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PACS: 84.40.Xb, 84.40.Ua, 07.50.Qx, 89.70.Eg

1 5 7

IEAZ A7 2 A (orthogonal frequency division
multiplexing, OFDM) £ A & —Ff £ 238 20 7 1 1]
BoR, BB s F T 2, I B BE% A RO it
ML PRI . BEHIRE OFDM F H B T M i
RO B 77 A2 725 ) 5 o) R, o TR 2 3 3 O] o
S S TT 0], 55 P B e e A5 5 s
J7 1A, AT KR EE$2 5 7 OFDM R4 i) 1 fg. H
i, B2 B TR IR &g 2L AR
Z))JE15 (the 4" generation mobile communication,
4G). B H T LI Pr 2> (Institute of Electrical
and Electronics Engineers, IEEE)802.11 J& 4% J5 35k
M (Wireless Local Area Network, WLAN) Fl4= 1k
W LR (Worldwide Interoperability for Mi-
crowave Access, WiMax) S & MRAEH.

T FE SR 2 OFDM R it 4y H P 1 ik i
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Jik 55 () [ s AT LR AR 2 A7 B 1 IR 9% (location
based services, LBS). F|ik 5} [A] (time of arrival,
TOA) flith @A B AL THR SR Z —, BN T
A BRI T2k H il A P i B dr e i 1L gk, R
FH B 51 R 26 555 5 3% 18 77 W] (direction of arrival,
DOA) [t v AT PLAT R b 1€ 7 52 Gt 019 kL,
B 5T 5 T TOA F DOA Bk & il T 1 58 432 77 7 B
EEEJ-0'E

31 R OFDM # 4t 1) TOA M DOA Bk &
it 7 BT L RS — RS A
T A& TOA FTDOA M AL T 2E 4T B X )
7.

P B R AT D7V S &S BE T o AT
kG B2 TOA i v, SR 5 ) F B G 18] 1R IR S 222 44 1%
ZHAJUARRITF DOA. % F TOA fliith, 4K,
FEABAT T KRBV, Z R LW REAK
FER PR, A2 TOA i vh ik BRI 2, XX

w EFREBAMRKRE TR (863 tHE]) (LS : 2012AA01A502, 2012AA01A505) %5 B 1)1,
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R [5] 45t T — Ak T T OB AL ZE H) OFDM o2k
55 TOA fli th 592, A v 7 1 e 75 (5 e
REfS PR AL " RS I TOA fliit, (HoikdE M T 8 2%
MZEHEL. T PR 2T E NSk
JE TOAflith, & ATRE T W2 B E %, A
B MU HGE AL T RE ) 2 B A5 5 5 2 (multi-
ple signal classification, MUSIC) %% 7] f£ 4% 5
532 (propagator method, PM) ¥, sk MUSIC
B OV AR R AR AL THE 5 24 (estimation of
signal parameters via rotational invariance tech-
niques, ESPRIT) &%k 101 3 L /RBLRBE 5245 R
B FE A AL D A5k il oy % BV R
FHAG 18 A5 N ) AH QR BE AT RFAE 2 W, AR5
Hey 3 Dy o bR B A 5 4 R 45 2 TOA Al it X
Wk [12] 38 i 55 B R 5 354 TOA F1 DOA #EATBR &
i, R T %4515 5% TOA WE ks AT, K5
i I SE ZE A 3E T LA R &R, AR A3 DOA. TOA
R AT TR T2 B4 5 T K I () IR S 22 i A0 B = £
JUT R S B, FE 78 40 260 T, TOA i tH kS TG
R =AU R RO L EOR, TR ELDOA
it 2R3

TOA F1 DOA i 7 Ak v FF 3k 47 Be X 0 75 ¥ &
S 53 AT TOA A1 DOA IS Al T, 28 5 AT IE
XF. X F DOA flitt, SCHR [13] XH200E 5 AT 45
AbFE, B A G R T U DOA I THELRY, 28
Ja A MUSIC 555280 17 DOA ffiit. {Hi2 DOA
fili v M BE 52 B S FL A RO BR 1, £ B T 8 H b
I, BESIFLARECD, DOA P EA S, Rk &
RERZARHH AN TR U H . AEE R REER
TEF, B2 B H KT M ou s H IR, A AR R 4
JENTAE S TR AL, SFIEToi 0 i e s
], AT TGS 6 DOA fflith.

