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FE R AR S (S cstc2020jcyj-msxmX 0842, cstc2020jcyj-msxmX0865) ¥ B H

WE LHEaNETERE TEE (received signal strength, RSS) B9 E W Wi-Fi £ L7 A, 51
A5 & (channel state information, CSI) @& T E M I BT EARNEME L HMNNEERF L
(EEFENTRENREAEMLELR), HET CSIWEN Wi-Fi U7 EEE EHEFrE L
t6 . AR CST $-AT LAY, & 3% 3m K Al IEZ M4 & F| (orthogonal frequency division multiplexing,
OFDM) BAAEZ AN ER FHRE LT A BREEF ARG AATHIE, EdTRIUE (WmHBME
% (carrier frequency offset, CFO). KA i £/ £ {7 £ (sampling frequency offset, SFO) F14F & &
Bt % (symbol timing offset, STO)) By £, B 4m T 3 W E 8 % LI BRIE, T2, £ T CSI
M E N Wi-Fi B4 77 A # a4 B 8 75 8 T3 (inter symbol interference, IST) 1% [8] T34 (inter
carrier interference, ICT) HYS/m T T, X, R X MIRBH A EHES T A E RPN TH CSI ZEfr
RERDFHEET CSIER Wi-Fi A6k

XKgEE FHEM, RFRN, EMIEER, EXHH LA, Wi-Fi

1 51§

BE& LT HOR AR P o e, AT AR TS 7 ST a0 1m0 36 R e Al (BRI 77 1R #28, HAZ
BAE Bk E . 7B RS (location-based service, LBS) i ARNIZAE. HAT, £¥KEN RS (global
positioning system, GPS) (U i g Fe ki e 7 R4 P8 T Wi o A A e AL R G, Tﬁ%ﬁl‘ﬁﬁ
PR HE A B AR B MM &, % NI M UK D1E Sh AL )65 5 A 16 1 52
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B WA P IEEERR e MUk B B A 5 B AE T Rl ARZEE TR TR N EAL — &R
SR T, WG SRR RS T 2R =N RS, WENES Bl Z04b (infrared ray, IR) 14,

ZigBee Pl TE T (ultra wide band, UWB) 16/, Wi-Fil7l sgfir 2455, Hrp, BTG S5 (received
signal strength, RSS) M=% N Wi-Fi AL 5248 B, T HAS 5010 B Wi nms s, H#iCN =W

FAECTET RSS WIEN Wi-Fi @A77, FIERESE L (channel state information, CSI) 5
TAF T AR T AL A AL R R R, MR T CST =N Wi-Fi A7 VAl H R
A S e R A B HLH e A g R AR sE O fERIH CST #R47 @ AL, ik H IE 3405 2 H
(orthogonal frequency division multiplexing, OFDM) £ AR{E 2 AN IEAZ T #% L I-A7 Kk E s F- ek
i FEAT R, AR T 520 U8 (AR AR % (carrier frequency offset, CFO) KAF B £ 51 4 ff 22
(sampling frequency offset, SFO) FIFF5 E M fliZ (symbol timing offset, STO)) HIAFTE, Ul T %K
BHIE A IS B RIE, T2, JET CSI KIS W Wi-Fi AL ERIPERE S BN AT S 4 (inter
symbol interference, ISI) F1# [B]FHL (inter carrier interference, ICT) HIFZMAT T 4.

YENFET CSI =N Wi-Fi EA7 7T VERISCHE— 3R, OFDM FAR 75 R HIAT 2 RS LA (U sE i
[F) 25« AR [ 20 AR A7 [F) 25 ) SRARAE VA 1) 3k 2 1) i s P A AT S ) #06F OFDM A i 1) 57225 S e
FRAFICNEE, Sk [10] 454 K/KE (Kalman) JE 7%, IR T —F € OFDM HRH CFO §%
M) P4 A0 MO0 4 R SR [11] 38 ST IS 5 TR B A DG R B 5 R A I 22 [ K R, $2 HY
T —FEREHEE CFO M STO MIE it 5% Sk [12] 42 T —FidE T 23510 SFO fhiiH5ik,
T 7 SFO MMERIER,; SCHk [13] 38 T — R F R0 $A30 CFO #MEHIE, JE45 A OFDM BLALfF
YT H CFO 5l HHMUE 5 e B 40 AR B i) 8 SCHk [14) #2487 —F0H T OFDM A+ CFO
1 SFO BEA it IR LR 7 v, BT SCIR UL T FHE S CFO A SFO ISR 2 AL & M, S
Wk [15] $2H T —FPEEE STO X5 18 P S BB AL IEAME 5 1%, LABRMIX STO X} OFDM R4tk R
iSA]

