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NI R BB 6G RAMIE S RVERETEPR, 6G 77 B — DI K REFEFIAL, 4 5G KM Z HIN
Z%iH (multiple input multiple output, MIMO) HAJE TN K MIMO, DA =S [a4E 5 i
fE. HUbRIR, 6G 07— AL 58, ¥ 8 FP. ZoK MR 22 S5 B, DAXG Ny o Bt
Y5 ERHEE MIMO HI5IN, $old TAEEBAT R s i s, FAERK 6G o4l (s MR K
W2 R A TERR ST I X 8 (fRiRRids) B0 fldn, 4 1 m FLAR R TAETE 30 GHz I L, i53)
X35k 2] 200 m, 7] 78 75 5L NI E S . &S 1G~5G M8 BT REFLEA K HEB AR
FHXTBAR, TCZIEAE 2R AR A I X3, AN ] T2 37~ T A R AR Y, S 3 W jddpe i BRI 8. 7B K
R MIMO T3 BRI AR S Rs 1t RE 8 Wl 35 15 91085 RA M A B M2 H 2T Hiimlae /. i, ek
WiEfEh, BRI 57 S EUR [FFRSOR 260 B AR S S A A7 22 0K, AL MIMO 3815 (5 18 56 b
iRk, XM E KT 1 (AR MIMO H HHEEN 1), TGN, 333K A& 7 k8 (1) iR
BYERE BB HEE. R ICETE B B, SR [7) 4R B R R EROR, W LUE(E TR R AR R AL
AR e AL B, SCEUAE M AR B AN b (e Guim i IR R REAE M — AN L) B3G5
3% R R R AR, T DU 2 52 H AR F P S 5 0 BE T AE A B — R RS 4% (45 2 H
FHFH, R ORISR TC 28 A5 R G A R A 2 F P H2 N R g 1B~11.

BRICEIAE AL, R MIMO B2 HAT W e 1973 8] 23 #7077 DALE AN PR B — 487 [|] [X
Gy P, DRI RT DATE 52 4% R PR35 o S BRS04 5 e 0 112181, BB AR it e SRR S 2 A A
H PR B St BB R R A5 =, DASREUE RYMA B (S 2. R, B A BT b2 28l it 1) &,
FRAE B 5 A V1 M X 381 B IA U AT (radar cross section, RCS) H.70 ZRE, WU/B 1 HE B 1) R ek
B AT SRR B AGT. F i, ST AEE (line of sight, LoS) {FIE T, BAEFER LA — /M5 18
FERERZImE. © R E B ES TR REN SRS B8 G, EEEMERRA 1, XN E |
FEARAE 1, XK HLGZ) T RS SRS B (BT i@ 5, MG 5 DABRTH B % AT 1 4k, X fd
B SAEA R FERE - B AERE AR B2 2 AR S Ak, IX— P 45 3% MIMO {518 H FEIE AL —A
TR B, RE 2 PR PR R AT RS R 4 DA S WSOR B ) fie/IME. DA SR SRR AT 3 80 vT DA S 2 42 T
MIMO SIERIE G, BT H HEZ R T RGN, BMRE&ERT DA s B B, s
FRAGKE L. TR, A 020 SCRRBI 72 1 o] 7R FH A0 3 e P S 300 v s i A (14161,

LIRS FE B — AL (integrated sensing and communication, ISAC) 17~191 K 5 &,
ARHE IS 5 51815 (integrated imaging and communication, TIC) IV, Wiz 5
WEThREE R — . RETER ALK T, ICC R41H ISAC L, HEXHARGEH G AR
HARMERAEROR. BARI &, ISAC L TRAL 75 &AL BOREAE B B RN A, 17 ICC 1 H bR Bl
GBS AL, B AR TEREFR PR AR, 76 11C A, BRAGAE 5538 KAt i i X 3k LA
T R B, XA A5 M R P B O TS T8 R B BRI RO SRk R BT — Rl R 0 S R
iF, # 1IC 5 ISAC X4rHFk. BAG g 58 1E Rk G S5l E Dhsedt T 7 AdlaG, BA LN
Fie (1) LA AR R R 2+ A 4 D 2R MR B2 5K SCRREIAS A RAR XL Tl g, 7T LA 25 FEAR A I T
FE; (2) I IEE MBS BN FE I RGH, W2 RS i R PR FE R H LA 5, 32 = i
RO, FFRARZ T Bk, BE R 51815, Rl TAEEI I X, AR 6G Raii it
R B L RA A A P R R A E R T &

