa =6.7x1077, ay = 6.7 x 10, a3 = ay = 1.

5.0
—8— M=50
4.5 —&— M=40
—— M=30

AL AR B (bit (s-H)

B, WA BRI ST IR . B2
N TAEASRIIIRS i o8l i A Ol A SCEVE
USSR 0 o Rl A R B H B AN, =4,
N, =4, AP RRKEHHIREENP., =4 dBm.
AILLEH, E3SMSEERE T, A XEEBEES
SUCEARKT R RIS, 1% 1 B AR SR B I
SHPERE

SR, XA R H AR BREE R RE AT BT
Fio FEISFIE A5 HMN3ANYEREE /R T A ST =Xt
IRSHHITISAC RSt 5 B0 H brRdkiE R 1 RUR
AR ZEEOL, HRE A R 5 HT AT &
AFET PRI RHAT R, IRSR ST HITIEE N
50, FEIERLHONN, =4, N, =4, SRS
RKIWE NP, =4 dBm, PFRIKT$i E 5200,
HH I3 L, A SCEVEFE T PR T S0 EH E AR
fEax, yFlz 347 0] b A7 B P4 5 5 b e B i
A, FF B FUNAE AR e 35 L A R A S B AE 1R A2 b
B, HEATUE Y, ACEESE TP
TE 34 P PRI IR 22 08 A R FFIE B K . BAA

1 3 5 7 9 11 13 15
AR UK PFHEW IR ES R ZMS /N T EKFHE, HPFRETH
B 2 B RAT B R BN R IE U IR B AR RS N A,
50 70 v -
A
30 —~ 50 M«?A
g £ P
o0 £ g “
¥ i ,M$f
= = e
o0 10 WV
-30 -10
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
W (%31 R (%3] B (%51
— HIORE EKF it PRAGTHME  —— [
(a) 2l 1 PR RS (b) o 1 2R 52 (c) Zhf BRI
B 3 3L T EKF S RIPE I 8 H AR B R
20 20 20
15 15 15
biid
=
®
-5 -5 -5
-10 -10 -10
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
W (%3] B (%3]) R (%3]
AR —EKFiRZE —— PFiRE

(a) hiERER R

(b) vl R

(c) A RER 2

Kl 4 3L FEKFHIEMPERE LI H AR B 2 7% K



ERE R % METYRR/R IR e A E R R G R et R 1061

R EFRRE M RERE, A CPRHKET
EKF 1) H bri8 BR B R 15 A 20T 4 2 4 5H IR T
N, R S5ETPFIYTT EAHIT G B TERE -

BToR, HASCHTR )T % (ICNIRS-EKF) 5 L
FoMIT G AT R LUK

(1) RandIRS-EKF: IRS#: ML & NEEHLIEES ,
[N FHEKFX H AR gEAT Pt g5

(2) w/oIRS-EKF: RGAFEEIRSINHE, [F
I HEKE XS B AR AT ke g,

(3) IRS-Echo: #BETIRSHXTRSHEAT AL
A, E A R K [l AE o B BRIR A #EAT A 1

(4) RandIRS-Echo: IRS#HC & ABEHLIHEE ,
(5 IR A FH B 38 [ A5 5 % H RS HEAT Al i1

(5) w/oIRS-Echo: RZAHEIRSHIHE,
(5 IR A FH B 38 [ A5 5 % H RS HEAT Al i1

EISBEAL 1% 75 & F AT SEBL IR B T R 5 Gk
M P KR hE P Z KR HE5A W,
1 FITRS 3% 5 L% HTRS (w/oIRS-EKF, w/oIRS-
Echo) )3 S IA HIF {2 4 thfe, KR vl

12
=
T 11
&2
=10
£
% 9r
=)
X 8
=
K 7r
W& 5 i |
4 6 8 10 12
AP HERRIFHIZE (ABm)
—— IRS-EKF -+ - IRS-Echo

—s— RandIRS-EKF - -+ - RandIRS-Echo
——w/oIRS-EKF  --»- w/oIRS-Echo

) 5 RS R AR 5 A PR AR % P, 1)
¥F, (M, Nz, N,) = (50,4,4)

12
11 ¢
10

RO (bit/ (s Hz)

[=>] -~ co ©
T T

16 32 48 64 80
SR AT R
—+—IRS-EKF -~ - IRS-Echo

—o— RandIRS-EKF - - RandIRS-Echo
—— w/oIRS-EKF - -+- w/oIRS-Echo

Kl 6 RO IRE R SRR RLHN I
F*%, (PYy, M) = (4 dBm,50)