TEFT CST U= N Wi-Fi @A fE, I OFDM $ AN Wi-Fi {5 5 #E 478 #ll I 4775 1) 57 20 30
Ri (4 CFO, SFO Hl STO) 2= SEUE ARG FEM T B, T2 75 B3 M A [F) S 25 RS0 78 A 14 e (1) jE i), 3d
I X AT AME KA i 8 AL R G B R B . SR [16] 0T T IS AR TR N 2 AR NN A G
BALRF YRR S, T T IR RN ER RS CST EMIRE RN KR, (HHRFEESR
A RN CST € 7 1 RE IS STRR [17) WSS A BERE CST e AAs FE R BEAT A v, RN 755
FERRITAE | REI S SFO Xf CSI & ALkE L (1 R, AR AN S 20 208 [ B (A8 TR 2233647 70 i &
Xf bR i), A SCHE S REAE T AL RIS E . AR TR AR IR IS LR, MATUSUR M L HE T T AN R 28 2%
MK CFO, SFO A1 STO HflithiRZES, BiwHik P T 5t (Cramer-Rao lower bound, CRLB), [A] i #E5
T AR B HNT CSI @Az F I G IE 5, FHRHAE A e it 3T CSI E N Wi-Fi E
B R G TEREVEAN TR 5.

AT &, ASCH TR T B 5, Ol TAR GEAER ISR T 3K A CRLB 17575, ASCR H o i
i TF S A 2R ER (S EAEFE (Fisher information matrix, FIM) BIPEJ5, MATIER I F X S H0 AT 485 1T,
DLiEE G I 38R il CRLB B JG32:45 21 0¢ T Wl & )R 26 % B2 BR 2L (probability density function, PDF)
i) LK, FREE N Wi-Fi A5 5 e A% R AR TP A7 A5 I A% 4 I S RN BR AR ARG, (£ 57 20 R8T 73 7))
CFO, SFO 1 STO #4741l f&Ja, #EF T ARFD RN T CSI & iRz T &Rk
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2 RpEE

2.1 FS&EH
FR A SCRik [18), FIBF3ET CSI FIE N Wi-Fi B UE SR LR RN

PN
r(t) = Za(p)s(t — 7)) 4 2(1), (1)

Hp, s(t) RRRIZEGETHIE, PN RRBEELE, o FRE p ZBENGESRE, 1) KR p KB
RHIRTLE, 2(t) RaRIMEN 0 HI7 2N 62 El (Gauss) FIME 7S,

HT CSI B4 LIREIE 5 @I A #: 25 (analog-to-digital converter, ADC) ¥ J5 [H115 5 18
FERMIALAE S, Bok s 5iE ADC ¥ 5 E SR ER R A

Za s(nT — 7@ + 2(nT), n=1,...,L, (2)

Hrp, L RRRAE R, T R . Beiy, 8 THOR T8, K58 m AR RN BLIAE S ER
RN
T (nT) = ams(nT — 7)) + 2(nT), =1,...,N, (3)

Hrp, N FoRREE. X BT B BUE LR 4 (discrete fourier transform, DFT), AJ4328 m R
REFRWEILAE 5 BB ISR E
Ron(k) = amS(k)e _jQLZ’me

Herhr, S(k) TR, n(k) R,
2.2 FEIREFRE
H4E CRLB ' FIM (kR 19, MRS EEE FIM R

2

7(6) =~ | g fotr)|. )

ok 0, Al 0; FoRFEN B 0 THIRMBE, fo(p) FoRWMER PDF. B, th 3 BUR 5 BAEKE R
NI

+n(k), k=0,...,L—1, (4)

var[0] = { (8 -0)(8-0)"} > 7(0) ", (6)

o, var[0] o 0 IR 0 Eﬁiﬁﬁlﬁ?%ﬁﬁi J(0)~! F/RH) CRLB. i, &58 i D HBRHIHSE
RSB AN 0; = (xs,y:)" F1 0; = (4,5,)T, W 0; MR AR R

