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Abstract: To address the limited dimensionality of raw observations in millimeter-wave hybrid-array uplink sensing and
the time-frequency offsets caused by clock asynchrony, a multi-dimensional parameter estimation and automatic pairing
method based on a regularized signal ratio and tensor sparse reconstruction was proposed, and a robust asynchronous ten-
sor estimation architecture was constructed. Virtual fully digital observations were constructed through time-division
beam scanning to restore spatial sampling degrees of freedom, and a dominant reference path was extracted from uplink
data to form a reference signal. A noise-power-aware regularized signal-ratio model was introduced to suppress asynchro-
nous phase interference and mitigate the issue of heavy-tailed noise amplification. Subsequently, an equivalent third-
order space-frequency-time tensor was constructed, and low-complexity estimation and automatic pairing of the angle of
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90% at —5 dB, and enables more than 99% of estimates to converge to millimeter-level accuracy (with a distance error of
less than 0.02 m and a velocity error of less than 0.01 m/s) in the medium-to-high SNR regime.

Key words: integrated sensing and communication, hybrid array, millimeter wave, uplink sensing, parameter estimation,

tensor algebra

WisEER: 2026-01-07; &= HEA: 2026-04-03

BIE1EH: 7KAE, n.zhangen@outlook.com

ESWB: K ARRHERE SO R R G 4 (h [E2 M) #8135 H (No.CSTB2023NSCQ-LZX0114)

Foundation Item : Chongqing Natural Science Foundation Innovation and Development Joint Fund (China Star Network)
(No.CSTB2023NSCQ-LZXO0114)



+ 120 -

hallis

5

{18 47 %

B

0 5l

815 B — &1k (integrated sensing and com-
munication, ISAC) 1E4 6G MGEHA, EHEZNE
By W 2% 1] J8 RN % Bl X 4% (perceptive mobile net-
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(radar cross-section, RCS) %24 45 5| g, | . 1
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SRIM, MATHISEBLE TR G BESIN, TovkHE
BRI AR S B S 5 7 g TR b R
M FIRHES(ES ¢ SRILEM . NS HRE W A
i b —ADFT#ifE G ww! =D, 7E CFO/
TO 1E 7 P AR IR P, AT LU J 16 A 460 i B 5 28 )
EHTFIREUES
Fla]l~WenYq=0,M -1 (10)
FHEMES F,, 7T AE S 3 FR R A% B R
R e . Th 3 e K J7 ). MBS B BRARThR 5k
(g, > B W, ZHBAT i FEw] DLdE i d oK AL
A1)k

w(0,)"7[q]] (an

AR I R AT X F AT R R e B AR
¥ (fast Fourier transform, FFT) 202 Hl. &,
¥ FET 8 RAG B WA 1 5 0, 517354 O G
FHATULAD, el RIpE A S 225 B 42 A
JE 6y XL FEBEA T MUSIC 535 (1) /& 73 HHRR
PE, NEE T ReEAI SN
2.4 M EREFRE R &I

TEVREFEFIBER S, R FES] A4 S5
Wow, ST LS5 82 mhg BN B  . NT
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EMSHER, TR A T ARG IR 5 5 1
AN SR R w, o NI, ASCRH T — i
F K AL SINR FRIJ8 AR AL e

WIHESEBAEN 280 B8R NER A 6
T, FERARMAR R, IR LR
TERAMZSEFESHEERR TG FEI R
oo SEBLHR AT S 25 AR i AR I A SR Y A0 —
o, AT AR UE 35 422 01K D 28 475 1 AN R 2 3 ==
BRD A 4t FE AR T N ATEOR . 288 %) SINR TG 5 1
M ASLRERT, HAFs SINR BRE AT HI N -

‘wﬁﬂoa(eo)F

0, = argmax
0,

SINR = =
(WA, B, + w'n|
pow''a(0,)a"(0,)w _W'Rw (12)
wi( Ay By plAl+R,)w  w'Ryw

Hih, HTFREMENSHE SR, HRNRA
TR AR R 0 By = [ B8, ] Bl
2 [T RIS e

T SRARZIA B, 5 BRI R A A
B BT HORMEEA = [a(0,), 4, ] @
/N3 (least square, LS) 7 MU LI H 45 7,
BRI = [ fon By ]

o

(13)

BAR, GRS RN = ATF. R, R
F 7, 7 FEAE 20 il )5 /NN, — LANFEAE(E 418, W]
Fafd M At e 7S B 7 2R RE R, = o I, 7E L IER
b AR AR R S — AN AR SRR R R A
A4 7]

