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Abstract: Joint vehicle location and velocity estimation algorithm was proposed for 6G millimeter wave integrated commu-
nication and sensing (ICAS), which was challenging due to random channel fading and multipath interference. A novel re-
ceiver state sensing (RSS) algorithm was proposed to simultaneously estimate vehicle (receiver) location and velocity, in
conjunction with reflection channel estimation. Moreover, a novel multi-carrier Doppler calibration scheme was developed to
reduce the disturbance of Doppler effect on RSS performance via frequency shift compensation. The impact of system para-
meters, e.g., signal bandwidth, the number of transceiver antenna and sub-carriers, on RSS performance was evaluated as
well. It was verified by simulations that the proposed RSS algorithm outperformed state-of-the-art baseline methods due to
the employed problem-specific system design. In addition, it was shown by simulations that the achieved RSS error was re-
duced with the increasing of sub-carrier frequency, the number of transceiver antennas and sub-carriers, and it was increased
with the increasing distance between base station and vehicle receiver. Particularly, the vehicle location estimation accuracy
was increasing with system bandwidth, but it was invariant with central carrier frequency, since only baseband features of
received signal were employed for vehicle localization. In contrast, the vehicle velocity detection accuracy was increasing
with central carrier frequency, yet it was insensitive to system bandwidth, given the fixed number of sub-carriers.

Keywords: integrated communication and sensing, vehicle localization, Doppler velocity detection

WimBHA: 2022-09-16: fEEIAEA: 2022-11-02

EEWE: EFARREARETIINE (No.62001526); | 748 FHAREAREETIEIE (No.2021A1515012021); | AREEAAA T
FEFFEAATE (No.2021QN02X074)

Foundation Items: The National Natural Science Foundation of China (No.62001526), The Natural Science Foundation of Guang-
dong Province (N0.2021A1515012021), The Major Talent Program of Guangdong Province (N0.2021QN02X074)



QD e

5

palll3

L o044 %

0 5l

& LB 516 BEARMAKRE, PLZERM .,
To NN 28 g BRI R BRIV 32 b 5 i 7R
RE SRRk 2 A Je . BT B Re B X B4k R 4t
BA T mMER, MU EmSER N LR, &
B SIS HE IR To e A S IR B BE 7T . 9l
ZE T X ANV T B AE 7% 3 PR T S8 BLAIG N 4 ) 3
Pifktan, 0T Ek B AL B AT SEEAS T, A
REEAT R e 4 TS m AR, BRI T
APLEER 2 BRI T, MURES AT
PUEATER 845 LLE UG B B AR S ME, 6/
TSI IR RS HE 11 T 408 A 5 P B IR R 3R AT R AL
RAEYEHAELR, R, 815 — 11k (ICAS,
integrated communication and sensing ) ¥ AR J& o £k 18
15 518 BEAR KRR LIRS .

A A — AR E AR AE S 3h Ao, e
HliE . BEI . KRR RERZ 5, Ei—3
S Tk ol BT RIS B AR 2 AN, BT
W Y FH R S5, KON VE 2 B RE N FH I R R Bl P TE
P o IXEERN FH AR T P 4% (UE, user equipment)
WA ERE AP, Biln, fEZEBME, N7 %
P FE R, AN ALK P R AR ORS00, R
FEEESRTE 1 m/s . (EESERMA, EfES
TRFNThREAH /3 55, 87 2 BER A TR 8 A S o2k i
BMERRA, R, R, mARES|%E
Ko FenlRAEIE Yy WTAnESE b, A T
RS STR B XA N, b1 AR KR E A iR
ZW, Ik, B EN — A AL  ART E Ar B R
FERRH T B0 A% I 2K

SR, ToEIEfE M E 1A R K LRE RIS
& B HIT T TT BN R R . N, RIS 3
B HMN SR K0 ThRe, e S
WERA IR ZmE M EE R R FHIE RGN
HIP L& EMNSHME AR K, HDW RIEE
Ko R AL o485 5 T I8 R AT A B
HGE, AL FEmlifr A, B RICL IR
o, IR BRRE BN R RS T &

TELIBEMTEIE RGNS T AL
AR B R A T A VR 2 LR A DR e A B —
AR A AR FIR AT 85— B 1
W B AL i 5 T 2 R 0 LB R A AE — AR AR
givh, NiBfE5E BHE ARG —MEE, @

B — AR AN AT DA A A TG 2 B U AR IR 4
A AT B AREE, RRRR R GRRE SR R I B R IR
%, RIPBEAMA SR, e UEd S S E RS
IR, PRTHEAE R AN S B RE . Rk, GEfE
A ER N 6G IR DB i ),

ZKIE (mmWave, millimeter wave) SEX B A
AR AT, 2 6G IBAE ML A . KR
Z K MIMO (multiple-input multiple-output) 7 i
S ot/ Il I BT E o5 ) B K (=] G- Eg 8
TR FEF A2 I AR AE, A5 18 B A B 2 4 B3
P, NS Z R o, AT DLSEIEE & 1%
WAL, o DL IRTHE B P, ART
T ERL . I, 2K RGPS e % i 2 2Rk
W 1) 58 A 585 2R, RO IEAE B — R L R 4t
AN SIS, 7RI R R I B BRI, 5
b, BT (RSU, road side unit) i B2UN 4240
FEKHTIEERGL . FRIEACHE, FETREIT
24PV RSU FIFH MIMO TR IR, Retg i 3R
BEAT HARIRAS AT I, 38 v LUK R B Anfr B A
FEAS BRI R SO S E e, e sk
IR A IR, SRR AL T S . RSk, RSU
AIC B A S RGN ThRE, RN 2RI I ) B R
Jitio THIE] 6G %%, AL W25 rh i G 2 B it s
EHE T TC LR Lo I e AL PERE, RN, LA
TNV RIS . REAifb . =k B 1 e 6k
i S

BT 6G KRG BEF B (5 B — 432
BZEARFA P RS, IR I8
TN LRI AR AR A 2 AN T T A g
JE. pltn, BB MM S KRG, $§
FIBE FCER AT e R, IR AR
RS e B o 2T, Mg —ik ks s
WL B 7 /PO, BRI AR R . RIS S R
GARALF AR, Bt W28 AL i 002,

SR, (ESERRRIF, B TR EERE. £
AT IE AT R RIIFEI, To2 2 I (17 B Ak
THSMEAT SR G ERP% . &%, TENIES
K2 P BNV, MBS T o5 M L
(SNR, signal to noise ratio), 25 BUN(E 5 i ok
BERLIEZ CRIMEE SHIA R 2D PPl ik, D4R
THTHIERIE 5 2IARE] (TOA, time of arrival)
it 55 3 P A D7 93P I 1k L N T A SR
—iRA, BN S BRI E AR 2 AT R 2% .