Var[ai] = E{ (51 - 071) (51 - Oi)T} = |: %% 03321@'&

> J(0,)7", (7)

O'AA o

Horr, 0'2@ = E(x; _xi)2(> Wlem “Jyy) A U%‘ =E(y; - yz) (= |J(0 e Jz) Rt E 7 My Y
E’Jiﬁb_% T Mo Py RN T Ky, ULy, Az, By 2. dhmAs BRI AAE T 0

B o A ey
Vo= —Joz T dyy
0 Jll : Jyy - ']2 (8)

ry

853



JiRCEE: EN Wi-Fi BN T CST ALz Ffili vt 77 1%

Amplitude
Amplitude

(a) _ ; —— Subcarrier 1
a = et | © | o)
| Subcarrier 3 Subcarrier 3
¥
| 1 . | | 1 >

0 I, A J+Af, Frequency SEARAf A fRAFAS Frequency

&1 (MEMFE) CFO #lrEE
Figure 1 (Color online) Schematic diagram of CFO impact. (a) Without CFO or with integer-CFO; (b) with non-integer-
CFO

i (5) A1 (8) AI%N, BHIEARAE N EM R ZERPITHEFEC MM ER PDF, {HHAE SR =
W Wi-Fi @ 67 TP EHE AR B, MOAR SCH AU f FE SR TF BT 0 e iR ZE 5. BRI &, R
Pl (4) HEMME R, (k) (K =0,...,L — 1) FHRHMSE 0 = [01,...,0,,...,00], FH, 0, &
w0 FIE ¢ MRS H. I, 2 X = [Rn(0),..., Ry (L — 1)]T RoRpia Wil & HBE, p =

[Rin(0),...,Rpn(L — 1)]T Fox X WIAEE, Hrh, R, (k) TR R, (k) FIHE, FI15KT 0 1) FIM H %56
i AITHE § FIRnER R

H
I;; = 2Re [8“ 2—18“} : (9)

20; = 96,
Hp) ¥ = Lo? 3R X MW7 250, #7907 RO Bia 5. 2Tk, 258 « NHRK
HSEREH AL BN 0 = (zi,y:)" M 0 = (25,5,)%, BB Ry (k) THIRMBEN 0 = [2;,y], I
FRT 6 1) FIM 5EFF To = [ 1w wivi |, BEMAR BAUIBERAT TR T 0 WIERIRZE T

Tysey Ty;y;

Low + Loy
VH/ —_ iTq iYi . (10)
I$i$i : Iyiyi - IQiyi

3 HREUM

3.1 CFO izER &8

HRYESCHR [22], CFO & H LR 3 8% AR LR o 2 8] 1 22 5 A A TE AR 2R R SN 2%
RS FIAR LR PR I AR CFO & R AIAR AL A 3 2501 3 2 18] A IE A PEE 2URA, #Emi 5] ICL
K1 g 1 RAROR AR OFDM 15 S EAFERAEAE AR AU CFO 264 T RIS~ & K, o,
[ IR TP IR, Afe FoR TR, Af FonBREHUNR S L 8 R BB i 2. BT
K, HATEAE CFO BUAFAE B CFO I, B THINZ BAAE ICT; R, HAFEARBEUE )
CFO I, #/>7 8 Z [A) IE A MR E 2URIR, M5 ICL

W RS AR R B AN R 2032 2] CFO HIREMEA R, T2, "I CFO #LNME S b i i
B, HER m ARREARIL R CFO M5 S B IE T R N

G (nT) = apms(nT — 7,)? 2T L o(nT), n=1,...,L, (11)
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H, a,, BREFTREE m WMRENESEE, 7, BnETHEE m WKL IE, « = ﬁ—;‘c FoR
H—4LI CFO, Af. RKox TG, X LUl DFT, nJ45

—j2n(k—e)Tm
LT

Gm(k) = anS(k —¢)e

Horh, (k) R R AG R R DR WL, G (k) KT 2R €, an A1 7, TRBEIRAS
O = [, am, 7). B, & X = [Gn(0),...,Gn(L — 1) IR Gn(k) MFTABE, 1 = [0S0 —