~ 2
min|| 7, —A4 H
B H e —AB 2

w' R,w

max —
v w Ryw

2
st w|l=1

(14)
Hrft, Ry =bla(0,)a"(0,) MRS W7 2 5,
Ry = Ay ByAYN + R, NT PN S ) 77 7 56 B .
PR HE BE B, 1% 7] ) 5 DI wog e 60 PHEE— T
B NHERE Ry R, 55 K AFAEAEL BT IR UE — AR AE )
o KHBMEwe (ERBEEERw, GEHHIE
R ESR TR TT MR R, (A ORI IR 7 2
FEAT, TN G SRR R 22 W B iR - 3 A8
MSEES.
2.5 EHTFENHESHER CFO/TO R

BESF BAT XUE: HL L B H CFO 5 TO M #8 & 1n)
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“ZI -7 NOEIE ) 2 N SOEAE
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P55 Al @O F A S 2% AR S

IF1) &
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Hf, k=0, K -1 NTERERG], by, NG
ARG R R, ny, JVINTE A SR
2.5.1 AF k5 I TR

A 12 W HEERER, BT AR 3 F
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CFO 5 TOARMLIER, LARCRAABIF S s, 1O
U, BN 7y = g0 o) 0 2 SINR 41
LA, SER T, %L E TR S
SME, AT A
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B e S I 1)

He, By o Mlvy RIS H RN R I 5E
HMZ W, )~ CN(0,0]) NBHL S . 5
2K LB A A T B SRR R AT [ Az
B X34, Hh &S5 S b,

L-1
_ —j2nkAfr, j2rnmT
Vi’ = Tiny 2., Bea(0,) eI S mE (17)
=0

b, nlen) ~ N (0,621), a,(0,) N5 R AURESY
R R R E. ATLAVE L, ZF 50
S BRI Ty, XON)E SRR
THBR CFO/TO 5 R FEHR T T Hefit 1 FIRAR Y .
2.5.2 A IRIE A A

g I ARG, 4

(fef)‘ ' (scan)
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zk,mf km.f (ref) 2 y(ref)_
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B A (e f ) GE ST $HAE, A
Lpms = Lj Jb(e()e*jZTrkAf(rf —ro)ej2ans(v( "’0) (19)
" &b

A LLEH], CFO. TOMARMA Sy, O
SH, TS N5 AoA R T3 %821
HEZE AL A A, B, B MIES % L
FHEAT 250y A, ATHEAS AT (] AL K MO T 47
T, SR R S S R IR RS .

SR TESEBR R G0y B oy 15 %% )
AWGN IS . 2503 R 0 B LR R, T
Byl A7, BEE O 1 [ 2,,,, | 23
PEE K. DRI, %A 2, P
S P TN ST ) T 15 A BEBENLLL B4
BT B 4 300 T DR G A R L B AU
CHETTREREL, AT S BUR ST Mgt rof
TPk B F 1 SNR [XBR 411622,

2.5.3 R FE RS 4 E NI F A

D] LR e A BOR MO, AR SCHE A e
EPNCY R S SN A N SR CPRE:
W By “BH I FAR BRI R,

S f *
C ()
Skmy = 2
+ ¢

(20)
|y

SNR

Horp, BN T e = kP10 10 iRIESHESF
WITha P 5 247 SNR FLERIA%, « e (0.1) A%
KA. BERESTYHETIRN:

2

_ 1
Pref = m;‘ y(kfrenff) (21)

2% 5 W A T b A2 X LU AE 38 B T Tikhonov
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LA F W EIRZE KT, XM RSB KRET
2.6 SNR $E T M0 203« IX 3R BH 78 W3 =2 K il b
TG, CFO 5 TO 5 A2 1) A8 A e #%5 B A iR
o BHAMUALEE, B K Sequential 5 Tensor-
ESPRIT %5 5 43 9 i v fili V1 5000 A0 3k DASRAS ) S 45
. RATE 2Ll (55 Ll R FLIEMIAL AL 2E,
£, 55 AR K1 CFO/TO [ 0 I % Ak AN 25 I8 0 2 2
SREEC TN IR E 2 P 3 S NS E i
FEEE

