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Abstract: High-precision direction of arrival (DOA) estimation is of great significance for multi-user high-speed
communication using millimeter-wave large-scale arrays. To deal with the issues of degraded received signal quality due to
wideband effects, reduced signal dimension caused by hybrid structures, and high computational complexity required in
multi-user angle estimation, this paper proposes a high-precision DOA estimation method based on wideband signal phase
measurement. Firstly, this paper establishes a system model and wideband received signal model for millimeter-wave large-
scale arrays with a hybrid structure, and demonstrates the impact of wideband effects. Secondly, this paper derives the Cra-
mer-Rao lower bound (CRLB) for DOA estimation and proposes an optimal training sequence design method that satisfies
constant modulus constraints by minimizing CRLB. Subsequently, for single-user scenarios, this paper proposes a gridless
high-precision DOA estimation method based on phase measurement reaching CRLB progressively. For multi-user scenari-
o0s, an iterative DOA estimation algorithm using the expectation maximization (EM) method is proposed on the basis of sin-
gle-user DOA estimation to avoid dimension disaster caused by joint estimation and reduce computational complexity. Sim-
ulation results verify the effectiveness of the proposed algorithm. When the signal-to-noise ratio (SNR) exceeds 5 dB, the

single-user and multi-user estimation algorithms proposed in this paper can progressively achieve CRLB, and the DOA esti-
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mation performance surpasses traditional estimation methods, avoiding the impact of wideband effects and signal dimension

reduction.
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TR R BB F

0,=G,A(0,)HX+W,
q,=s;+w,;
/E\EP,ql:vec(Qi),sizvec(GAA(Hi)HX),w,:vec(W,.).
S5 i A FH P OGE I (8 T 7w, MR ] 7 2k 57496 B g 387 4
i LRI w~CN(0,2)).
# X revee®= S, a=[al.q%ql] s

i=1

sin(MQ) )2

2
€;24MSE:C. |HkX,(| ( sin(Q)

6=4"+ e, (35)

nk

(37)

[sT.sT,s8],0=[0,.0,,--0,], 5=diag[ 2.2, ---5,].
ISR PR AT AR AN T
In(p,(¢|6) ) = Const —%[qHE"q—ZRe(s(ﬂ)HZ’lq)
+5(0)" 250 (38)
FE—T E-step MITRIR R TR
U(0.0)=E[1n(p, (gl 0))|r; 0] (39)
I U(0,0') I A I 5 0 T T, 1
wEIU(0.0'):
U'(0.0') =Re(s(0)" ' E[qr; 0'])

L pis (40
— 5 50/ 2 '5(0)

HESFE]q|r; 0 |RAER:
0] =s(0') + llj{(r— Zl_js,.(e;)) & 14 (41)

Mot 1, =12, 1" e R%. fLAE[q
AL RATE

E[q

ri 0|l U 0.0)

U'(6,0') =Re %s(0)“2’ls(0)+ iUs((;v)HZ*1

|- Sso) o,
EZH M-step RIFFHR KL U(0,0")
0"+ = max U’(H,H’) (43)

Mg (42) nf LUK B, o T 7 2250 0 X HA X
P, s(0)" 27" s(0) 7T LA 4R UAS — 30 AR A

()" 2" s(0)= i[s?(e,)zg's,.(a,)] (44)
A2, 2K (42) Hf 128 30t T DAVEARARLY) 70 M -
lljs(ﬂ)“Zl[(r— isi(e;)) & 14

=;i[s?(0f)2;l(r_ isi(ai))}

} (42)

(45)

i

PR, o 3465 1S P B A BE 6, T LA Al 3 i
T A UAS B . o) BT i — 25 i Ak hy
0;"'= maxU"(6,.0") (46)

Hr,

(47)

Sy 07 %A Al 1A SRS LD & B, b s — T
$(0,) 27" s,(0,) 0k BLAE 5 s,(0,) B Th R, T 24 Ji P Ay
Y AE W I BN S E ORI E T L 85
sﬂ@ppb-iqqnﬁwﬁ%%&évn%%ﬁmm

P B s (00) 5 T BRI B L %
P T L B85 06 M A3 R 1
TR r=r— s (08 r ISR 2, T
AT SCHR U 002 FFL P A0 B £ 7 KA. 26T
EM Jrik, 2 P17 S BE A H BT B At B g
USSP AR
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S A b = O, I P 4 40 5 2 ) B . PR K 19872
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= 3
YR R P R 2 £ iy Funt
BRI X A R 28)~R By, Ml e, JFITR 10 i Ll
4%” - é,” s 26.5\ =
B =0 LEAE I N S
$%/GHz 2557 5o . “(/)(c)
4 BEHE )
() T B BB P2 0 35