+n(k), k=0,...,L—1, (12)

e LFE L anS(L — 1 — e)e T E T KRk X BME, R (9), AR ALE T 6
1Y FIM:
Ise Iaam IETm,
2
I9 - TO’Q Iams -[amam Iame ’ (13)

I Tm€ I Tm Gm I TmTm

T (13) K, W15 0 FRES, Fh T, W MRS FIM (equivalent FIM,
EFIM) [R5 FERRAEPE BT (RIFAR SRR BE o i 4 A5 B HARFEOCHE(S B AR) 23] X} o iR 22 kAT
it

¥ N x N 1 FIM #7405, 153

A B
Iy = , (14)
BT C
Hri, A eR BeRWN-n) ¢ c RW-m)x(N=n) HA[ExT 0 ] EFIM:
In2A-BC'B". (15)

TRYE EFIM AR R4 Jo o0 sAs B =AY B3 nian 11 = 15", RN T TE e MRZES, %
A RIRN 1 x 1 HERE I, BTS2

L—1
B Sk —e)|®  4a2m27,,> 9
A= ];) |fL7ﬂ a(k _ 5) 272 |S(k - 5)‘ ’ (16)
[L—1 L—-1 2
B 0S(k —¢) 4m2a2 7, |S(k — )" (k — €)
B=|> —anm ) Stk—e) Y o7 , (17)
k=0 k=0
[ L—1
Sk — ) 0
c=|"" . (18)
a2 (k- o)’ |S(k - o)
0 > e
k=0

R B BR A5 %EKiT A, AT T EFIM AR RT3 & MIRZE S

E{lle—el} > tr {Icio} (19)

-1 _ Lo?-Ci-C — NITRI= o L-1 9S(k—e) |2

o, ee{lgpe} = 3401 Cy—2(B2-CaF B2CY) F£xn CFO BIMETHRESR, A = Z;IZ a2 o= =
+4“L2“T§ Stk-o)2], B = YEl-a2 %005k — o), B, = YrolirumlSlcoltes)

L—1 L-14 k2|S(k 2
= TS0 IStk — o), Cp = Yimy dnrhlSkmall
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The first sampling point
at the transmitter

T R T T R r
/ Sampling at
the transmitter
N > Sampling at
AT : 28T ' 3AT ! .
| The first sampling point the receiver
T at the receiver

2 (MEMZE) SFO PREE
Figure 2 (Color online) Schematic diagram of SFO impact

3.2 SFO zERER

ARAESTHR [24], SFO S A1 B AT PO AR ik AN DL IC DA S 22 35 8)) (Doppler) $836& . H1&] 2
AL, SFO X BIR T8 2 ) [ IEAS 1, AT = AR I AR 1) 5 I iR 22, i A5 U M5 5 rE 220 4 Lt
(Fourier) A8 5 7 A= iy A8 IR AR 67 A2 4k

T SFO AIHLME T2 BN AR I SEFZ I, AlRE 5 m ARORZBIR R % SFO FENA (15 5B &
N

gm(nT) = apms(nT — 7, —nTA) 4+ 2(nT), n=1,...,L, (20)
Hoft, A =TT ORI SFO, T R RIHTRERN, 77 F AR E T,
&% AT/ T, Bl A < 1, xR (20) % L & DFT, 745

Um k EIELISAS B B
Gnlh) = 72258 (12 ) ¥ nlh), k=0, L1, (21)

B BT, G (k) KT E A, ap 7, TR RAISE 0 = [A, ay,, 7], BT BT
T 6 19 FIM:

v K1 K2
2
IG = m K1 191 0 ) (22)
%) 0 ’192
L-11 a2 a2 k2 | 0S(1Ex) 4a2 72K272 L—1
i, v = 305 [a__’ALyJS(ﬁ)P‘F (11"A)e| B(II%AA) 1>+ (1_’”A7T)GL2%"2|S(&)|2]7 U1 = Yo ﬁ

L-1 4a2 n%k? L-17 a, amk O°S(1E
ISP, 02 = SEd A IS, k= S (e () + e SR, gy —

1—-A
L—1 4a? k%7,
Zk;:o (1_(12)5;2712 |S(ﬁ)|2

FIH EFIM (R RERELEME T 230 X5 A AT fh1E, 7T45 SFO bRz 5t

_ LO’2'191"L92
Ipo) = :
tI‘{ SFO} 2,}/191 '192 —2(K/% .192_’_&% 191)