NSNS EAG T RREE, BT AES
Sy PR T E R TR M bE T P 8 Rk A R 22 1
CDF, XWZH 287~ T RATE 2L 7E iR 2= i) I
1) R BEARFAE o

1.0

0.9
0.8 0.98
0.96
i o7 0.94
0.6 il
= 0.92+
=05 \ . . .
%E ——SNR =—10 dB | “*~6.001 0002 0.003 0,003 0.005,
0.4 ——SNR =-5dB
03 —+—SNR =0 dB
' —v—SNR=5dB
0.2 ——SNR =10 dB
01 —o—SNR =15 dB
. —o— SNR =20 dB
0 0.005 0.010 0.015 0.020 0.025 0.030

AR/m
7 BEE TR 2 8 CDF

TR T ) 2R PTR A FE A AT B 54 2 Tk A - 2244 <131
.8
-".A
. .LA
. 00,001 0,002 0.003 0.004 0.005
38 ——SNR=-10dB —o— SNR = 10 dB
2 —+— SNR=-5dB —o— SNR=15dB
0. o —&— SNR =0 dB —o— SNR =20 dB
0.19 —— SNR =5 dB
1 1 1 1 1 1 1 1 1
0 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020

AV/(m-s™)
8 HPEALTHRZEM CDF

MWEERERRE, RESMEIUBEZFD
AR SR . 7EMICSNR I, CDF i 2k 1 %
W%, RWRESMB KB SR, BEFE SNR
BIFE-5dB Ll L, CDF ih2kitE A S pENY, JFHE
0 R Z T I HIL L “PrERR " MBS, KR
W BE 5 {5 IE A B 0, 1F DAL 52 0% B 8 303 11 1)
MR R BE LI BN, R 4K 2 BUp T 4 SR e AR AR
ANIRZEVG I, BT SRR AT 2 T 1 R IR
Stk bR MAET = SNR FHIREE4EYT, RATE
PR RBL T =K FE SRS . w7
) s ORI T, 24 SNR 24 10 dB B, CDF
i 28 7F % 25 4 0.002 m A4b B R A 0.99. X EIRE
99% LA E R BE B A TR REAS, L 4000k 5% 22 B 45 o AE
0.002 m AP . [FIFEHL, W52 8 f 3 B A 1T iR 22
orA, TEMFEMERELL R, It 99% IFFFE A FE Al
TR Z /N F0.002 m/s.

FiRSE AR, RATE 22 M AU AE P28 X
EIETHEW R, BARESM EWER T KRR
R 1B B R R ZE A, UERH T RSO
TE A 5K B S5 B8 A 80 JIRAE 5 EUAEL Y SR B AN
EVE, NG R FER A T A B RN -
43 WMATEM

B9 PEAY T RATE ZEF7EAN [F) 45 e L R I B 42
KR P, 5B EME P, P, MP HZ&ERT
RATE ZE R 7E RIS H br 5 300 BB AR 5 br 2 [ 1
RS, B9, AR R 2L BEE T E
TS PR AR . B SNR (3G 0, P Rid 22
Ft, 7E SNR A-5 dB B 51 0.9 ) G BE [TBR . X
R RIE ERCIR I R S IR T, RATE 2244t RE DA
I 90% Rk R Dk &2 th 2 1273 &, H /£ SNR
KT 5 dB JE R ML 2 H20T 100%, I T s i R



< 132- W fE

¥k

47 %

BB . BeAh, REEME B SNR o0 I PRdE T R .
fE SNR KT 5 dB W IX [A] Y, P s il 22 0 Fff iz .
XRPEIEEPEEERL T BEEREmRERE, JL
PARETEE U

1.0
091

Pd

+Pf

—020 -15 =10 -5 0 100 15 20 25 30

5
SNR/dB
BO iR S il R

P9 BT S RN 55 3.2.2 5 Y il ek AL A AH 32
Hro HXT AoA . B IE AN Z 1 B ik S A AT AT A
W FAIR, RATEfERIG B BCR BT 2 48
B 3 WK ) Tensor-OMP S . 57k 1 e i 4 24
A AR Z2 Tk B 5 2 (A) L AR AN (] 3 A A5 i 7 6 o
Z I TR A AE DG, IR I B B Y S 1) S 4R
B Ji5 2 T 24 1T SR AT AZ O sk B AT ARG T, 9F
W RRRE A R k& . Bk, REE3INU
MLERE BRI SR — BRI S A G, Aok
BN Rk AT . R P Pl B iR 4H G T B fhy
HIE B Z e M 2 ge g i, SRR Hnd
FErR WM. dnit, RATE 76 AR R55 ke I Mk
HFERE, Refs B E PR BN, FESClin SR
Z WS A BT

