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TOA) SURTE W AE S SR B (received signal strength
indication , RSST) '/ A B 76 2 th B A K i 22, 7™
FRWEN M PEGE, I, NLOS 1% 22 78 Bk X 2 =
P E R A BB SR X,

1€ NLOS 1538 414 F , NLOS P AR 22 T B
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Bl > 3 (HSCHR 322256 1 SRR 1) 2 AL (support
vector machine , SVM) **) &} 5 3 3 7 [9] 5 ( Gaussian
process regression, GPR) 9] o XEET VR R T
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AR X B B8 A R, 3R SOk B A R )
—HHE A EANRIHIL g7 S A R o 28 X 2SR 1)
REHEAT LU, U B2 AT 25 AN () iy 53 R A ) 35027 %
NLOS N7 iR 22T BRI, P, A WF 5T 32 %
H 2 OHCEAS [FIBL S > Sk Kb 48 ) 245 455 A
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e AR RIS 4T NLOS BV 22 T R AR
AFEFEEREE R (channel state informa-
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Y77 MR1% 22 (root mean square error, RMSE) -4 4
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tosis ) FIE H ( peak-to-average ratio, PAR)
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AR A RA G ASCH A NLOS 32 251 bR
TIERRFET 23 (8) g IR T
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2 NLOS REHEBHAZE

R T HEE NLOS 858 F 0 A, 78 2 F
TOA 1) NLOS fli i1 #E B SLah I, 284 CSI Ry 2 4%
TEEREL, 43 9151 A LS-SVMR . GPR . BP #f1 28 /¥ 2% %t
R AFHLAEMCAIL ] A9 B B8 AT 31, 5230 NLOS ¥4

BE N IR 22 IE R, B S e RS FE
21 /PRI FREVEYT(LS-SVMR)

SVM J&— B pLas 2= > Bk, v LU T Rl e
(Al , LS-SVM Jj& SVM i — Az ik B FEL T SVM
BRI E RN AE NLOS SENTIRZ TG, Fi il
R FHRERHLZ AR d(d € R) ,EKRIBT
BWAPFHEN & x(x € R")

d(x)=w'dp(x) +w, (9)

K () B— WG BREGw Tl w, &% B ES T
SR, XSS B AR VI R0 2 19

LS-SVM [5] U388 18 3R A T 0% ™ e Ak Pl A )

st.d, =w'd(x,) +w, +e,,Vk (10)
s JE PN PR A% il I Rk 22 R 1 52 2%
BT e RASBIN T, (10) SUAT RGE R LA SRS
WY H e AR & AT - R B -8 s A AT R R, B

2L LS-SVM [HH k00

d(x) = Zakk(x x,) +w, (11)

A« feTﬁ%EﬂHfK? sk(x,x,) HAZREL, A SC
TSR A% PR BICR A2 ] 36 PREKC
[ x - x, ||§}
207

k(x,x,) = (b(x)'r s d(xy) = exp{—
(12)
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] GPR A I 4N

dlx)=w'¢(x) +n (13)
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X TS d, BRI AT T 22505000 .
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erxp{_ [x-x, | i}
J 212
s 1 o2 B9 IR B
2.3 RIOEHE (BP) #E M 4%
BP i 25 ) 45 2 — P 4 B iR 22 I 1) % 4 B0 1k
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ORI & Z R LA A IR TR AR iR, SE
PIBEE T 88 ™22 e K 2k 2H Al A I 265, AH 416 o5 ]
0.5 m, AN, MGG SR T 5 A& S RE,
Hrp 3 M ToWEW, J8 T LOS 8, #4241
T ESNEER, J& T NLOS P58, 7E & i
TR RS RO 2 B R R TE 1.15 m, R4
FIHE R £ A 37 Bt TOPCON® 4wl 25 4 A3 ) |
AT ARG DU A5 380 R S AL S Lz ) B 2 1
HAE, B2 B T ENEEN SIS,

OV R . e S

Wy

BT W RN
B2 PR
*1 FEEUNESH
ZH fH
$iZR/ GHz 2.4~54
AR 3201
RE & BE/m 1.15
ARAB B A B S/ m 0.5
R g SISO

32 HIEEMKE

e R R T 405 MREA AN EEA
3 2014~ CSI AR KA 5 R, Hovd, LOS & 4% &< 14
TALARAT 264 NEEA, T4 141 ASEEASH NLOS
FERE %A, NLOS 4514 BIREAS 1 5] 43 4 Il 5 4 Al
DAL | 5 EAREAS 1 H A1 5351 R 70% 1 30%
33 EWER
3.3.1 TOA MIEiZ £