5530

RIS . T 6G =2 K 5 B — A RSN HFRIPES e i 5 R -83-

Hik, ZRMERHRHSERE SEEEE, TR
HIE, GINATGEREAIRE .

Bln, ERRBPICLEANES, CHR[351%
JE T ZARALHEIAEL, PR F b K KI5 5 AT
LA BAG AT ST, TR G KBS BB R b
P, SR T EE T o0 A s 4 RN ) AR A A T
%, EIRFE RIEE) H AR 2 E 8RN . A E T
T T BRNMRENE, MR T ZRBRERESIE S 1
ZEPEEERAL, BA b2 E R AEE
WA, B T BHAHRD. ARG IA AR
H, EEGHIUE SALH T RE B ER AN B A, A
EEWEAEE T S EEMN . fEEE R — Al
RGWTTTH, SCHR[37175 18 1 A5 IR0 £ g 171 R i
FOBHPIUE S, CAREAT BATEEM T, R Jo
L2 Im AL B TS, (HRFIE SRR T I
Z WM, HASBUTECOR . SCHR[34]38
R A5 B R IR A5 5, SR UL TRC I 2% SR A5
RS AR AR . B, SCHER[33) 424
SR B 1B B A 5 R A T % I B8 5 4 0 2 TR) ) A
JEFIBE RS .

BRItz Ah, SCER[381#R M 1 & T 1EAS M 2
(OFDM, orthogonal frequency division multiplexing)
PR AR B bR EE B A A Al TR, IR
Vi EHERRAE T OFDM AR T RIA R N
T PR KPR IR — L RGBS kT )
(DOA, direction of arrival) flit1FISREER, SCHR[39]
SR 1K e i B AR K 7 T Adi vH AR &S A S
E; & e yrss e ERANE A F 1LV ONVAS BRI 2 Y
SCHR[401HES: T B EE — M RGP A B A TH
wHiEE TR (CRLB), FAECRIEEAS BT & 15
TRABORBOEH RS, e/ ME B R AL E A TR 22 1)
WD T A, IR, _EIREE R ERANRE RO &
AR T2 H RN, 22 BMEEI S
SN, TR Z) T SRR E A BRI RE . BEAb,
IR AR A BTN R G B UR 2 O E A W
RE RS2 R IT 0T 7L

HA, TR S RS S BRI A
TEFEVE IR, SE AR T 2R AP o R B2 A5 R
ZH B E T SR A RO R EOR
WA, B, fEmERM— R R g, EWiE
flivhs MEEAGTE. T SEEMA TR EZR
ME R BUNOALE A THR Z S Bl TR
SPEIMEVEREFRAR, IR B, FIRMZSH

AT SRE B R VAR IR A AL IS R R T
KRR A A THEENE SR, DATR] I gt o 2 28 g
WA BT FEIEA T AL B TS NE R R, X
AR R A RGN BOR BT A 2 G L 2L

T i SR TR — AR AL ZE R R LT S 0 ZE AR
AR I ) 2 AR T BEUEIER S, 23
BN AEBORHERR, AR T — R HT R S
HEE, RN fETHEALE . AR L 2 AR (E1E
W& N TIRTH LIRS RN RS EE,  Frigfiikiz
i TRENUEIE R . AT % 2 2 B 5
GIERE A A AR R SR AT 22 BE T Rl
FIBIARHMES DAL B R ASTERES, RS Al 450
W, CHRHZ R T IAEED S, JRRhE
W BRI AL B AL T AR (7 A REW,
5 UAE TARMEL, A SCRIRRENS SR S 4F (P RE
JiAh, ARSCRIRME 5 [l A THEE RS, A
BYFIERG, R T EERIRE, JFE AT RERS
M THE SR, WORIRE T RgEmAcE. K
SOEHT T RGUHTE . TREHR. BORREHRE
SSHON FRRS R TERERI R . SRR, E
AN FEE R A i e B B A A R e K
EAEINTR T, (HEEE HAREE R AR T T R
AN, 8RR FEREE 2R G0l 98 I T 52 7t
-5 O BB TE G IS FE B 0 B
FEPERMARTT, M52 RG0H TE MR AN (FE R
R HBEEEAZ I T,

1 RGEE

1.1 RGRE

AEE 6G 2 KPS A — R AL A2 10
R4, H, RSU A N IREG R N, iREZICR
2%, BLE ANBEILMFES] (ULA, uniform linear
array). %8 TATIBGEERE, 4T ML L,
/4~ RSU A1 Z4i k1% OFDM {55 H Ti@{5, A
Tt v N BT E B EH N kR R, RSU FIH %
SR P B VR AF 5 0t R A A R4 () 3 R AT A
e HET 6G ZKPOEAE A — IR R R Gt
Bl 1 Frs. B AT AR 5 BN GRS W] LA
IMEATEEY, i FATIEERERG B T B AL g
AR T R THE R .

i€ OFDM &2 MEF AT K BE S5 1
BORIAE, FHBRRAEEEATRE AN, BEE S
XUFEAE BT ZE (TOF, time of flight). EJF £ (AOD,



e84 s A

L o044 %

angle of departure). Z|iXffi (AOA, angle of arrival)
AETE & REOIAAE .