TERE AR 51845 KRG, A Th e LS [ B & MR ST RN, 2 I — SRt
REAHET ) R BARORE, HHT GOE (5 L Al [F] AR S BRI R 518 AE R L it 2 —
A2 B AR A 3 DR ) — N0 RIC AR, (R SEIL AR A (5 DhRE R Bt DRI, dannfo) 2] i) B
G R SIS RGN EAYT PR R, SN DI6EZ B BT, A= ZRe s WA
FER T AR A EE TR T LR S5 R

o TG, IRHITIHNE B SHE R NTE, HFZE [l sg SiEE R BT RS R. A
I, BRI I A R 5815 5, S B s R IR S vt 1) R, SEIRAESH B E IR AT T, %
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Figure 1 (Color online) Illustration of near-field joint imaging and communication.

DAL AR TERE.

o LR, SEHA S8 RUB TE I 26 A B TER AL AR TERE, I BUIBC &R 2 e A ot 55 2 82 Tl AL
JHEXL G B 5815 R ST B Bt iR AT 1A ROR .

o BJa, RO T FE MAUEIT HAR, Wik 1 FT I ECR MIE B AR R, R TG
155 815 8] (P REALA .

2 ARGHRESEREEIR

AT T IR A S 58S RGHHT T I A, E%, B 2.1 AT LT RHE S
MAAE A, 85, 5 2.2 NN aRITE TG AR 785 v RERE B bs. 5, 26 2.3
ANTERR T I B AR A R G R R S B ) L
2.1 %5HES5IRIHEERE

FREWE 1 Frosfinin s BG S5i8E 240, HAP R GRS (TX/RX) 75l & T
N Fl L ANREHEIT. TX B n ADNRE RX 5 1 MRESHNNT a, = [22,92,22] ,n=1,2,...,N
Map = [z2,y, 28,0 =1,2,..., L. TX EHBERBOCEAR N R0 (5 H P3R4k Ss, RN 2 H ik
FXHEPSER X I (region of interest, ROT) HEAT MRS, WEH AT p. = [2P, 92, 2P]. RX £k H ROT
FRAG XIS HE 5. ROT R K AN A B TR SIG, HALE N ry = (28,45, 28] k =
1,2,..., K. 5 k DHITHEC R @ O Ry KE X SRTN (RA) EURHER RCS AH
K, RN RCSy, = |ye2N/2m b NI, M 4 = 0. B RECIIEAE |y, SZPRTTHIAUA
A? PIECR B K RCS, % BT [F] T AR A BRAR B 244 1) RCS, HAEN RCSpax = A2N/2m. BHIL, A
|yl < A T2

TEBCA BUE 58S RGh, HF AR W, 5 R ARG E S ENRIHE 5. 85 KIERETT IFRR
N @ =[r1,29,...,25]" € CV¥L AL ARG B AT S5 R, % TX HA LR KR K S
5, H R (|x)? = Py, HH P ROREA RS TR
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I8 RGBS O AR R AT, B TX & RX SEEH 8 ROI Z (A B d 75 2
d < 2220 Y DA A S AIEREESIFLERBM MK, EX Hr € CKXN, Hy € CH<K Rl
ge € CVXU NG R SHETE . IR ETEAE(EE1E. £ LoS ([FIEFM T, MG FIE T LA
AR \
5 dy

Hrylk,n] = F(On)—F—¢" , 1
47{d}wz (1)

227 gr
—j&rd),
e A k,l’

Hill. 4] = F(O01) o0 )

Hov R, 43R BRI R TS ROT WIT 2 MBS, F(0y,) M F(OL) %
A O, I Oy F7 160 (IR I 141 .
S, SRS LR

geln] = F (O n)M ; (3)
Hrpdg, RonH n RN RESEER T ZHKIEE, F(Ocn) RIS Ocpn J1 IR HIHS T5 F K.
2.2 ARG SREMTEEEIER
W AT B 5 RO IR, RX IGEIPR H ROT R HIME S, ATRoR N
y = HrT'Hrx + n, 4)

Hrp T e CKXK B—AXHMEEE, KX ATEN Ter = 2 v = 1,72, -7k, WA T = diag(v);
n N¥MEA 0, T 2N o WInPEE & T (Gauss) M.