Bl 10 IR 1 R 22 R 2 B 5 Mt L AR 1) il 2%
FH UL B AR e M o 2B A R 2L T T UL BE
BRI INER, R ags SRR Pt 7B A
VRO, DA A OHAIRAS M bl X Sk R B = AR iR . FEAR
RERELLIX 8], KiRZEMBRET 0 AR S E,
T A& BT e PRI, U8 S JE T A S
WP I (E I LT, a7 “IRIRZER” Mg
FR.o B SNR PHEF, 2GRS BRATHAAN
guit, FEUMZ B B ANEE. AT EE
LX) G, Pt 1, HKRZMER RS
0. XFRFEDUSIRFER B, RATE ZERIEIN 5 fh 1
RmEE, REREHE B EE, HSHUh
THE R E ST moRE X (A, A ROk | S 40™

HREM BRI G X — R JuE s T IR
PSR X B R R P (L 1A RN

0.06

—o— P(A0] > 1.0°)
0.05} —s— P(|AR| > 0.050 m)
—2— P(AV] > 0.100 m/s)

0.04

B

=

% 0.03

oK

R 002

0.01
0 . r. . . .
=20 -15 =10 -5 0 5 10 15 20 25 30

SNR/dB

10 =S M RIRE R

5 HRiE

AR TH 1) 2 KT A B A AT BN AR R 2
PR B o R A e 7S e, AR TR T
A5 5 U AE 55k =M s A 2 S 55T 5 A3
WX 7V, HERIE T RATE 426 . @it i 4 i ol
M5 SHmiEmE, O T ERLA T W S
T8 I M 7 T R RGN IR AR 5 LUAE, AR T
CFO/TO 5511 b LU AR I8 57 51 e 1) 2 R M 75 FBOK 5
it =ik EE S RS EL TR, U T AoA.
I 2E AN 2 3 B R B 2 FE B0t . 1 FL25 R
B, A7 VAR R A RO SR A
e BRI S S e RE . AR TAER 3 —2
WRIAEL P AT 5 R RISk e iy e

SEH -

[1] International Telecommunication Union Radiocommunication Sector.
Recommendation ITU-R M.2160-0 (11/2023) - framework and overall
objectives of the future development of IMT for 2030 and beyond[R].
2023.

[2] Rahman M L, Zhang J A, Huang X J, et al. Framework for a perceptive
mobile network using joint communication and radar sensing[J]. IEEE
Transactions on Aerospace and Electronic Systems, 2020, 56(3): 1926-
1941.

[3] Sohrabi F, Yu W. Hybrid digital and analog beamforming design for
large-scale antenna arrays[J]. IEEE Journal of Selected Topics in Signal
Processing, 2016, 10(3): 501-513.

[4] LuSH, LiuF, Li Y X, et al. Integrated sensing and communications: re-
cent advances and ten open challenges[J]. IEEE Internet of Things Jour-
nal, 2024, 11(11): 19094-19120.

[5] Huang X J, Guo Y J, Bunton J D. A hybrid adaptive antenna array[J].
IEEE Transactions on Wireless Communications, 2010, 9(5): 1770-



%61

FARHRL T 22K PR G F 1 AT R B B P e P SR A T 2

<133 -

[6

=

[7

—

8

=

[9

—

[10]

[11]

[12

[13]

[14]

[15]

[16

[17]

[18]

[19]

[20]