TEA2 77 PR B K 26 OF DM 2 4t 1) 3134 I [8) A
K TT IRV At b, B B oA 3 B A T 1)
TR EEAN s, el 2 2450 H KT Mo B H I 2
BB TT 18) ToVEAG T 1) B, AR S 2 H — AR T
Hadamard £33 i 145 [8] (] TOA A1 DOA Bk & fiti it
SOk, Ry T OREIAR G A AU S L
12, S 7 IR oy P ae SR AR 8] oy Hede g, JF HA]
CASEINZ 5010 B ShBcoxs; 88K T HAHSRAE MR 4E
FEZ B H KT B e H I, AR BE NS A ROt At vt
DOA.

b B S M TR R: o) #oRkE
B (o) FORILHIREE, & R RS B o (A

E [o] FRBUNIE.

2 EWELH KLZOFDMA Z ¥y 25
B A

S 1 M BE T ALR 039 51 BB, (B A
VLS R SR OETE, B S ) 2k B B T
e TE B I BE, LABCT £ 5 B0k % BETE RO BERT o P
e, RERIE SRR CREIE T, i A4 SR 5
KL 1 7%,

1 REFEIIREE

I {5 5 BIE A FETT T M A AR, 6 R
T, RONBIRTT IR, RE SCNER @ 2642 BIE R TT K B
L 5P ITIEL T R (B 1Ay ARETT 01 NS5
Ko, RIVES i 2642 NAB IR 22 25 B To b 1 A% 3k I E
N1 A, i 542 Bk e Ah RS T B I T AR T
S METCAFAERE IR (BOBAT). 250 i KR HE m D
BTG SR AT B SN € i, PR T 53000, 510 2%
FERIWALTT 6] 0; SAHR I AE &y, 3 Z THAFAE SR B :

md sin 0;

gm,i = ) (1)

C
P d 2N HBEETTZ BB, ¢ R, 6,
Ron HIKA Mk Tr i, B DOA IS4
5 m A BE G I TG £k 2 45 A T8 o oy i B mp Bl
RIRN

Lp—1
hon (8) = Y i (t =7 = i),
1=0
0<m<M—1, (2)

Ko, Lp NERH, o = |ai| e NI K2R
BRI, roNE i &R R IR IE
BB T T HED, o R W12 BIIE S 2 1 T
[fFERERT AT, B TOA fiH IS BL, 6 FR il 4L
TERGF— AR, ou]| BB, ¢ EX ] (0, 2m0) IR
MBI 54 14 38R ¢y ~ U (0,2m). B, 2454
BEEE R a0, an, -+, app_1 HHESRAT

55 m AN BE TG E 5 kAT H0 b A 3 A R

=i
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Wi [ A T R AR TE AT i R B, ISR AL B A SR AR
Hoi B bl T AR T AU S SR 8 4 A 9 i
Lp—1 5 T A N O P A B B T H BRI,

= Y qen )t R I 1 4 P 9 3 1 AR T R sk
Lii’l JTET R0 e RE AU, R e SE M RE R 21 LA, A
-y oy e et B gmim(feth ey Y e I IR] 53 3% e 73 A 18] 3 e g 0, R SE LS
=0 o EBhECN; FIR, TR T B SR 4R,
0<k<K-1, (3) BRI AE 2 4280 H R T e o8 H I, ROR BE R SR 43

Foo, fON RS B B, T OFDM & 4 Hadamard 34 M 5 22 (8], i fli i DOA.