RSEIHERR I R B b, RERISRES v RAGTHECN RE ~. A TETEF A, K R ih
WG 5 (4) Hio i P

y = Hi diag (Hrx) v + n. (5)

NT R IR, Bk L > K, 38 LERGEEEM H = Hg diag (Hrzx). F, W80 TR
BEMMNES y MG, THEUS Ry MESHE SIRE R fEXMIE T, RS8N
ek (least squares, LS) J5¥2, 7] LATSH B R 045 T1H-E:

4=H'y, (6)

Horp HY FoREHUSER R H 1Oy,

PG, TR Fy RIS Hy 5, SAAERE B SIS = o,
I, m PSR K IHE S« RECRERERWETE H, g sig 4 BETHRE . vtk = B
P EBUS REUS IR, — DN E IR Z T AT v TR Z (mean squared error, MSE), Rl
E vy —4)? @it o (AR ERD, 7T DRI RS S o, I s iU R R
FE. SR, B0 TS5 8UE T8 B S 1 0], Aot~ 38 TG PR, Rl A/E Hr A1 Hy FIAEHRER, 5
BEERMETERER: H k7. X LERR A 8 e M T R 2 kL = B E 2, IF
HAE U AL G A AL T R SE R

I, AR SO R A U TE ) AR BORIE D BUR R G RIVERESR IR, SR BUERBE T — AT
B, T 3RAERY MIMO 5B AR BIR VERE, & XN

)\max
cond = ——, (7)

min
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Horb, Ao 1 Ain 220N SERUBETER I H BB NRFIE(E. 580 1 I, RUETE L
T RIFIRZS, HAFREEC PR, T4 256408 7 06 55 KIN, (ST R 7 ReE. PR, s fe
WREHE S @ K MU EE RSB B ATEL, 7T A RER TR RS L.
I MR EL, BRI RS T BT, B TERE R B A, AT 32 i GO A 1
B RBUGTHRE . BRIk, X TR Al R R, RS S & AT I R AT DA R
min cond
’ (8)
st. |z|* = P,
Horr, P2 RGN RS DR LR
F4b, EEAE R TS AT AR OR N
lge'x|®

R. = log, <1 + = ) ; 9)

C

Hor, 02 JeRU I A T 2.
AT SEB AR AR A T ER oK AL ] (maximum ratio transmission, MRT) J7i%. 7E
MRT &4 %N, IR BRI RE «

TMRT = V P Hzc” (10)
c

2.3 [O]ERfEIA

0 (10) #E 5 H AEAE LB R T ey B IEARMAL T (8) M. Rk, fEBA BR
B 5IEE RS T, BG5S IEEEREZ MAENERSTH. AXEEEIRAEREERE <, %)
I G RTE A5 2 TR) PRI A T B AT, MBS A1 B R, JRATTIBS R (1 38 R RS B v el ] DL g SCAY

min cond
x
H.,.2
s.t. log, <1+ |gjjj’| ) > 1, (11)
] = P,

FHorb rg BRARIEE AR TPRAA.

3 IR ERIGSIRER G RBRAALT

A T3 R R B DA Z T 3 B AG ANEAE 2 IR PR REAUET. TR (7) B IS = 2
M = BB R, W (11) ML, Ak, ESEE 3.1 AT (11) #4h 5 T A ER
K, SRIGALE 3.2 /N TR FH 2 5 WA ol 552 482 ALl 7 Vo B AN I T Rk AT A AR A
3.1 fikiElfEER

SEICHR [21] R, /ME H ORISR EUR BT ASE RO oMb H b FL e B RSB, IX A48 2L
PR T o MESRATF BT S MU BRFF IR Amax. BRI S, HRAE AR 5E S, FATH

2
cond < (Amax) . (12)