1779.
Singh J, Ramakrishna S. On the feasibility of codebook-based beam-
forming in millimeter wave systems with multiple antenna arrays[J].
IEEE Transactions on Wireless Communications, 2015, 14(5): 2670-
2683.
Noh S, Zoltowski M D, Love D J. Multi-resolution codebook and
adaptive beamforming sequence design for millimeter wave beam
alignment[J]. IEEE Transactions on Wireless Communications, 2017, 16(9):
5689-5701.
Lee J, Gil G T, Lee Y H. Exploiting spatial sparsity for estimating chan-
nels of hybrid MIMO systems in millimeter wave communications[C]/
Proceedings of the 2014 IEEE Global Communications Conference. Pis-
cataway: IEEE Press, 2014: 3326-3331.
Chuang S F, Wu W R, Liu Y T. High-resolution AoA estimation for hy-
brid antenna arrays[J]. IEEE Transactions on Antennas and Propagation,
2015, 63(7): 2955-2968.
Yang Y, Dang S P, Wen M W, et al. Blockage-aware robust beamform-
ing in RIS-aided mobile millimeter wave MIMO systems[J]. IEEE
Transactions on Wireless Communications, 2024, 23(11): 16906-
16921.
Wu K, Pegoraro J, Meneghello F, et al. Sensing in bistatic ISAC sys-
tems with clock asynchronism: a signal processing perspective[J].
IEEE Signal Processing Magazine, 2024, 41(5): 31-43.
Kotaru M, Joshi K, Bharadia D, et al. SpotFi: decimeter level localiza-
tion using WiFi[C]//Proceedings of the 2015 ACM Conference on Spe-
cial Interest Group on Data Communication. New York: ACM Press,
2015: 269-282.
Li X, Zhang D Q, Lv Q, et al. IndoTrack: device-free indoor human
tracking with commodity Wi-Fi[C]//Proceedings of the ACM on Inter-
active, Mobile, Wearable and Ubiquitous Technologies. New York:
ACM Press, 2017: 1-22.
Li XY, Zhang J A, Wu K, et al. CSI-ratio-based Doppler frequency es-
timation in integrated sensing and communications[J]. IEEE Sensors
Journal, 2022, 22(21): 20886-20895.
Zhao L B, Ni Z T, Feng Y M, et al. High-resolution uplink sensing in
millimeter-wave ISAC systems[J]. IEEE Transactions on Communica-
tions, 2025, 73(11): 12680-12695.
Giilgiin Z, Larsson E G. Massive MIMO with cauchy noise: channel
estimation, achievable rate and data decoding[J]. IEEE Transactions on
Wireless Communications, 2024, 23(3): 1929-1942.
Chen X, Feng Z'Y, Wei Z Q, et al. Multiple signal classification based
joint communication and sensing system[J]. IEEE Transactions on
Wireless Communications, 2023, 22(10): 6504-6517.
Zhang R Y, Cheng L, Wang S, et al. Integrated sensing and communi-
cation with massive MIMO: a unified tensor approach for channel and
target parameter estimation[J]. IEEE Transactions on Wireless Commu-
nications, 2024, 23(8): 8571-8587.
Tahir B, Svoboda P, Rupp M. PLAIN: scalable estimation architecture
for integrated sensing and communication[PP]. V1. (2025-03-27)
[2026-01-07]. arXiv: arXiv.2503.21242.
Heath R W, Gonzalez-Prelcic N, Rangan S, et al. An overview of sig-

nal processing techniques for millimeter wave MIMO systems[J].

[21]

[22]

[23]

[24]

IEEE Journal of Selected Topics in Signal Processing, 2016, 10(3):
436-453.

Shan T J, Wax M, Kailath T. On spatial smoothing for direction-of-
arrival estimation of coherent signals[J]. IEEE Transactions on Acous-
tics, Speech, and Signal Processing, 1985, 33(4): 806-811.

Hu Y M, Wu K, Zhang J A, et al. Performance bounds and optimiza-
tion for CSI-ratio-based bi-static Doppler sensing in ISAC systems[J].
IEEE Transactions on Wireless Communications, 2024, 23(11): 17461-
17477.

Boyer R. Decoupled root-MUSIC algorithm for multidimensional har-
monic retrieval[C]//Proceedings of the 2008 IEEE 9th Workshop on
Signal Processing Advances in Wireless Communications. Piscataway:
IEEE Press, 2008: 16-20.

EWEz, A, DR, 556G B F B — PR R 28 IR BN SE T A
SR, WAE 2R, 2023, 44(2): 219-230.

Wang X Y, Zhang X Z, Ma L, et al. Research and optimization on the
sensing algorithm for 6G integrated sensing and communication net-
work[J]. Journal on Communications, 2023, 44(2): 219-230.

(fEH &)

Fete (1981-), 5, BRHFHEKFIER
TR WA SIE, BT A
Bahii(E REWMIT R SEHE 5 A
PEL E B

SKEE (2002-), 5, HPRHEH KA+
A, EE T AN BB E LR Pl
Sk EERE— AL

i (2001- >, B, F MR K
A, BB T N BB YR B
Sk FEAam .

K=E (1980-), B, =g REAMEIIIFA
B 5 PR A & ey 2 LAZIW, LB MR
IRARRGEPE . B R R,