P B AR i (fast fourier transformation, R E5E A48 TOA M DOA R & i 7 HHA

FFT)/FFT ¥4 4t (inverse fast fourier transform, Wit VRS ETARP IR, R SRR R

TFET) (I, e ~ N (0,02) R pli g, LT

K 3% OFDM 5 74 M (M FFT £050). B
)R () KT, G 31 R

TOAEDOA E]/‘]{%‘E\, —Fﬁlﬂ‘l/lﬁ\TOA*D DOA E‘]H% *E%E( )ﬁ %m/l\lgzjcj:r‘— *ﬁ)ﬁiiﬂﬁfh_fu
ST, .
3 F# 5 X4 OFDM £ 4 # TOA Hy, = Qi (7,0) a + ny, (4)
1 DOA Br A5t e,
16 A2 4 M 31 £ OFDM 45 () B o ) 17 1 {mﬁ~~ﬁpﬂv (5)
T TT VB T, 2 ST ER I D IRk T :[ o, J7 (©)
TR LA, R 2 R8O H K TR CH 4 5 . -
SRR i RS ARSI H, hmoﬂhy~ﬁmnﬂ .M
o i2(fet ) (rotemo)  mim(fet ) (mtemn) L gmizn(fetd) (Ep -1 tEmp 1) ]
o i2(fet ) (rotEmo)  mi2n(fet ) (mtbma) o mi2n(fetd) (Trp 1 tEm e 1)
Qm (7'70) = : : . : . (8)
o2 (fet EFE) (o tm0)  —i2n(fet BFE) (nitma) | ) (TLp—14€m Lp—1)
| : 0 . 1
Ny = [nm,o N1 nm,K—l}T' (9) U (0:) = [eiﬂn(fﬁf)&m o et )en
Q.. (7, 0) W LA/ N Hadamard FUE 30 x o7 CJFKT?I)&MJ}T’ (14)
Qu(7,0)=A(T) OV (6),  (10) AR (3) 5. (12) RA (14) R, Q,n (7, 0) 7T L
Hr, © F/R Hadamard #1. 53 4h, KRN
A(r) = [a (10) @ (1) --- a(TLpﬂ)} : (11) Qo (7,6) = |:Qm (70,00) @m (11,601) -
a (7’1) = [e*ﬂ“(fdr?)n e*JQT‘(chrT)Ti < (TLP_l,HLP_l)}, (15)

—ion(fet B )m )T 12
x e | U2 S, g (72,00 = a () @ v (60,

Vi (0) = [fum (00) vim (61) -~ vm, (9Lp71)} ; FUF M A BE TG (5 3B ATE e Bk B H,, (B
(13) 0<m < M—1), #RE (4) 2O T8 I 5K &
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BEATY R
CH | | Qo) |
o P{l _ Ql(.Tﬂ) ain
Hy 1|  |Qu-1(7,0)]
=Q(r,0)a+n, (16)
Hrp,

T
nM—l] )
Q(r.0) = |a(r.00) a(r,0) -
X q(TLp7170Lpfl):|7
q(7i,0;) = {qg (1:,60:) qi (73,0;) -~
T
Xq]ﬁq(%@z')} :
XF (16) 2R B A AR

Ry = |[HH"]

n = |:n0 n1

=Q(1,0) R\ Q™ (7,0) + 521,  (17)

Hp, Hermitian %6 [ R, = Elaa!] N £ &5
HEEHEERANBEMKERN, Lp x Lp4E5E
Ferank(Rao) = Lp AAE & 7 5 B 47 R B3
A HEQ (1,0) B Frank[Q (7,0)] = Lp, #
rank [Q (T> 9) RaaQH (Ta 0)] = Lp; I SR A el

X Ry HEAT 043 ik
Lp—1 MK-—1
Rﬁﬁ = Z )\Zu,u? + Z /\ZuZuZH
1=0 i=Lp
= UsAgUL + Uy ANULE. (18)