1 2T 6G ZKBHBFEE— R E R R 5t

AR, AR BT R B B 41 1) v BT
ACE AR TR, 2 X, € R RN H0 R 2k
FEFIHIALE,  @pg, € R FRANERIN L TT R ZR FEF17K 1
FAEE, xu, e REBREWPIRANME, v, e RER
S HIREE . TR R RSN, e
AT S AR AR B AR A
12 ZERSGEERE

FREMTRGERRN 2R R =, B
BIGRZERRST OFDM {55, MONESE 5. Bl
FLCRR TR B R RO R S 2 A, e
W B FL AR B 5 4 S B ) R A 5, BRIP4 e B 4%
(IDR, indirect reflection) T-#{55, WHHBEE N
L. VLB C REREI NS, HgeRFRE
SHES MBI ICR R MR M, 6 eRE
ANEMESHE KR FEMBIEA, 7, eR A
h, € C 73 3R 1 5% ]S A% I RURE A 36 I6F 2 70 LA
B TE R K, 1= 0 RoREH 12 (DR, direct
reflection) , [=1:L /x5 sk AR IHAE . AR
FIEE G B A, EIERNRMRILA 6, 5T E
SHESEIM ¢ BT RIHE S 2HARIET s
BICR| ERN ESHE S, Bk R R IERE S
BRI g & f, e R RRFMIS B 5] 235 4
iR, H5ZERRAIERE v, FIRRN

c
Hrh,  f e RONEBEIZE, o Al ST HEZx
S, (S, Bk, KA ¢ 5L
B xy NIRRT E

:2||xUE _CxRSU ||2 (1)

0

(xUE — Xgpsy )T €y

| Xue — Xgsu |2

O =9= arccos{ }_ Prsu (2)

H, e, =[1,0]" TR X AR, L RR AR
BUEMER B, arccos RN R ARIZLKEL. 4hE Lkt
WZHE, TATEEREE | 5 RO ARAESE n 1 30K
R RRAE RS H I H [n] e C Y RAE T K
SHE T RRUE T MR EL ForN

H,[n] = he >0 7p (0)a" (4) 3)
Horr, JSERIRJEKER,  f, RN n AT B AT
B, W

n

fn:

Vn=1:N,
N

totalTS ,
Hrr, NoAMFWEANRTEHEEE, N, NR
GRS EE, T, R, heCHNHE %
REMERMEIEZETE R, AT 58 A IRFEAAL .
BB AL S5 20T J G B 4% RO Tt 98 R o s
Tt IR BT NI OFDM 5 Sl tHE1E
tk4h, b,(6)eC™ Fla,(p) e C' 43037~ RSU %
WO RS SR R, RoaxH

tln (¢) = vec [G*ZTIJ (f*l)f"'dA cos¢

wzlzNTJ 4)

b,,(e,)=vec[e*”“*”f'""’“"”’ Vrzl:NR} (5)

He, vec®amHENFIME, [ =fi+f BRTH
BARE,  d, FoRFETTERE, NEBE SR K.
1.3 ZRRHHESE
4 z,,[n] € C I ) B4 7 45 W 4 495 [ e 15
S5 m A~ OFDM #5158 n AT H =, B
z,[n]=2," [n]+2," [n]+e,[n] (6)
Hrp, g, [n]eC™ FoRFBMEMER, 2" [n]e C™ M
" [n] e C™ 53 | 27 B4 S N A7 40 B A ) 43 s A
, RIEAS N
2, [n]=hye "0, (6,)a) (¢)Us,, [n]

m

L .
2, [n]=Y he "N (6)a, ($)Us, (7]
I=1

Hrh, UeC"™ NERIEHERE, s,[n]eC' N
m NS n DMTFEEAES, Ym=1:M, MNA
AT A Y ) OFDM 75 540 .

A h=veclh|l=0:L]eC" RFEHERE,



5530

RIS . T 6G =2 K 5 B — A RSN HFRIPES e i 5 R -85

a =[xy, vyl e ROFREFIRE (RLEFHELE) B
B, k=10, 7,|VI=1:L} e R* TR B U4
BB, e CWY RORBII RIEAE S, |
z=vec[z,[n]|Vn=1:N.,Vm=1:M] @)
2 gon (h,a) F1 gy (h,a506) € CHM 93 5l F o
B SRR S AR (045 BB, Bl
gop (h,a) = Vec[gl’)”ff |IVn=1:N.,Vm=1:M]

g (Mo K) = Vec[gl'"D’]'{ |Vn=1:N.,Vm=1:M]

Hrfr, FATCRERN
glr)nl,: — hoefjh (fa=fa)7 bn (90 )aff (¢)Usm [n]

g = Z he I lnp (6))a! (9)Us,, [n]
=1

% g(h,a;x) = gy, (h,a) + g o (h,a; k) KoL

BRAL KR 2RO, B RS S A
z=g(h,a;x)+¢ 8)

v, £=vec[e,[n]|Vn=1:N.,Vm=1:M |eC"""
FN T = T N )
2 FREE
2.1 [E)EEA

T RO EAE B — R R A ) 2 R
TIABENUEIE SR BN S o) @, AT AR A J
VRN BN A% FR A5 T8 S B L VR N TR S
AR B, IR BRI B2 IR 2 AR
BT IMEERAMRE R, DI EERS AR N T
PRI o 7E J5 B2 BIR B o HAR A

PG, ZEWRIRAS R A EE R B AR AR 8 E
BAE T ¢ WA ZRIRIHEERT gh,a;x) {4
AT E xyp MARIEEE vy, o 1% AT SRR A LT %
MY TA]
a= argrrEnmin{H z—g(h,a;x)|; |Vh cCH' Vi e ]RZL}

SR, EIRAUAL A A AE T BUHORAMERE, Rk
TAE BN — IR IR A BN FR R AR S .