K, S ME TR AT LB AR R B/ IME A2, X TR IEE R HEY, 30147

2
)‘max

< trace (HH"Y). (13)



HEFEE PERZEEMNFE 20254F Fss5E5 FeHl 1344

FF20 (12) A1 (13), IR (11) AT DASE Ut R AR

min trace (HH") (14a)
x
s.t. H = Hgdiag (Hrx), (14b)
lge'x[®
log, (1 + = > ro, (14c)
2] = P. (14d)

TEE (14) H, A& 2 @ (14b) 5 HARREOCEL. 810, X (14b) F 0 AL FEAEVE
fli 2 X6 B bR R EL RS2 B AP AR SR Pk . i v b n) B G — R PSSR R (14) TIEBRAH
(14b).

ok, X (14) M BARRET DLRIR N

trace (HH™) = vec (H)" vec (H), (15)
Horr vee () FoRFEFER [ EALERAE. MRAEC (14b), JATH
vec (H) = (Iy ® Hg) vec (diag (Hr)), (16)
Hr Iy BN N B, @ A3 Kronecker 1. 245, ¥ 3K (16) AR (15), 1521

trace (HH") = vec (diag (Hrz))" (In @ Hg)" (In ® Hg)vec (diag (Hrx))

“ (17)

= | " HIHY Hy Hrx|,

et @ e F kTR T A2 vec (diag (Hya)) M6 2 HH
KL, 198 (14) FTLAEE N
min |« HY HE H Hrx| (18a)
H,.|2

s.t. log, (1 + lg;i;' ) >, (18b)
|2 = P. (180)

3.2 ETHEMMSESLCITRIR R R

M (18) iR E), BEEORMEBONE 2. Ak, RAFEZE (semidefinite relaxation,
SDR) 7720 (18) #EATALH. E X R = xa™, 20 (18) WTLLEE N AA L 1 ARSI EM
¥l (quadratic semidefinite programming, QSDP) [n] 8

m}%n trace (H%IHEHRHTR)

s.t. trace (gCRg?) 2= To,

trace(R) = P, (19)
rank(R) = 1,
R >0,

H 7o = (270 — 1)02.
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AR R 1 2495, [ (19) V3R OeAG inl L 48R ok, AT ESE M Bl T ok Ab B Ak 1
2. BRI S, o TR IEE R R, B 1 2T DA
trace(R) = || R, (20)
R, 7T RAKS R IR 1 29 108 (19) ¥ H AR R E0rh i 56 ST 0, #4465 1) 1) Rl
mFiin trace (H{ H Hr HrR) + n (trace(R) — | R||,)
s.t. trace (gCRggl) > 7o,
trace(R) = P,
R*>0,
H g >0 258 1 20K H 1

BT HARR P AFLE 2- Y045 | R||,, X (21) D088, PR ABES IR U724 | R, B
—[rZ#) (Taylor) R XAIENH T 5

IR, > | &Y
27 (RY.R).

Hort RO R ¢ YA — I R IFMTTAT 1, wllh REAERE RO (0I5 7 57 (0 7 (R 61 B
R, LS ¢ WGEARSRR £ (RO, R) B¥ Rl 2 (21) W LUELLE S

, + trace (u(t) uDH(R - R(t)))

max “"max

(22)

mén trace (H%{HgHRHTR) +7 (trace(R) — f(RW, R))

s.t. trace (g.Rgy') > To,
trace(R) = P,
R > 0.

RO EIEAE R, KL T, RO L% (23) MREE], Bt RO ik
SRR (21) MR, RN, B RO = R LLHIEIAMIE R (23) HIFHE L5 Fifdin i (23)
R—ANHIHG QSDP I, BTk, T LA I B 1M AR AR (I CVX 22)) SoRAE.

RO WS8R, BT LA 1 AR LI A IR A HIB R R A o T L) B o
RO WPSAEA BRI, 2N

2 = A® 4O (24)

max “'max’

o A IR RO {5 KA A, BT R IIRAR, BATE A = VB, Bk (24) AT
RNt = VPulls.

KRG LE — SHE N RUEE 23 SRR QSDP 1 (23) MIEBIMENL TR RN O (NS log(1/e)),
Forp e JNoRERSIZ. R SCA ARSI 75 BIBARIRECN K, RILBR Bl vt i AR B 2
O (KN%%log(1/e)).