BRI, R, (AL LA 0 F 470
A ZM =22 o1 2 Ang
:)\Lp-l-l:"‘:)\MK—l 20'2. (19)

Xt AR Ag = diag [Ao, Aty -+, Ap_1], XA
I Ay = diag [Arp, ALpt1, -, Amk—1]. HIE
MEUs = [ug, w1, up,—1] 5K £ 1% 5 25 A
span(Us) # N Hadamard FY (551230, HH
BEUN = [wrp, wip s, un 1] HREIZPET
7% ] span(Uy) #5249 Hadamard A4 R B 17 ).
AR SCHiR [15]

gV (7:,0)Ux =0, 0<i<Lp—1. (20)

£ T Hadamard #R § & 1 =% [A] TOA 1 DOA

B TH SR O s nT LA R N
1

P(r.0)= q" (r,0) UxUllq (1,0)

HT g (15,0,) Ux =0, W P (7;,0;) REIEN
Py, 3 H2E 7 TOA 5 DOA ) H shlc .

PR AS AU B 1S A R g (ry, 0;) BA
M K A5 08 A0 0 N 0 SR, R 4L 5 B8 1 4 2
VN MK, R2W)UEY) A4S 8 sk B 4E 5 K 1
MR [FE, EMENLET BAMK —1)d,
RATB B (M — 1) ity S5 L g, W42
= T TOAFIDOA HIBLA RS . 4212 %H
KT B H I H/NT B A K B 48w, R/
M < Lp < MK, ¥ (18) 2, KA RE" 77 i th
Hadamard FR 9™ & W 75 7~ 23 8], AT SE B4 DOA
Bk Tt

(21)

3.2 BEISE
A S 55007, Frde Sk mimRE v LLUA gl
o

ST WY RAS E AR H;

S22 Y RSB H A E
Ry

B3 X M R, AT A 4

fiR, 153 Hadamard 9" @M 125 8] Uy;
A WIENIE P (1,0), HFIH =40
R AT 70 A 6.

3.3 BERERESH

RSCEIEWTE R A A = A
HORFE B Al T, BIRENO (MPK3); BAHKAE
B 1) R A A 27 i, FCE 2% BE TR AR N O (MBK3);
AT S BP0 R B
HNO (MPK?Z:Zy), Foth, Z 1 Zy 53 519 TOA Fil
DOAMI R MM 3. HH, ZHIEEREN
O (2M3K3 + M?K?Z.Zg). SCHR[7] ff1 TOA fl it
TERRENO 2K + K2Z:Zy). CHR[13] 1
DOA MG ITIEE R E N O (2M? + M?Z. Zy). 5
IRE JREEXT R 1 fs.

B&LZHEEH Ly = 5. THRIEHHK = 64
i, S FACE D, M = 2 BT #4764 201 TOA Al
DOA Bt & fitiit; SCHR [13]DOA fliiH 532, KRER$H
FEARENM = 6. HNIASTHIEREIEH KK

R P f .
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R HEERINHE

AL O (2M3K3 + M2K?2Z: Zg)
SOk [7)TOA fii 3%
SCHR [13]DOA A5k

O (2K3 + K2 Z:Zy)
O (2M3 + M?%Z: Zy)

4 wawEZHR

SR B R T T T 0T 48 %
R, 4 T4 R AR 5
%ot XBHERE o2 qT| , m = |07 77| A
Q = Q(r,6), Hrb 716 {15 X (5) RA (6) 2.

L [f{ (0) - --

_ 1

- (2_[_()MKR (0_2/2)MKR

xexp{—alz%:l[f[(r)—Qa(r)}H

r=0

H(R-1)]

«[H()-Qat)] |, (22

Horb, o (r) F1H (r) 23 53R 56 r IRGETHIN 242
BEEVR R BN R A5 Egm B Rk &, RERGT
RHL.