FORMES 1. ZaAAbm . iR fuin) i
BT B R e, S EERNE {0, b} FEE2A
S IE O AL T RES N

FORAERR 2. SRR R A 3k ) AR
BB min{||z - g(h,a;x) |} [Vhe C*" VK e R* } I H
WERRIEA, TiERE B R a AT

MraiL .
FRMER 3: Mttt T RFEEIA
g(hya;k) NRGSE h, a Mk FIHELEREL iR

DAL T R AR T i)
22 WRRERK

I T ) R AR R A B R BB T i

A1 RMEESE R

N T RREARHMERL 1, X (8] SRS TE AT 4
Hodi, RSN EERSEE THEEEE R
h, ~ FEFRET AEIE B AL e e 2 0n Je a1 Ez IR
SRR BIE MG b, (6) FARAMEES B Ak
T8, 4 By lnle C% FoR5H n > TARB AR
R R B TER S, B

hIDR [n]= ZL:hz el b,(6) ©

=
A B = [A e [n]|Vn=1: N ]e CY 9% 3 ]
B RAHBEEIRAS Ay = [hys A€ CW BRI
FRAL BRI AR I S5 R TR
KHE(6), BIPAET z SRR
2= W(@h,, +¢ (10)
Hrt, W (a) e CHNM NN SRR MR TEIRES Ay, (1
FEGERE, KT EIRE a = {xy, v ) » BRN
W(a)=[g(a),W(xy)] (11)
g(a)=vedg, ,(@)|Vn=1:N.,Vm=1:M]eC""
G, (@)= "0 (xy) @) (% )Us, [n] € C™
W (xy:) =mat| W, (x,.)|Vm =1: M e CMNet e
W, (x,:) =diag[ W, (x,)[Vn=1: N |eClelertee

W, . (xXu)= a" (xy)Us,, [1] INR e Clw

Hrr, I, IR Ny x Ny BFIRAERE,  mat Rokioo
FAEAFET EIESRAERE,  diag Ron4% B 24
FIRFERE . T(10)H )8 S A R R Fn 2 B 4 )
NEERUBTEIRES by ™, FEAR T 842 S SRR TE il v X
FEo 75 MTEAEEES T, BT RSU GaZ A %
5 s, [n]|Vn=1:N.,Vm=1:M} kU, HWIE
GRERTEMBEYEE, KRk 7 ERME 1.

7 2. RS EIRG AL

MRS RUETE R, 2R AR ) RSN ik
a = argmin min{|| =W(a)h,, I |V/7EQ € (CN"NC”}



+ 86 s

44 %

SR A AL mind]| 2~ @y [ [V g €C%1)

SR A ik 2, BORMES 2 5 R . AL,
K F 2 (12) i e ZE 3R 2 IR )

(frq- @)= argpin ||z 2¥(@h |

(12)

ook, R S O AL R, BT A R
2= W (@)hy, || BAT RN R, HET AT LABE A 41
WSAAETEARD By AR @ o FRABEA R
PR (12 AR (A, ) > G RN

(IRRARAR . R AR A 2 43 B U

F3E 3 UM TR

i TS R W (@), TE a 3 BRI
PEREVE, BEARAL 2882 BN . AT
R AR 3 BB, ASCERR(12)
T AR @ BIRAS O PESE R, R AR AR B
1z = W (@)hy, | B TERERR 5, SR05 RS A
AP B AR B, AR AL R (18)
£ J= B B P

A4, BT R W (a)h,, BESEE R
B WZERREL LA B8 2 - W (@b, | 77
TESRT A NPT 450 W, IS PRAL I
RO 5 A IS RS A TR RS 11X 2 A
TR, ISR RGBS HIE Ay e R
PEGER), SR Ay BB R EIR S @, B
S IS AL

BARTI S, BSR4 a VIR 6, AW
2 AN TR, SEHLA, G, IS RIRAR, ELHIP
FCEI . SR A RS A R S B AR
BRI R ISR R A
2.3 EERIT

1) {EIR AT

BEAEsS | Wk, DA EMRE a 1
it a, » ILRARBEARALIRR12), S 5HHEH
SRR A T BT R ik A

A

hy, =arg rgin |z =MW (a,)hy, I
EQ

(13)

FIIE, RS PERA(10), 4T,
SRS Ay 7T A

hy, =(W" G, )W @) Wiz (14)

B R S WG, Wy, KT, HI%
Lot PARTE oy WL g HIRAR -

2) R

FBRAE b — ik A i EL 2 3R AR A
by BHER(12), FERA TR

(15)

T W (@) & o AR 0 5, TR ARIRS A
TR R . WRTHTA, B ik
IR R 7E O bE S R X % . 4
vg(@s by ) R AR BB 2 - W@y, |
PEAREE B2, B

Us (“;“[f]’hm) =

a= argrrgn |z _W(a)h[i]H;

2= W@ h - VIOV @ h e —a,) |
Heft, v, 0W(@a,)h,,)eC"Y Z5 W (ah,, 1
o = g, U o OBRIE, R

V,, (W(d[i])ﬁ[i] ) = /C(&[i])ﬂEQ (16)

EEF' , K(&[l]) e C3><(NRNC+I)NRNCM i%i—\‘y‘j
(ay,) =

T
[(Kmm(a”z[i]))T |Vr=1:Ny,Vn=1:N,,Vm=1: MJ
Kr,n,m(d [i]) — [Kfl;)”n(& [,’]): K£2n)m(& [,’])] c CSx(NRNc +1)

K(l)

r,n,m

(a;)=V, (eim VRO (% )a" (%,)Us, [n])
(17)

Hr, fog N a g, WL 2 SRS T 7, N
B R R A I e A 1, ()%
b (%)) A b(%,) 58 r AT, RGSE: o,
N NN x VEERIRR &, BR T3 (n—D)N, +r A
TCEN 1, HABITCEI N 0, Vr=1: N, Vn=1:N_.
ﬁlﬁr ;_EQ(I 6)':':' %Q c (C(NRNCH)NRNCMXNRNCM ﬂ%ﬂ?jﬂ

K:,Zn),m(& [i]) :Va (aH (&[i])Usm [n]) 6:,In

(18)

7 = INRNCMQ hEQ ‘hm:,;m
Hrp, O RRIEILH.
EMALEAF, BE ay. by, Mog(asa,,hy,)
fiE R (1) (1 e M T