4 {FEXLL

AT B S R R T RIS B S I8 5 5 SR RS 2 18] (AR, B e, AR
41N TR S EORE. 555, 5 4.2 /NIRRT Ui A RIFHET 7
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*x1 ZUEK.

Table 1 Experiment parameters.

Parameter Value Parameter Value
Transmission bandwidth Af =120 kHz Transmitted power P; = 30 dBm
Central frequency fe =28 GHz Energy conversion efficiency ¢=0.5

Wavelength A=0.0lm Array antenna row Ng =13
Imaging noise power 0?2 = —170 dBm/Hz Array antenna column Ne =13
Communication noise power 02 = —90 dBm Antenna configuration 13 x 13 antennas

Antenna spacing 3\/2 Cell size A=01m
Cell distribution of ROI 10 x 10 cells

4.1 {HFES¥EE

TEA LI, TX R RX AL E A R RZEER BN TARS MBS TS, Bl N = L,
MBI AL E 4 BN T YOZ P BRI (0,0,0) m AT (0,1,0) m &b, JELEREAR X 4 i — A BL
(2,0,0) m ANHOLHATF YOZ “PHMFAER. @EHAMTF (1.5,10,1) m. tAh, HAb 5 S50
1 PR,

TEfi B, T3 G e I BUE R AR F 2 TR R 2 (root mean squared error, RMSE) IR, 115
N W)

Ny
1
RMSE — $ DI PEST (25)
t=1

Hrr Ny AZFFRE (Monte Carlo) SEEAEL, FEASCHBIEN N, = 200, ) FoRE ¢ SLE Pl
THE.

4.2 HEZERSH

N T VA FFHR BRIV 7 SRR T RO, 56 T — AN AL B0 ROT (I3 &
AT B R T OB PRRT 7 = A B,y = 0. JA— 16 FAR BRI 2(a) . BATRY H 2
FEAR IR BB RORV b T, o1 22 50 PR R O B . 7ESRIReh, %78 T UL R JLRMESL. (1) 1Y
FRAR: R AR A (R B, AR I S PR e et SR ARt (23) FFHLE o = 0 781, A4 1
W 2(b) Bk, (2) DUEAE: FSHE 5 LR (10) 2603, BORBIY IS 76 BOL AT OB R,
AR 2(c) FR. (3) BECRIR SIS A AR 305 e R P i KA A T
FODEAL IR (23) 7950, SIS TR ro = 17 b/s/Ha, fiFE5 R 2(d) Bz,

WEEL 2 T i, (U (5077 %6 12 UGS 7 T e B £, R A5 015 0 26 PR R I (R e
SEHRTE. TOCES B2 B A T ™ A0 2L, . T M5 (20 (5% B 0 94 T B
(AR A, T 2(d) F AR 5 ISR 0 1925 SR ML, SR — BOPE B T A T4
SR O UL AL B (0 2, T ATE N S 75 R A 0L RSB B E F A

3 J7R TR S 2 AU e 5. T SLOET SRR JLAR, P 3(a) A1 (b) 4 BIRER T
SRS B R, DURA(R RMSE 5385 56 R, N 3 diiy DA, B0l ]
PR LT, 25 (3500 4 PR SORU R A%, RMSE Y507 9 _ 7, 550 WA R R B 5 2 6.2 W 47 1 2
AU 3, BT — 7 P R 3 22 DO 5 — 7 AR . SRS LI T LA, BT A i
SR T 7 SR B s S B AR, B (LR A5 RO (I (2 0, S5 Y sk o L 4
i R OBCEE. JEh, A 3(a) A (b) AATBAB Y, KBS IR RMSE 2 7R IE MR R, AT
B RIFIESE R, (1 RMSE 45 32 B P8O0t L IR B0 % J8 B3 5 BR 1 5 Je b
BT AR RMSE TTAESCA IR, T4 PESON M T — A 58 8 LA 2 e I .
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B2 (MEMFE) RATERREFEIZITREAORGER. (a) BHEE; (b) (NRE; (c) NEME; (d) BREmk&k
5iEfs (IIC), HPBEEEITIR 1 — 17 b/s/Hz.