XL H(0) - H(R—1)| B9

InL = — MKRIn(2n) — MKRIn (c/2)

R—-1
LY A0 - @ar)]”
r=0
« |H (r) - Qa (1«)}. (23)
€ S a(r) fa(r) 5 'J?%/Ta( )B’U: T A A

o
giiz‘wgyzif:nWﬂmm, (24)
(% = %Re [Q"n(r)], (25)
g;zf) = %Im [Q@"n(r)]. (26)
7R T R RS0 A6, A
F i 5 e
m—;;m{a (r)diin(r)},

i=0,--,L,—1, (27)
HHh, dy, Fox Q WIEE i 511X 0, B 52, B

[ v (0:)/00; ® a(r;) |
vy (0;)/00; ® a (1)

dy, =
_a”UM,1 («90/891 ®a (Ti)_
FAUTT 15
oL 2 & .
or ~ of g Re{a; (n)din(n)},
i=0,-,Lp—1, (28)

Horh, dr, R Q IER i 5% i I 34, B

vo (6:) © da (1) /0r: |
v (6:) © da () /07

_”UM,1 (91) ®8a (Ti)/aﬂ'_
Rk, AT45 In L X} 6 A1 ) 525

8lnL
5 Z Re {{diag e (n)}" Dfin (1)
(29)
81 pa
8L _ 2 5™ pe{ {diag o (0]} D 1)),
r=0
(30)
Horr,
Dg = |:d907 T, dOLP_1i| )
D =ldy . d,, ]
BEIT AT 45 In L % 0 890w S5k
- ZRe{{dlag (Y D )},
(31)
H1, D =[Dy D,].
HRHE SCik [16] ATk [17], 321~ A=
olnL1*| MKR
" Ham} ] e W™
5 [ olnL } [ Oln L ]T
8d (7"1) 85( (T‘Q)
= %Re [Q"Q] 6,y 1, (33)

078403-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

Y18 Z R  Acta Phys. Sin.

Vol. 64, No. 7 (2015) 078403

Hh,0<rm<R-1,0<rm<R-1

i) [omes] |

= — %Im [QHQ} Oy ,ras (34)

[ [ |

= —Re [QHQ] 57‘1,7’27 (35)

B [ TOmL] [omL]"]
0a(r)] | on

E

- %Re [Q"DB (r)], (36)

b, B(r) = B @ disgla(n)], L = [} 9], o%

78 Kronecker 4.

| 5]

= %Im [Q"DB ()], (37)
dInL] [olnL]"
t H on } [ on ] ]
R—-1
- % S Re[B"(r) D'DB(r)].  (39)
=0

Fisher {5 & i Bf (Fisher information matrix,
FIM) N E (yyT), Hrh,

y=0InL/d[o*> &' (0) & (0) -
x aT (R—-1) nT].

R4 FIM, U n 585236 % CRB(n) i £ W1~
5

CRB (n)

a’(R-1)

o2 R—1 -1
— Q{Z Re [B" (r) D" P53 DB (r)]} , (39)
r=0

KPS =T-P,=T-Q(Q"Q) ' Q™

5 fFHEER

A5 % TOA F1DOA B & fiti v 5032 i v g
BEAT 0T, AR AW RS R 2k OFDM R4, T
WA AL T R, AT L TOA A1 DOA
SEAG I B TEOW 7 5. #E TOA 1 DOA JhS7 A
o5, SCER [7] 89 TOA i 75 1 A SCHR [13] #

DOA i tH 7 i BARER M, Rk, % PSR ik A
X 9 i SR

B8 TR Z (root mean square error,
RMSE),

| V-1
QrMSE = N ; (&n — )%, (40)
T RN 0 AT EAS RSB THE, « RN
HIZH R SE.

A 5 % F Monte Carlo i B 3k vF i 2 1= 19
TOA F1DOA BX & i iF M g8, % 7w BE 51 K £
OFDM RGAH K S8 B a5k 2 k.