5530

RIS . T 6G =2 K 5 B — A RSN HFRIPES e i 5 R - 87-

i =argmino, (a3, A, ) (19)
AT B AR AL T B P S AR N
Aoy =Gt My (20)
Sk, g Way, RO, FARA
i =(PCa) D" Gy)) D) (- Wiy

e, D(a,) =K () Pyq -
24 EHERL

N TS I A B — AR AR R G R AN T g )
ZREHETIABEYL G EEE 8, §hlei
FE IR RN BEHLAS G 0] U, $2 908 £ 158 & )
R R i) SReg R ot A P A = A R R e Bk ]
M PEACEE SRR PR A R BN I AL
i R R ARIR S A T FE B, AN I T A B
B og (a0, ) > B8 B DR AKAR SR 25 78 AR
A, HEWS, RAFBEERSHERREN
flith. 4k, @2 AT IREERESMEBRE
MBEADLAL, AT LA B 75 21 5 8 T 045 R A 1
fliih, BEME R 2 2 AR R B M2, 0 7]
P2 SIS TR PR A T T8, AT i R
9 2 AT B T O TR B

FUATI S, 4hEvIihfia,, , #IF OFDM [l
E5z, WRRAHMRAYLERI A, Fa,,,
HEKS. FT OFDM [HIAE 5 1S5 B — 1Rtk
ARG sty i A S MR S 5095 1 FoR

=578 W ST L2 ST el N QU BE M= RER

BN RIEFS s, [n]|Va=1:N.,Vm=1:M|
FEFWAES 2

D) WIEEFIRE a

2)  UAREEHAT Gi=1:N, )

itn

3) iR (14) 15 A,
4) KR H a,,

5 &I

6) MWEEMREa=a,,

Wit ')%UE :[&]1:2 v Vg :[&]3 ’ /;EQ = /;[i]

S 1, N, BRI, @ N 3 A
T N T IR TR B R IR HE S IR,
R BLE LAF 2% A .

£ A: BNTHANKTREREN =2
1 Ay WA FEHERE NN M =4+ NN o
Ay RGN THH RN T AT 5

Ne U g,

N T T max

total = S max

&1 Ay: OFDM 55 /N5 8 AH 15 ],
BN T <i .
fq

total = S
d

Rl

=max{1,|l:1:L} o

SRt Ay T (RTE B A5 2 Btond 2 258
FURHEHEATARAS, TTHEAT R BRI . 4 E Ao
T AR UL B AR T A R A ek e f35
SRR (12000 (SRR TR . 4
P Ay TR R A F A0 0 2 P — B . 4%
e A PR T AIE B ] 4 2 B 0 (2308
AN R R4 5 OO 5 0 P AR R

T 2 AR A BT R T R, bR A
DR HIRA L @ B A 2 RO T LU
B O &, - Fos I TOA At Fi
UL WLt 5 B 141 55 B0, SR 0 2tk
&, (EAFHREEIOPIAM, RIHETR B IR AL,
PG 3, RIS BRI T
TE 58 a 107 1 P3RAT ALY . 3673 K A HbRER:
e [k =1: K} ARG HBEA R T4 B () 8
R BB, TR O R B N O T A9
it o BT AR, SR VIR B K
T BEHLRRE FUAE TG e T, R 2 K
BRI S A

3 RS

MHASHERP 0T HI5i%, BRGriEiss
IR 2 Bt oA, DR BRI SELIR A S 4
R SRJE A R e LR TR S A S Al
VEfE: B Ja BT RS HIHTE ARG, R A
[F] 2% 40 5 H0 B0 5 0 1 e 0 B A
31 hRKRE

FRARKEHIEY, RGSHBEW . BB
O BTG, B LR R SO BOR e BN
Ny =N, =32, ZREHBIE =60 GHz, i
ﬁBszMm(%EB:%),m®M§v¥ﬁ

S
PR N, =512, BATHAMNTEMEEE
N.=10 , OFDM 7§ 5 %t M=10 , ot #&



.88 s A

L o044 %

c=3x10°m/s. ZE4AT IR MR SE v, €[0,20] m/s,
Xif L 22 84S f, €[0,8] kHzo ¥ L=2, B
—EPE AR, 2 KRR BIR TS
W2 [EEE N 50 m, AHXT A ¢ e[-n,n]rad, B
GIEE A b = (rlc)f2 , VI=0:L, we[-n,mn),
AR AL 1 BE B 7,0 = || Xpey— Xue [l I Xpe—w, I, +
| Xesu— W, |l » w, € R? RIRE I A3 RSN E,
TEA%9 50 m (191X 35k P9 BEHL 5 -

RT AR, ANE RS ES—RIR
Uity RIS L . Rl YRR bL 52 SN
E{| g(h.a;x) |}

E{lel;}

TR, X EAEMEEEEA 10 dB.

5 RE LU BOH TAE R SEVA N R, 5
AT EERAT A LR AT

BEEE 1. BT B RRSRIER) 25 B s &
B, AERE T HiE R,

BERE L 2. BT UTHECIE I 7 V210 285 8k
Bk, NERET HEERNERPY,

BEHEE 3. HT HRSR v 1 e A 57,
NERT BERNE, HARFEELEHHNP,

BZEEE 4. BT RAGBIME L, K%
J& EARKLEN T e 22 3% 8350 s ),

[FJHF S 05312 FE SCHR[33 1R SCHR[36]H T2k 2%
Uity 5 A7 1% 22 A 1R 22 ) CRLB AE 9t Re #E 18 5%,
DAVPAil A SC L 1 675 W P R
32 FELR

5 BN B FIEPE RN LR R R S H
FUEE 2 A5y, Hoph B A2 R an .

TEREVEMEREXS LU0 Had AR R, B, WER
B2 RE, KR RGERR A K (10) 77 A4 A1
BEFEA 7, dETAKTE TR EE Dy RS R R AR
FEMESL, SEHESLKE R B A5 S REA 7 P24 224
RAEMEE R 6 =a,,: WE, GOl ERRAMT
S5HRESEZ MRz, LG ENERE.