(23)

3.3 STO iZERER

SRS o 2 RS2, 435 SR AR IR o DR Az s 22 A Al 7. STO i P A28 S M2 AT S FEY IS o AN
)20 3 B, I A [l 2D 2 3 SIS 5 AR AL 22, 2 0 SIS 5 R it ) 25 RO S BUR IS 5 T
ey, B 3 TR, ARAL NG ZE AT RN S R IR ZE, A A O ZE N, i i MR AT R SR B ) AN —
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The first sampling point at the
transmitter

/ Sampling at
the transmitter

Sampling at

T T T
_| The first sampling point at the receiver

ry
Y

T the receiver

B 3 (MEREFE) STO #MREE

Figure 3 (Color online) Schematic diagram of STO impact

B, B AT R A I 221 5 B R IR 220 - A AE AN ] 5 F S ] 22 290l TR 303508 Wi-Fi
PRSCT ) OFDM £F-5 52 I 1)@, RV ] r &> OFDM -5 B2 46 ni R 45 0 i o7 B R A I Hs, T AR
X (3) BAEAE STO HIME TR ALy — AN BRIN SE SMEAFAE BN ) 728 /22 (15 S5, T2,
R4E OFDM #5526 S A THA BN E, STO A8 40 F WIFAS [R5 50 14 7€ 1N 22

50 1: OFDM 752 si fili v L B AERE B AL B (R R0 RAE I 215 fie R BRI 2 2 18] e i %2 )
T, AZNE UL SCHER [17) H A A 8,

5L 2: OFDM #7526 A TH AL BRI B 2 )5, BB T1E 0L 1 /£ OFDM £ R 8
WS 5 5 IR ZE R, LN R I — 1B DL AT VR 8.

4 7, FonH STO I R 22, W10 (3) ATFSEE m MRORZEILEIZ STO M HIME 5 3%

ams(nT — T — 75) + 2(nT), 1<n<L—%—TTm,
ams(nT — T, — 275 + N, T) + z(nT), L—?—T+1<n<L,

Hrf, N, &5 OFDM 55 {47 Al HOEH 8 8. xf B L &L DFT, Al 45

amS(k)e ™ T k), 0<k<L-1-=-Tm
Gm(k) = —j2mk(Tm+27s— N T) T T r r (25)
amS(k)e= It +n(k), L-— T’" - Ts <k<L-1.

Fefelsts, MK (9), AIBHUERIE T RT 60 = (75, am, 7] 1 FIM:

ITS Ts ITS Tm ITS

Am
2 da?
0 = L_O.Q 1272 L. Inpr Iran, (26)
IamTS Iame Iamam
[FFE, FIFH EFIM AR RE R4 230 X} 7, 3EAT 651, A48 STO MIfliihi% 2
L3T2%52 My
I3l = 2
tI‘{ STO} 8(172717'[2 My + M3 — MZ’ ( 7)

H, My = S0 ISP, My = [0S KIS k2SR, Ms = [Sf7) 4k2|S(k)[]
00 KSR, My = 00—y~ R2IS(R) P + 1) 2k3|S(K)P, 1 = Tmtre
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4 TFEMRER
4.1 CFO THIEMIRER

NTFEEMIEZER, FHR (12) PAE a, M 7, BEAMIRER. NIk, B H PRI E AL
BN (z,y), B m RREVLEN (20, ym), WE m WREHRIIE S LEN

S \/(aj - Tm) U+ (Y = Ym) 7 (28)

Horp, v RoRfE SRR
BEAR, HRAESTHR [26] P 2 B AR o0 W HoR B R i i 4 i) R 2R e % A 27~29 FE TR A5 5 164
AR, 15 5 AR B 3 2O T A& S AR s < 18] AL 3k P RS, T2

Oy, = a0 , (29)

V@ = 20)? + (4 — )’

Soop, ap FRBEES 1 m KA S BHIR(H.