MRALIRSHIA R, IRSHI AT 5 M E #4555 ] LA
TEH P A W b B n, [ FE ST 0T B be Al
W, TSR T B n B B E LR R R . [F
INf, SR 7E R B IRS IS LR, A SO R T
MR ZE R EZEE TIRS-Echo T &, XA&ARA
xR sh i s B ks, T H ISR AT R EUR CSI
SRR, EKFH AR DAFISACH SRS 510 H
brEHEROAL BAS B . BEAh, ASCHTIR 5 R
PEREME 25 K T 77 ZRandIRS-EKF, X i#] T it
FVELE R G BT A5 I R R FITRS S i i o s
75 TH A Rk

KI6HE T T AR 7 5= B AR % R i o 2
U RLEE . TGRSR, RANREERE
BEE R I B, XEFINREE KSR
LB, SEINEAN R LT DU R G fe it e £
(58] R, B JE0, AT DA R g 3 R R
FRBA H bR, FEHEAT B AR BRI [ B 38 55 6] 8%
HARMFHL, Hitk, RGw et rmAamm LA
iR T . 577 & RandIRS-EKFAHEL, A i
MIRS-EKF /7 & BA H @ R EE R, &R A
SCTT RN TRS R AF RS A B A o T AT BE A AR 4k
SN H AR BRI, RGRENS S 1A% 4 5h
BRI . F, EARMIRSEE T, A
H R EERE M RS R T3 T H IR B I T .

BT H T AT SR AR R 5 TRS AT BT
HEMRR. M PR R R, & RS
FTEE RN, IRSHBNISAC RS 24l s
REW XN B EI7TAT W, ASCHTHE 7 AL IR
PR g T B IR IR 7 %€ (IRS-Echo, RandIRS-
Echo), H HeN1#0BEE K& 55 E 8 4 44
e X2 F o bEE 4 oo E g m, IRSHT LA
FIFH B 22 1 25 18] Bl RE SR S8 o8 = 10 38 R T i 1

= . O N o ©
. T T T

w
T

REUREHEE (bit/(s-Ha))

=N
T

30 40 50 60 70
IRSHTH &=

——IRS-EKF - -IRS-Echo

—— RandIRS-EKF --*-- RandIRS-Echo

——w/oIRS-EKF  --+- w/oIRS-Echo

Bl 7 RAGREEE SRS I o HE M1
F*%, (Pl Ney Ny) = (4 dBm, 4,4)
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¥ AT %

ai, MIMIERTS S RS A . T EFK TR &
GiORE R AR A E AR B . A, BEE
IRS /5 B e BB I N, UL TRSHIRE 56 K 1 77
% (IRS-EKF, IRS-Echo) fEfHLIRS /5 % (RandIRS-
EKF, RandIRS-Echo) 2 [8] [ 14 8 22 B AR 45 55 K,
X R R AL KB TR S 7E 38 SR 1 g ik T
=98

6 %5ip

A A IRSHIBIISAC & %8, &GN H %
VEREE G 0F AL TP RS R 5, 38
T R R AT RE BRSO R e T R
B, BB IR G A A B A H AR, R
ISACHE, FE A T e T IA B R SRR S S EL
S5 B EKFH AR Hiz sl #0gs 347 92 R R A0 T o
SRIG, BN H ARG S B ATCSTH BIISAC &
250 5 I Aff bR R R S U R RO FITRS J 53 38 Rk
. fEMIEEAE F, F57 TIRSHIBIISAC RS M4k
R, 73 R EKFI G MSEZLI R . SR T 1
FHA R B AR 2 51 UL IRS i A RS 24 3R
IRTER T, B BEA A EATBE R R B T
FEUh RS BRSO R R DL LTRSS B AR S 56 5 DL e
KARGHIRE R R f)a, FIHAZBERMAT
FEAECK: A bl 30 AR B3 T RS ) 1) . GRS
Bl T v R AR AR S AN AR AL N TV Ay
A3 T8, B IEACIR IS S A A 1 45
iR RRY, AT7 ZEERT DASRAEA 20850 H b
R, ARAEBEEERE, AT DR A REE. [H
IPUESE T S5 ®CATRSH 77 ZAHLL, TRSHH B it5L
T EERIORE R, R TEISACRAHHEIRS
(R 35 R0 BT B8 H SRV A e
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An Extended Kalman Filtering Based Secure Transmission Scheme
for Intelligent Reflecting Surfaces-assisted Integrated Sensing
and Communication System

LIANG Yan YANG Xiaoyu LI Fei

(School of Communications and Information Engineering, Nanjing University of Posts and Telecommunications,

Nanging 210003, China)

Abstract:

Objective With the rapid increase in wireless devices and the growing demand for sensing services, Integrated
Sensing And Communication (ISAC) has become a key technology to address spectrum scarcity. ISAC systems
enable joint communication and sensing by sharing spectrum and hardware resources, thereby improving both
spectral and energy efficiency. They also exploit the complementary properties of sensing and communication to
enhance system performance. However, due to spectrum sharing and the broadcast nature of wireless signals,
ISAC systems face major security risks. Physical Layer Security (PLS) has emerged as an effective approach for
enhancing ISAC security. PLS designs transmission strategies based on the randomness and diversity of wireless
channels to reduce eavesdropping risks and enhance security. Intelligent Reflecting Surfaces (IRS), a core
technology for next-generation wireless networks, can manipulate the propagation environment of wireless
signals by adjusting reflection phases. IRS enables more stable communication and sensing links, extends
coverage, increases accuracy, and strengthens the overall security of ISAC systems. It thus offers a promising
solution to PLS challenges in ISAC. However, when eavesdroppers are highly mobile, rapid changes in location
and Channel State Information (CSI) hinder the acquisition of accurate channel data and real-time secure
transmission. Leveraging ISAC’s sensing capabilities to track mobile eavesdroppers is therefore critical for
ensuring security. This paper proposes an IRS-assisted ISAC system that enhances secure transmission by
integrating PLS strategies in scenarios where rapidly moving aerial sensing targets act as potential
eavesdroppers.

Methods This study establishes an TRS-assisted ISAC system model comprising an ISAC base station, a
rapidly moving aerial sensing target, a legitimate user, and an IRS equipped with multiple reflective elements.
The system utilizes the base station’s sensing capability to estimate the location and dynamic state of the
sensing target via radar echoes. An Extended Kalman Filtering (EKF) is used to track and predict the target’s
trajectory in real time. Based on the predicted trajectory, a joint optimization problem is formulated to
maximize the system’s secrecy rate. The formulation accounts for the tracking performance constraints of EKF,
the transmission power budgets of both the base station and the legitimate user, and the IRS phase shift
constraints. The optimization variables include the base station’s beamforming vector, the IRS reflective
beamforming configuration, and the transmission power of the legitimate user. To improve real-time
performance and security, the problem is designed as a non-convex optimization. This is decomposed into three
sub-problems using an alternating optimization framework. The sub-problems are then solved using Successive
Convex Approximation (SCA), Dinkelbach’s algorithm, and Majorization-Minimization (MM) methods.
Results and Discussions Simulation results confirm the effectiveness of the proposed method in target
tracking, system security, and performance enhancement. The trajectory prediction error of the proposed
approach is substantially lower than that of radar echo-based estimation methods. Additionally, the EKF-based
tracking algorithm achieves accuracy comparable to Particle Filtering (PF), while reducing computational

complexity and conserving system resources. The convergence of the proposed algorithm is also verified. Under
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three different settings for the number of IRS reflection elements, the algorithm converges within five iterations,
indicating stable and efficient convergence behavior. The results further show that the system’s secrecy rate
increases with the number of transmit antennas. This improvement arises from the additional spatial degrees of
freedom provided by the antennas, which enable the base station to generate more focused beams toward the
sensing target. These beams enhance interference directed at the target during detection, thereby improving
secure transmission. The secrecy rate also increases significantly with the number of TRS reflection elements. A
larger number of elements allows the IRS to exploit additional spatial freedom, achieving higher beamforming
gains and improving secure communication performance. In scenarios involving mobile sensing targets, the
proposed method yields greater secrecy rate improvements than radar echo-based approaches. This advantage is
attributed to the EKF’s ability to estimate the target’s position more accurately and in real time, enabling
timely adjustment of beamforming strategies and enhancing security. Moreover, the optimized IRS
configuration outperforms random phase shift designs, particularly in large-scale IRS deployments. Optimizing
the IRS phase shift matrix contributes to higher secrecy rates and improved communication performance.
Conclusions This paper presents a secure transmission scheme for an IRS-assisted ISAC system, targeting
scenarios in which a rapidly moving sensing target serves as a potential eavesdropper. The ISAC base station
leverages its sensing capability to extract the target’s state parameters from radar echoes and applies EKF to
track and predict the target’s trajectory in real time. Based on this tracking, an optimization model is
constructed to maximize the system’s secrecy rate by jointly optimizing the uplink user’s transmission power,
the base station’s transmit and receive beamforming vectors, and the IRS phase shift matrix. To solve this
problem efficiently, an alternating iterative optimization framework is adopted, which decomposes the non-
convex objective into three independent sub-problems. These sub-problems are addressed using SCA,
Dinkelbach transformation, and MM methods. Simulation results demonstrate that the proposed approach
effectively detects the sensing target, maintains robust tracking performance, and ensures secure
communication. Moreover, compared with the scenario without IRS, the IRS-assisted design achieves a
substantially higher secrecy rate, highlighting both the advantages of IRS deployment in ISAC systems and the
effectiveness of the proposed algorithm.

Key words: Integrated Sensing And Communication (ISAC); Secure communication; Intelligent Reflecting
Surface (IRS); Extended Kalman Filtering (EKF)
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