ERGSHEE AR P B, e, &
EFTE R RASE, FEAHRE S bt v e kA2
TEH, HLHARASHIRFEALL; R)E, itk
WEN BEstH I RESH ARG SR, 1
BEEIDHEZE . WS MR, gt FEmiR
BIFREZE, LRS00 M KRGS BB 2250
RS B 8 B2 U

Yonr =1

1) SFEPEREXS L

B2 A 3 0 les 7 AEMELE DY 10 dB I Y
TR o7 R 22 AN I T R 22 (1) SR 0 A iR . AEA
FZMET, HTHET ZREHTIEE. bl
EIE AN 2 W B RN, A E S
FENLI IR A P it A SCEIA TR R SR 1
MBS 2 BAEFRMENERE. FRE, A3
SR R R R AR FR LR A5 K, T LA
RO N 2 AR A Ak T UL L BENLEIE LS, Sk
S5 3 AHEL, A SCRETT LLIRAS 47 1) 52 AL R RE -
M TR 2 Ik 3 MRSV 4 MR FEAH XS IZ 3]
IS 22 M RO, L RS BE R AR KA
HISERT I, 1 2 A AR 4k T P BE AL B 22 ¥ 3 5
T, ARG SRS T IR R M,
T DLSI B S 4 1) 5 A7 R T A RE

10
— R
-------------- I3
I I N AT
5 1.0
g 06 sosl
& =
§ 206
3 04 §0.4
Ny B& 0.2
02 i/ 05510 1520
i ELRZE/m
O;’ ) ) . . N
02 04 06 0.8 10 12
EfLRZE/m

K2 EfriRzE R

i —er

------ IR

.............. Heah k2
E 0.6 § 08
< § 06
E\E 0.4 & 0.4
i B 02

= ™0 20
l : W IRZE/(m-s™)
Ol 5'0 160 1‘50 200

W52/ (m )

B3 iR BB
95 7 AL % 75 0 IS R 22 I 1 R L K AR AL
Gl 4 NS BT o L 4 AR S AT RUE 2,



5530

RIS . T 6G =2 K 5 B — A RSN HFRIPES e i 5 R -89 -

B 15 R LG, e RLORS RE 5 I EORS B2 B 2 R
Tho A EEMRETERE N, ACHEHLAR
CRLB #l, 3K1G 1 b4 505 B 47 1 A0S
AP TFHE BE o 1 E MLy 0 dB I, AT DAIA F JE oK
PR TE o

102

100 b

RE L5 %/m
>

0% e RSk
—a— A3
—A— AR
—— & {\iCRLB

-20 0 20 20 )
{EMLb/dB
4 ELLRZERE AR L

PERZE/(m-s™)

107 Mo 3cok

—B— R HIk

—A— LR 2

—O—1lli# CRLB

220 0 20 20 %0
{5 Lb/dB

RIS il 8 22 8 15 W EE R 22 1k

2) RASHGEIIE

TSR KL BEE. WRSEAR RS S
HOOF B AS B BE (1 R AT T . B —
KRS LL N 20 dB, DL S X R 4550
BESHE W T T

TR e A ST T B S SR R 2B, BEES L Al
B TR R T DB [ 2R R 4 i B 6~
B 10 fis. ME 6. B 8 I 9 draff, sEfriRz
BB R KRR N, N, - REGEH T B T80
s N BN R . X T EEE RGT A
Bhn, MOLFEARMECEBAAHNIE M. 5T, b
FH RS T B HISEM, FAE S Kbk

b, BRES R R HERIR T, DRI E AR L
(LRSS

100 102
—o— ELCRLB
—a— Il CRLB
10! X {00
£ £
® #
=
10°F 10
107 10 20 30 40 50 60 7007
Wk REGEUMR
6 i MM RS R R KR
102 10°
—o— % [CRLB
—=—1{lllj#CRLB
103 F 4102 _
£ ‘ £
B 10 100 #
& K
o =
=
10~ 10°
106 L L L L L L L L L 107!
0 20 40 60 80 100 120 140 160 180 200
BEE/m
7 ENLRINE MRS S R S e R
102 10
—o— E/iCRLB
—=—{lji#CRLB
£ £
= 107 i
] K
&
H B
=
]O—J 1 1 1 1 1 104
0 50 100 150 200 250 300

95/ MHz
B8 AL LME MR W RAIR R (FREBAE R
FABhHh, DT M R 2 B T R N
WOR REHR N AN, 3G s 7t . [EREET
&, ARTEAMERE, MRS KW R (G
TFEPHE £ ToxR, M5 FHBEEEN AKX,
w8 I 9 Fror. Rk, Falidhitrt RG00 5%



e 90 o A

e a4 5

AT BRI P RE 2 AN . 2
B OR AT R G0 T, HnTHE (FRIRT
BRI AL AT SETH A I e

107! 102
—o— ELCRLB
—5— Jl#CRLB
1021 {100 %,
£ g
e =
2K #
& K
® ]
102} {100 B
10+ . L L 107!
0 10 20 30 40
THRB R
Bo e S lbdE v S TR IR R (RGBS AR AR
102 10!
—o— E{iCRLB
—&— JIl5#CRLB
£ £
i =
& 107} jo0 &
& I =
# X
=
]0*4 1 1 1 1 1 1071
0 50 100 150 200 250 300

LI HIER/GHz
K10 58 fr S IR e L O BRI B 56 2

ME 7 w75, BT BHARFEES RSU Mz, FHEAL
(EIE I RS 5 S M LA, DR e 7 A
FERITERE B 22 o (R, PR T EE R, RIS
SR AL EAS B R RIE RIS S 015 M E R
FEANAR) DR B o0 o o7 4 22 i B K

ME 10 7751, BT IEAE A — R R SR A
[ AS 5 2R A R B AS ATl E, Bk
P2 KYEAE 5 O FPBIE f, K52, (H
TR B BE S O ER. £ KT I, X2 i
T2 EERNA G S5HR 5T (SEPRARE AU
FE) BIEA K.