$#2 (30) A (31) AN 0, AT HARFISH m ARKLGLEIHOHI 25 0 = [2,0,y]. BBIT
3.1 N OFO MR R HOTE, MR KT o M m RRGHIEIZ CFO M (S
SR

—j2mn(k—e m
Go(k) = a0 S(k — e)e IR Ly, (30)

\/(x - xm)Q +(y — ym)2

—j2m(0—e)Tq —j2m(L—1—g)1q j2m(0—e) Ty

FFE, 2 p=[a1S(0—¢c)e™ 7 ..., a1S(L—1—¢c)e™ 7 ,...,anS(0—¢)e #L’. ,
amS(L—1- 5)6M]T FR X EI’]i/]fE Bl 7T FIM, XT p THTTR ©, y, e K3,
SRIERI K (9), AT1EET 6 1) FIM:

Ia:x I:L’y Iza
2
Iy To2 | Tvo Tyy Te | - (31)
Ism Isy Iee

@ I = 050 G Sk =)+ TR IS (k= ), H = S5 1S — PG + )
Un = Yi2o [ 19002 2 4 48008 5T T AR

N N N y
Z H,, cos@fn Z H,, cosb,,sinb,, Z Zom, €OS O,
m=1 m=1 m=1
942 N N N
Iy = LT()? > Hpsinbpcosty, > Hpsingl, > Zpysinb, | . (32)
m=1 m=1
N N N
Z Zm, €OS O, Z Zm, Sin 0, Z U
m=1 m=1 m=1
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BE—0 EAMER (15) PR, 153

N N N
Z H,, cos 9,2?1 Z H,, cosb,,sinb,, Z L cOS 0, N
_ m=1 m=1 . m—1 B
A= N N , B= N , U= Z Un |,
Z H,, sin b, cosb,, Z H,, sin 62, Zonsin6,, m=1
m=1 m=1 m=1

F AR S| CFO FIE Rk 2 A

Lo? CFO,
2a§ CFO,CFO3—CFO3’

tr{IcpoLe} =

3
i

N N 2 N . 9
CFOl — Z Hm _ (Zm:l Zm COS em)N‘i’ (Zmzl an Sin Qm) ’
m=1 Zm:l Um
(N | Zcos0,)?
SN Unm

N N .
Zm > em 2
CFO; = Y H,,sinf?, - (s Zom sin )
m=1 2n=1 Um

N N N .
Zm em — Zm em
CFO, = Z H,, cos 0y, sin 6, — (21 Zm 08 0m) (2 m1 Zom 81001

N
m=1 Zm:l Um

N
CFO; = Z H,, cos 9?,1 —
m=1

i

4.2 SFO THEMIRER

KA, ARG @, 7 5 HARFIRENL B Z AR R, BILKT 0 = [A, z,y] 5 m BRI
F32 SFO M 15 5 Mg Y

ago

G (k) = S
) 1= Al (@ —2m)? + (y — ym)? <1—

T k). (69)

k —i2nky/ (z—2m)2+(y—ym)?
e
A

FIRE, X p HHITCER o, y, A KT, R)a, @ (9) HERT 6 1 FIM:

r N N N y
Z Jm cos 97271 Z Jm cos B, sin6,, Z R,, cosb,,
m=1 m=1 m=1

942 N N N
Iy = LT% > Jmsinbpcosbn, > Jmsings, > Rpysingy, |, (35)
m=1 m=1 m=1
N N N

Z R, cos b, Z R, sinb,, W

L m=1 m=1 m=1 B
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>N I:P7
L—1 2 27.2
k 1 4ok
Tm=>_ S( ) — + f ,
ZP\=a)l \a-a/m  0-a e
L-1 2 2 99 (—k_ 2 21.2 2
e 3 142S(k>+ k62 (llcfA)+ 47t6k S(k)
= (1=A)%p 1-A (1=A)p2 | o(£5) | (1 —A)°L2r2e2] \1-A (36)
L—1 2 k
05 (=«
W, = 1335< i ) + k43 (1;A) ‘as(k )‘
k:O(l_A)Pm 1-A (1= A)p}, IN1Zx) 1-A
42k k 2
+ S
(1 - AYL2T?v2p,, 1—-A
W3 (35) HEAT P PLAb L, 153 SFO N HE AL iR 2 At
LO’2 SF01
tr{ I~ == , 37
r{IspoLe} 22 SFOQSFO:}*SFOE (37)
N EP7
N N . 2 N . 2
SFO, — Z I (> -me1 Rm cos Hm)N + (1 Rmsindy,) ’
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Figure 7 (Color online) Localization error bound with CFO under different antenna configurations. (a) p = 1 my;