X2 AEWEFIRZL OFDM RSM xSk E

ZH {1
TEIAHTLE Ty /s 1.6
FFT T /us 3.2
KG% B/MHz 20

THBHE /A 64
BWHFE f./GHz 2.4
M TCH M 4
— 4
BTl EE d 5.7 B)

FE1  ACEIEAM[EMEL (signal to noise
ratio, SNR) "~ BB & Ali 114 fE

fESNR N0 dBFI5 dBHITE M T, B £ &
BH Lp = 3, ZFMEARS 8579 5 ns, 10 ns,
15 ns, K TT A48 B 10°, 15°, 20°, %A K
HyEHE4T 100 Yk Monte Carlo f/j &, 15 % TOA F1
DOA Bt & Al 1+ B #AT I, A 2 (a) A1 (b) AT LAF
HOAZ FIRAEACAE M L 25 T B B B S Al o
PERE.

HE2  ASCHEFERES SCER [7) B2 A Sk
[13] B LM RELL & CRB Xt

5078 LM AT, BARSCEE S SR [7)
(1) TOA ity v 5572 K0 SRk [13) 19 DOA Ay v 5 v 4t
T EREL, 3l i) AN [F) S5 % TOA A1 DOA Al it
) RMSE [P RE Hi 261 CRB 5t

B3 AT RN, AR SO B Al TR BT 1 e
AR SCHR [7) i TOA A T 4 BE AT SCRik [13]
(11 DOA il 71 M R, X 3= 22 Ry A ST H ik i
Hadamard F47 & 45 [, {5 5 #0747 58 70 5 40U % 41
LRSI TR, Iidem 7 TOA M DOA Kttt
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Joint for time of arrival and direction of arrival
estimation algorithm based on the subspace of extended
hadamard product”
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Abstract

In the joint estimation for time of arrival (TOA) and direction of arrival (DOA) in the narrow-band orthogonal
frequency division multiplexing (OFDM) system with antenna arrays, the estimation accuracy is not high in the situation
of few numbers of arrays. Especially, DOA cannot be estimated if the number of multiple paths is more than that of
the arrays. For these problems, a joint estimation algorithm for TOA and DOA based on the subspace of the extended
hadamard product is proposed. First of all, the algorithm constructs an extended channel response in frequency domain
via channel estimation for each array in the frequency domain. Then, auto-correlation matrix of extended channel
response in the frequency domain is estimated by sampling many times. This estimation method of channel response
in the frequency domain can use the fast Fourier transform algorithm. And the hadamard product in the extended
noise subspace is obtained by eigenvalue decomposition. Finally, the pseudo-spectral function is constructed and used to
search for spectrum peaks, so as to realize the joint estimation of TOA and DOA. The proposed algorithm requires no
parameter paring but needs a two-dimensional searching. Monte Carlo algorithm can be used to reduce computational
complexity. Simulation results show that the root mean square error of the joint TOA and DOA estimation which can
be matched automatically is closer to the Cramer-Rao bound than that using present algorithms. And the proposed

algorithm can be still applied when the number of multiple paths is more than number of arrays.

Keywords: array antenna, orthogonal frequency division multiplexing, time of arrival, direction of arrival

PACS: 84.40.Xb, 84.40.Ua, 07.50.Qx, 89.70.Eg DOI: 10.7498/aps.64.078403

* Project supported by the National High Technology Research and Development Program of China (Grant Nos.
2012AA01A502, 2012AA01A505).

1 Corresponding author. E-mail: xidianbabin@163.com

078403-9


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.64.078403

	1引 言
	2窄带阵列天线OFDM系统的信号接收模型
	Fig 1

	3窄带阵列天线OFDM系统中TOA和DOA联合估计
	3.1 算法设计
	3.2 算法步骤
	3.3 算法复杂度分析
	Table 1


	4克拉美罗界
	5仿真实验
	Table 2
	Fig 2
	Fig 3
	Fig 4


	6结 论
	References
	Abstract