4 ZERIE

REEART I BHUETE S K 2 2
sz, ZKPAF T 2 A HIAL, Hi12) 1 lE

A — R RGEERIRE 1o N T IR G R,
ARSI T — M R RS 3 A2 49 52 L S R A
G, BRAia MM ATIEAE RS 5 10 2 B
FRAm PR RS AN 22 B BEAT e il ARJS, FE T2
I AS(ETE S 2 AR AR IR i, ST A B e 50
R, FIRBCE AT, DHRH 2 e T
WAMETES SN, FFHba 2 W BN 22 s B A i
AR, Bl sz, B < LLimE" 15
SAEERRIE, HI8S T 2ARETE T LB EE P sh
XFEALEDT BRI . AN, ASCIEiE S £
(B S8 3 Mt 1 AN [R] 28 58 2 H06 5 A3 AN % BE )
M. GORRY], SN TR WO REREAT
LAAT 2R T RE AL RS EEAT IS I o T BN 3
RIABRE G, (HRNE IR A K. 535h,
WA B B (AN, SRS B AR bz, HLEfr
PERET FAS W o T RS BRI Bl 5 5
FRIEHRRE , 2K AS 5 B BB 2 i M RE
BEAT RN CHAREGE R EG P TRl B AR 24 RISl 15 2K
PE S PAHI—F), TIEAS FEREE OB
iOBANETIIE/TA

AR . ROk B AR R BSE RO E L, A
SCRELY e, RSSO T B, JFBt T
TR R IBIAMESR, DA NS E %,
RISk 1 BT B AL S g R . 34, ASC R
BT RIS AR R TR R 2
Ty, WHI MRS S T, XA R ZE 55t
S22 M RS KA BT T

S 30K

(1] BRUEL. B85 16 M (C-V2X) S JL IR B 2 AR eV 42 R R i 8
AN[T]. HEFFE, 2022, 38(7): 1-17.
CHEN S Z. Critical thinking and suggestions on C-V2X with the de-
velopments of intelligent connected vehicles[J]. Telecommunications
Science, 2022, 38(7): 1-17.

[2] ZEMW, ERM, FRal, & RV ATEREA: IRV
B[], SRRl RS2 22 4R, 2020, 41(6): 1-13.
LAN Y B, WANG T W, CHEN S D, et al. Agricultural artificial intel-
ligence technology: wings of modern agricultural science and tech-
nology[J]. Journal of South China Agricultural University, 2020, 41(6):
1-13.

[3] ESCH, iR, MW, S5 TH YR SEE A TR — A
MBI S QOE PN [I]. B EilfE, 2022, 46(5): 84-88.
WANG W B, HOU Y F, TIAN F, et al. Video transmission and QoE
evaluation of integrated communication, sensing and computation for
extended reality[J]. Mobile Communications, 2022, 46(5): 84-88.

[4] LIUF, CUI'Y H, MASOUROS C, et al. Integrated sensing and com-

munications: toward dual-functional wireless networks for 6G and



5530

RIS . T 6G =2 K 5 B — A RSN HFRIPES e i 5 R

« O] «

(3]

(6]

(7]

(8]

(9]

(10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

beyond[J]. IEEE Journal on Selected Areas in Communications, 2022,
40(6): 1728-1767.

LORVE, B, i, & BE R R B AR 5P
B aidfE, 2022, 46(5): 69-77.

JIANG D J, YAO J, L1J Z, et al. Key technologies and challenges for
integrated sensing and communication[J]. Mobile Communications,
2022, 46(5): 69-77.

KA, A, B, & T 6G RHUE MIMO J(E &%
—Rfb: BUIRSREED]. B)IE(E, 2022, 46(6): 17-23.

ZHANG R Y, YUAN W J, CUI Y H, et al. Integrated sensing and
communications with massive MIMO for 6G: status and prospect[J].
Mobile Communications, 2022, 46(6): 17-23.

Jr i, MR, BORZE, 4 VoX BEDIFOBEAD]. REREE, 2019,
35(6): 102-112.

FANG J, FENG D Q, DUAN H J, et al. An overview of V2X commu-
nications[J]. Telecommunications Science, 2019, 35(6): 102-112.
HONG W, JIANG Z H, YU C, et al. The role of millimeter-wave
technologies in 5G/6G wireless communications[J]. IEEE Journal of
Microwaves, 2021, 1(1): 101-122.

LIU A, HUANG Z, LI M, et al. A survey on fundamental limits of
integrated sensing and communication[J]. IEEE Communications
Surveys & Tutorials, 2022, 24(2): 994-1034.

Mel, FEE, WEFH, &N 6G MR RE S MEI]. ¥
156 R 2241, 2020, 4(1): 59-71.

CHEN X, WEI ZH Q, FENG Z Y, et al. Intelligent machine-type
communication and network for 6G system[J]. Chinese Journal on In-
ternet of Things, 2020, 4(1): 59-71.

AN, XIER, XIT5K, %. 6G @5 EM— I 5 HARD].
i 5 R, 2023, 38(1): 22-38.

PENG M G, LIU X Q, LIU Z L, et al. The theory and technology of
6G communication perception integration[J]. Control and Decision,
2023, 38(1): 22-38.

MR, Bk, £, & RRBE - EUERT R GR]. FS
AbEE, 2020, 36(10): 1615-1627.

LIANG X D, LI Q, WANG J, et al. Joint wireless communication and
radar sensing: review and future prospects[J]. Journal of Signal
Processing, 2020, 36(10): 1615-1627.

TRIR, KikF, RFY, & FT CSI il s e — At |
B PRk AR ERT]. #ENiEAE, 2022, 46(5): 9-16.

ZHANG D Q, ZHANG F S, WU D, et al. Design of CSI-based inte-

grated sensing and communication: issues, challenges and prospects[J].

Mobile Communications, 2022, 46(5): 9-16.

BARNETO C B, LIYANAARACHCHI S D, HEINO M, et al. Full
duplex radio/radar technology: the enabler for advanced joint commu-
nication and sensing[J]. IEEE Wireless Communications, 2021, 28(1):
82-88.

SHI C, XU D Z, ZHOU Y, et al. Range-DOA information and scatter-
ing information in phased-array radar[C]//Proceedings of 2019 IEEE
Sth International Conference on Computer and Communications
(ICCCQ). Piscataway: IEEE Press, 2020: 747-752.

ALY, YI W, BLUM R S, et al. Cramer-Rao lower bound for multitar-
get  localization MIMO  ra-
dar[C]//Proceedings of 2015 IEEE Radar Conference (RadarCon).
Piscataway: IEEE Press, 2015: 1497-1502.