%1073

Localization error bound (m)

2 . . . X
0 200 400 600 800 1000

Number of sampling points

0.35 T T T T 1.4 T T r -

——N=2
0.30
0.25
0.20
0.15

0.10

Localization error bound (m)
Localization error bound (m)

0.05

L L L L

0
0 200 400 600 800 1000 0 200 400 600 800 1000

Number of sampling points Number of sampling points

B 7 (MBMEE) AEXREEER CFO THEMRER

)

(b) p=5m; (c) p=10m

SENLIRZE TSP — €2, T/, T PRHEAERGEMK &I, RN E MR
RS EAF IS (10 R R 22 5 ) i

SE MK

1

864

Jo K, Chu K, Sunwoo M. Interacting multiple model filter-based sensor fusion of GPS with in-vehicle sensors for
real-time vehicle positioning. IEEE Trans Intell Transp Syst, 2012, 13: 329-343

Schloemann J, Dhillon H S, Buehrer R M. Toward a tractable analysis of localization fundamentals in cellular networks.
IEEE Trans Wirel Commun, 2016, 15: 1768-1782

Yin F, Zhao Y X, Gunnarsson F, et al. Received-signal-strength threshold optimization using gaussian processes.
IEEE Trans Signal Process, 2017, 65: 2164-2177

Liu L B, Zhang W L, Deng C C, et al. BriGuard: a lightweight indoor intrusion detection system based on infrared
light spot displacement. IET Sci Meas Tech, 2015, 9: 306-314

Hong K, Lee S K, Lee K. Performance improvement in ZigBee-based home networks with coexisting WLANs. Pervas
Mobile Comput, 2015, 19: 156-166

Maalek R, Sadeghpour F. Accuracy assessment of ultra-wide band technology in locating dynamic resources in indoor
scenarios. Autom Constr, 2016, 63: 12-26

Liu M X, Sun J L. Design and implementation of WLAN indoor positioning system model based on energy efficiency.
Chinese J Sci Instrum, 2014, 35: 1169-1178



FEEBE EERE H51E B 5

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Talvitie J, Renfors M, Lohan E S. Distance-based interpolation and extrapolation methods for RSS-based localization
with indoor wireless signals. IEEE Trans Veh Technol, 2015, 64: 1340-1353

Song Q W, Guo S T, Liu X, et al. CSI amplitude fingerprinting-based NB-IoT indoor localization. IEEE Int Things
J, 2018, 5: 1494-1504

Zheng D C, Xiang H G. An algorithm to estimate frequency deviation. Acta Electron Sin, 1999, 1: 79-81 [fﬁj{%, i
M. — P BT B AR AL TH AR SR, TSR, 1999, 10 79-81)

Wu T, Dai X C. Blind estimation of frequency offset and symbol timing error. J Data A Cquisiton Process, 2005, 20:
291-296 =¥, BIBY]. PFRRFEFR A5 2 MR Z R E M7k B RES AT, 2005, 20: 291-296]

Cui X Z, Hu G R, Chen H. Effects of sampling frequency offset on orthogonal frequency division multiplexing systems
and estimating method. J Shanghai Jiaotong Univ, 2003, 37: 1581-1584 [f£/INfE, #HYCHL, BREE. SREESIR IR Z 5T
OFDM RGAMFMAG 7%, HigACl K554k, 2003, 37: 1581-1584]

Xie B L, Qiu W X, Minn H. Exact signal model and new carrier frequency offset compensation scheme for OFDM.
IEEE Trans Wirel Commun, 2012, 11: 550-555

Yuan J, Torlak M. Joint CFO and SFO estimator for OFDM receiver using common reference frequency. IEEE Trans
Broadcast, 2016, 62: 141-149

Chang D C. Effect and compensation of symbol timing offset in OFDM systems with channel interpolation. IEEE
Trans Broadcast, 2008, 54: 761-770

Gui L Q, Yang M X, Yu H, et al. A cramer-rao lower bound of CSI-based indoor localization. IEEE Trans Veh
Technol, 2018, 67: 2814-2818