AR 38 1 B O L0 UE B B R O PR R L £F X 56
ZER U TP N258 B Bt , {7 FL S BRI T - 2 i
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B M =32 .64 128 Fl1256, 51 R FH ¥4 5] 26 BEAR TR | [ o0
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FZE R I 5558 DFT 4B Bl AL A A0 4 B A Sk [ 2 ]
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AR 38 325 LA M AR B AR X T DFT AR
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P 4(b) 2, BEATLAR 037 50 P X T 58 4 15 5 e A4
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HPERE , 20 56 TG T B PO [ SR [ 2 )42t A 56
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£ e 5015 B 3 5 ASDURE MR B 2 LA A
FE T A AR — AL RS AR AR R AR B AR 2~3 N1
TR AN — 2% S A I, [ B 7 5 2~3 S H AR AR
5 B W, LI SRR P A 40U B2 R B 32 T R i {1 ) A5
PUHERE AA 6 dB BB . I R AR UL R B 1 B
FURAUH 7 dB. [FIE, 6 i3 o3 55 90 LN, AN [A) B2 3
LA TUFAH R A A 1 B 33— AU 5 T AE (8 A0 45
FLRE B X A SE B AY . LR R 7E T, 3 e SR A KA /DN s
TR AL A A RRIR A B DR etk BB I A, 3

Je& 1A AL T RS VO B T A A R A
RE/KF-.
4.3 BRAPAEMAITHERHE

BT X BA T AR BEAS T IR, A5 78 R B 431
SR 32 1 64 B PR RS T {5 BT AR SCRT $ A BE Al O
e SCHRLLL 48 04 23 03 5 7 2808 DOA Ak 3777 (Spa-
tial and Frequency-Wideband DOA , SFW-DOA ) Fl1 £ HiLf
MLE 757 PEfE . b, R Tolal B 0.5 i<,
FUNGTABER 60° {55 HuO i sk 26 GHz, R GE R H
P RE . 1 6(a) RN 6(b) 43 S 7R 1 7847 Fl 58
B P A TR RE L 28 R Sl 9 120 MHz, 98
WG S 58N 1.2 GHz. {1 BB, Bl B2 0UME 5 15 1
PR, A SCHE 0 Y BE TH5 5 AR 2 i Ak 3 D7 75 A MLE
i A T RE A 4

Ji % /dB

SNR/dB

(a) 784 BT P EEAR I RE

—#— CRLB, M=32

Ji%/dB

SNR/dB
(b) FEs B f BEAG TP B
#6557 554> W12 120 MHz #11.2 GHz A8 FH 7 £A B2 Al 11 A

TERAR A (5 e b 45144 T SNR =—5 dB, 3 T A A7 A
T A B MLE J5 i MERES 2K 3 dB. 32 i T A
At 1R B R M L AR S Ak T R BT RO 1 BT
Oy AR . FEARAE MR L T, SRR U RE R M 3 A
THHEE TR, X T — Bl E R, EoRER LB
5 dB, 3 F AR AL TF B 7 1k (SFW-DOA J7 ik 5 MLE J7
PAEREILAMIR] . BfE (50 A o, S AR T



1432 H, ¥

EE 2025 4F

T RE NS LA TR ) B JE T CRLB, A 221X 1 dB. XS [
49 MLE 971 5240 F 6 44 22 4 R A RS2
1l FL, H T SEW-DOA Jy ik, 26 F A O 1A J5 14 e
ﬂgﬁﬁ%iiﬁ CRLB. JCAL[H g SFW- DOAﬁ%‘EﬁJ‘c%E}

l%‘?fmaiéi%%ﬁﬂtlﬂ PERE J\diﬁlm dB. Zlijdmtﬂlﬁ"i
FE TR G 107 15 AN 52 S Sl 43 BRI, T LA 5843 )
FHEEME 3. X 6 (a) th A M (S S A 2 P R 2%
B N rgPERE 22 Sl UK B, 2 Fh CRLB A1 2% 4 12 dB,
X R B 2 5 2

AN, XF LI 6 (a) R 6 (b) AT LS 25 517 S5 X6t
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