KUMAR D, SALORANTA J, DESTINO G, et al. On trade-off be-

with  noncoherent statistical

[18]

[19]

[20]

[21

[22

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

tween 5G positioning and mmWave communication in a multi-user
scenario[ C]//Proceedings of 2018 8th International Conference on Lo-
calization and GNSS (ICL-GNSS). Piscataway: IEEE Press, 2018: 1-5.
KOBAYASHI M, CAIRE G, KRAMER G Joint state sensing and commu-
nication: optimal tradeoff for a memoryless case[C]/Proceedings of 2018
IEEE International Symposium on Information Theory (ISIT). Piscataway:
IEEE Press, 2018: 111-115.

KUMARI P, NGUYEN D H N, HEATH R W. Performance trade-off
in an adaptive IEEE 802.11AD waveform design for a joint automo-
tive radar and communication system[C]//Proceedings of 2017 IEEE
International Conference on Acoustics, Speech and Signal Processing
(ICASSP). Piscataway: IEEE Press, 2017: 4281-4285.

STURM C, WIESBECK W. Waveform design and signal processing
aspects for fusion of wireless communications and radar sens-
ing[J]//Proceedings of the IEEE, 2011, 99(7): 1236-1259.

TR, xR, ERE, & FiREE AL EHBUE R
AL ). FIEFR, 2022, 11(2): 198-212.

MADY, LIU X, HUANG T, et al. Joint radar and communications:
shared waveform designs and performance bounds[J]. Journal of Ra-
dars, 2022, 11(2): 198-212.

FEE R, M. TR — AL Bt SRE )], BB BhiEfE,
2022, 46(5): 38-44.

LI G L, GUO W B. Waveform design for integrated radar and com-
munication: a survey[J]. Mobile Communications, 2022, 46(5): 38-44.

LIU F, ZHOU L F, MASOUROS C, et al. Toward dual-functional
radar-communication systems: optimal waveform design[J]. IEEE
Transactions on Signal Processing, 2018, 66(16): 4264-4279.

LIU X, HUANG T Y, SHLEZINGER N, et al. Joint transmit beam-
forming for multiuser MIMO communications and MIMO radar[J].
IEEE Transactions on Signal Processing, 2020, 68: 3929-3944.

SHI C G, WANG F, SELLATHURAI M, et al. Power minimiza-
tion-based robust OFDM radar waveform design for radar and com-
munication systems in coexistence[J]. IEEE Transactions on Signal
Processing, 2018, 66(5): 1316-1330.

HUANG T Y, SHLEZINGER N, XU X Y, et al. MAJoRCom: a
dual-function radar communication system using index modulation[J].
IEEE Transactions on Signal Processing, 2020, 68: 3423-3438.

CHEN L, LIU F, WANG W D, et al. Joint radar-communication
transmission: a generalized Pareto optimization framework[J]. IEEE
Transactions on Signal Processing, 2021, 69: 2752-2765.

CAO X W, ZHU G X, XU J, et al. Optimized power control for
over-the-air computation in fading channels[J]. IEEE Transactions on
Wireless Communications, 2020, 19(11): 7498-7513.

WANG F, XU J, CUI S G. Optimal energy allocation and task offload-
ing policy for wireless powered mobile edge computing systems[J].
IEEE Transactions on Wireless Communications, 2020, 19(4):
2443-2459.

ZHANG A, RAHMAN M L, HUANG X J, et al. Perceptive mobile
networks: cellular networks with radio vision via joint communication
and radar sensing[J]. IEEE Vehicular Technology Magazine, 2021,
16(2): 20-30.

RAHMAN M L, ZHANG J A, HUANG X J, et al. Framework for a
perceptive mobile network using joint communication and radar sens-
ing[J]. IEEE Transactions on Aerospace and Electronic Systems, 2020,
56(3): 1926-1941.



©« 0D e

WS

#

1k

44 %

[32]

[33]

[34]

[35]

[36]

[37]

[38]

NI Z T, ZHANG J A, HUANG X J, et al. Uplink sensing in perceptive
mobile networks with asynchronous transceivers[J]. IEEE Transac-
tions on Signal Processing, 2021, 69: 1287-1300.

LIU F, MASOUROS C. A tutorial on joint radar and communication
transmission for vehicular networks—part I: background and funda-
mentals[J]. IEEE Communications Letters, 2021, 25(2): 322-326.

LIU F, YUAN W J, MASOUROS C, et al. Radar-assisted predictive
beamforming for vehicle-to-infrastructure links[C]//Proceedings of
2020 IEEE International Conference on Communications Workshops
(ICC Workshops). Piscataway: IEEE Press, 2020: 1-6.
SHAHMANSOORI A, GARCIA G E, DESTINO G, et al. Position and
orientation estimation through millimeter-wave MIMO in 5G sys-
tems[J]. IEEE Transactions on Wireless Communications, 2018, 17(3):
1822-1835.

FAN D, LIU Y W, WANG G P, et al. Joint Doppler and channel esti-
mation for high-speed railway wireless communication with massive
ULA[C]//Proceedings of 2017 IEEE 85th Vehicular Technology Con-
ference (VTC Spring). Piscataway: IEEE Press, 2017: 1-5.

LU S Y. 5G communication and positioning integrated system based
on millimeter wave[C]//Proceedings of 2019 International Conference
on Electronic Engineering and Informatics (EEI). Piscataway: IEEE
Press, 2020: 73-77.

EHE. BT OFDM [ ILEE — AL fE 5Bt B [D]. 1.
P T RHRAE, 2015.

WANG M X. Research on the design of integrated signal for radar and
communication based on OFDM[D]. Xi’an: Xidian University, 2015.

[39] ZHEIL. TR AW IR — AL RGP L4 % DOA fiH{D].

[40]

Kb WA, 2018.

CIN D. Compressed sensing DOA estimation in vehicle-mounted mil-
limeter-wave radar communication integration system[D]. Changsha:
Hunan University, 2018.

LIUF, LIU Y F, LI A, et al. Cramér-Rao bound optimization for joint
radar-communication beamforming[J]. IEEE Transactions on Signal
Processing, 2022, 70: 240-253.

[EE R

BWRAR (1987- > , F, WWAREMHAN, 1
+, Pl KFEIEEE, EEHR T RNT
RIS 5L AL

O (1998- ) , &, JTHERMIMA,
IR A, EERAAHN 6G =X
WIBE B —R . BLREN .



	08-220700-h³�.pdf