Figure 2 (Color online) Imaging results in different beamforming design schemes. (a) Original imaging; (b) imaging only;
(c) communication only; (d) integrated imaging and communication (IIC), where the achievable rate threshold is ro =
17 b/s/Hz.

104 T T 1 T T ©
. . . P 10 . . .
—e—[IC with optimal solution (a) —e—|IC with optimal solution (b)
Imaging only Imaging only

o} o Communication only o Communication only

-§ 103 E

c 0

5 =

= o

2

8 10? 100

12 13 14 15 16 17 18 19 20 12 ) 13 14 15 16 17 18 19 20
Communicaion rate (b/s/Hz) Communicaion rate (b/s/Hz)

3 (MEMFE) LA GSBELEFTTREE. (a) FHHSBFEERMXER; (b) BfE RMSE 5&FEXR
HXA.

Figure 3 (Color online) Trade-off between near-field imaging and communication. (a) Condition number versus achievable
rate; (b) RMSE versus achievable rate.

Bl 4 R TWOR REBHE S 4B IR, R BSOS 4.1 /N —3 /R E
GG EEES SR, BOTRE T @EGEEETTRE S N ro = 16 b/s/Hz Fl rq = 18 b/s/Hz, H51X
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o ' —e—Imaging only
wol 5 e g IIC, ro = 16
o IIC, rg = 18

© 250 F
o
S
2 2001
c
:g 150 B
o]
c
8 100

N

) BRLLD - I T T

140 150 160 170 180 190 200
Number of antennas

B 4 (MEREE) ZHHSWLAREHEXRTEE.

Figure 4 (Color online) Condition number versus number of TX/RX antennas.

R FRAT XL WA R AT LR Y, B RN, S EOZH N, R EER T
REHCRIIGIIG 58 1IN, Wi 1RSSBS E K B L. soh, BATETT LA 1, E10UK
B35 P AP BCR BT, (HREHE WO R EE I N, AR I K & R 5345 ORI s
B2 EOZ ARG USRI 5 AR L.

5 R

INEA

ASCWETE 1G5 I8 5 R Gt ARSI 8L, B AR 27 8 5 85 2 TR P BEA
i, ik, ASCULER IMESEREIE I S AFEO AL B AR, DARTIASE R AR S DI N LAIH, #EAL 7 —ANik
Wk A 815 AR GEIR R R Bt I . A SR 4 58 R st AR Al A5 5, R BRSO
FIAR M RAL R RUREAT T AT RORME. T A RR Y, 5 DU AR AN OO 5 AR s S AT B, A5
JTERENSAT RO B B R B S IE A TERE. BhA, P A RIRIIIE IR 2 e 1 SR IT S RN, ¢
1M1 AR 25 RO R TR B

S HEk
IMT-2030 (6G) #EdE4H. 6G SRS 5 5L RHH R [ K 1. https://www.imt2030.0rg.cn, 2021 4 6 H
HO, RIMEE. 6G TLAIREHAER: BRI, MG, I ek, JEut: BTk kL, 2021
Zhao Y J, Dai L L, Zhang J H, et al. 6G near-field technologies white paper 2.0. FuTURE Forum, Nanjing, 2025. doi:
10.12142/FuTURE.202504001
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Abstract With advancing 6G networks, the deep integration of communication and environmental sensing has
become one of the most important research directions. In this paper, we propose a novel near-field joint imaging
and communication system, aiming to characterize the trade-off between near-field imaging and communication
performance by optimizing the beamforming strategy. Specifically, we minimize the condition number of the
near-field imaging equivalent channel as the design objective, which is subject to constraints on the near-field
communication rate and total transmission power, and investigate the corresponding beamforming design problem.
To effectively solve the beamforming design problem, we propose an optimization method combining semidefinite
relaxation and continuous convex approximation. Finally, numerical simulations validate the effectiveness of
the proposed beamforming design method and demonstrate the trade-off between imaging and communication
performance in the near-field joint imaging and communication system. Moreover, the simulation results show
the relationship between the system condition number and imaging accuracy, confirming the effectiveness of
minimizing the condition number as the optimization design criterion.
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