Tian X H, Zhu S J, Xiong S J, et al. Performance analysis of Wi-Fi indoor localization with channel state information.
IEEE Trans Mobile Comput, 2019, 18: 1870-1884

Qi Y, Kobayashi H, Suda H. On time-of-arrival positioning in a multipath environment. IEEE Trans Veh Technol,
2006, 55: 1516-1526

Zhou M, Qiu F, Xu K J, et al. Error bound analysis of indoor Wi-Fi location fingerprint based positioning for intelligent
access point optimization via fisher information. Comput Commun, 2016, 86: 57-74

Besson O, Abramovich Y I. On the fisher information matrix for multivariate elliptically contoured distributions. IEEE
Signal Process Lett, 2013, 20: 1130-1133

Sengupta S K, Kay S M. Fundamentals of statistical signal processing: estimation theory. Technometrics, 1995, 37:
465

Pollet T, van Bladel M, Moeneclaecy M. BER sensitivity of OFDM systems to carrier frequency offset and Wiener
phase noise. IEEE Trans Commun, 1995, 43: 191-193

Shen Y, Win M Z. Fundamental limits of wideband localization — part I: a general framework. IEEE Trans Inform
Theory, 2010, 56: 4956-4980

Yang B G, Letaief K B, Cheng R S, et al. Timing recovery for OFDM transmission. IEEE J Sel Areas Commun, 2000,
18: 2278-2291

Sklar B. Digital communications: fundamentals and applications. Hypertens Res Off J Jpn Soc Hypertens, 2012, 33:
177-180

Kotaru M, Joshi K, Bharadia D, et al. SpotFi: decimeter level localization using WiFi. SIGCOMM Comput Commun
Rev, 2015, 45: 269282

Vasisht D, Kumar S, Katabi D. Decimeter-level localization with a single wifi access point. In: Proceedings of
Networked Systems Design and Implementation, California, 2016. 165-178

Kumar S, Gil S, Katabi D, et al. Accurate indoor localization with zero start-up cost. In: Proceedings of ACM/IEEE
International Conference on Mobile Computing and Networking, Hawaii, 2014. 483-494

Xiong J, Jamieson K. Arraytrack: a fine-grained indoor location system. In: Proceedings of Networked Systems Design
and Implementation, Boston, 2013. 73-84

865



JHEE: N Wi-Fi P08 T CSI MR %SG T 775

CSI localization error bound estimation method under indoor
Wi-Fi asynchronous effect

Mu ZHOU"23, Zhenya ZHANG 23", Yong WANG'23 Wei NIEL?# & Zengshan TIAN®2:3

1. School of Communication and Information Engineering, Chongqing University of Posts and Telecommunica-
tions, Chongging 400065, China;

2. Chongging Key Laboratory of Mobile Communications Technology, Chongqing 400065, China;

3. Engineering Research Center of Mobile Communications, Ministry of Education, Chongging 400065, China

* Corresponding author. E-mail: zhenya_cqupt@foxmail.com

Abstract Compared with the traditional received signal strength (RSS) based indoor Wi-Fi localization method,
the CSI-based indoor Wi-Fi localization method usually achieves higher localization accuracy, due to the channel
state information (CSI) includes finer-grained and more diverse physical-layer information like the amplitude and
the phase information of each subcarrier in the channel during the signal transmission. When using CSI for the
localization, the transmitter uses the orthogonal frequency division multiplexing (OFDM) technology to transmit
data in parallel on multiple orthogonal subcarriers; meanwhile, the demodulation at the receiver is conducted.
However, due to the existence of the asynchronous effect like the carrier frequency offset (CFO), sampling frequency
offset (SFO), and symbol timing offset (STO), the orthogonality of subcarriers at the receiver is difficult to be
guaranteed, and thereby the performance of the CSI based indoor Wi-Fi localization method is degraded by the
effects of the inter-symbol interference (ISI) and inter-carrier interference (ICI). In response to this compelling
problem, this paper derives out the CSI localization error bound under different asynchronous effects from the
perspective of the frequency domain to evaluate the CSI based indoor Wi-Fi localization performance.

Keywords indoor localization, asynchronous effect, localization error bound, orthogonal frequency division
multiplexing (OFDM), Wi-Fi
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