& 3 45T LOS 1 NLOS &5 F T TOA #E
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B IR 221 CDF B, i B AL LOS A F R,
95% M 1 25 M FE R 22 7E 0.2 m J B P s NLOS 4%
T AL 20% D & 5 I BE IR 25 7F 0.2 m JE RN,
R, 78 LOS 454 F , TOA 0 §H AT LA AR 4545 8 i o7
A5 HAE NLOS &4, TOA B ko= K
DR 2% | AR TC LR 7 RS BE . NLOS 44 F iy
TFF R ZE VL IE KT LOS 442 Ik & AL A2 i
HLZ 0] B LR AR B s i 4, S B AR 5
A AL BN IR 2 AL A R 3 R PRI b, % B R
NLOS Z T B0 158 2 Sfe 45t v M BEORG JE

1.0,

— NLOS
——LOS
0.8

0.6,

CDF

0.4

0.2

0 04 038 T2
TOA BB 4% /m

3 LOS Fl NLOS JFEiR 2% CDF

3.3.2 REMA T a3z £

R TR RIASELR 1Y NLOS S 7152 22 1 e fig
BT I, 6 LT RMSE , MAE #1 CDF 3 S 3EAl
Ei=g s

1) RMSE . &S AL 2 5oL R] B B8 Y 5 55 A A
R 22 (B A5 S YOS n HUE R AR
RMSE it5345h

1 n
Epys = ;Zd? (19)
1

i=

K d, FRE | MR HLE S B 5 AR R
ZE,

2) MAE: & U 5 2% 4 % (U242 MAE
Al LAFRIR

1 n
Eyy=—2, 14| (20)
n -

3) CDF. & i 25 76 B A K BE TTBR LR 1
2

F(x)=P(d;, < x) (21)

SEI Ay AR LS-SVMR | BP #i 2 M 4%  GPR i

TP e B B0 B AR FE B9 NLOS HE B A3 An

T TOA 19 NLOS BEE 11T NLOS 2 {37 12 25 1H

BRPERE L3,

A B 2 BE B A TR 2E A 4 R, MK
H T M RIS A A FE A TR 11 B A TR 2 0 I
K, LS-SVMR Fl BP i 25 [ 2 A5 75 (1 B 2 At 3 115
Z/NF TOA, GPR BEA R IE B Al 1R 22 fe/)y, B
IR IREE T ARl A B A TR 22K AN ]
HIET GPR BRI 1R 25 W BRASCR et
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—&— TOA
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o
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o
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22 45 T ORISR A MAE A1 RMSE {8, i —
SN AN R B TR B R B A T E R 22 E AT IR IR, L
GPR HAI AR IR B A 1H () MAE 380/h 31 0.110 8 m,
b TOA FYFE Bt MAE 387N 0.146 6 m, iR 257
FRPERE R A 71.12% ;43 L LS-SVMR Fl BP i £5 [
2518 MAE /]y 0.087 5 F10.043 8 m, [f#f, GPR fY
RMSE .35 /N5 BB 25 B 42 i FEAC Y | LS-SVMR
1 BP MM 5 TOA M, IR 2T bR PEREIE & T
81.36%, M, GPR BiflLL LS-SVMR F1 BP #1245 ¥
257 T /INEY MAE FI RMSE {5, Bl GPR #5580 52 {37 1%
ZHBRPEREIE T LS-SVMR F BP 1 45 [ £ A 41

*2 TEEEENEERE

TR MAE/m RMSE/m

X B S AR PR 1.646 0 1.960 4
TOA 0.383 6 0.775 8
LS-SVMR 0.198 3 0.255 3

BP fhi & M 0.154 6 0.202 3
GPR 0.110 8 0.146 6

AN )5 80 R B Ak R 25 19 CDF aniEl 5 i,
MEF AT LL % B, 7E NLOS 544 F , 5T GPR £ Al
98% &5 R BE IR 22/NF 0.5 m, H1F BP #1£&
IR 2605 13 22 Y A B0H £ 1 52 i 4R, LS-SVMR AR 7Y
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AT S BRI oA B0 S B0 i B e , X I A6 A TR)
SEIGFAEE T, LS-SVMR 1 BP 1 25 W] 2% 455 50 i3] vpr
95% MRS | HEE B A THRZETE 0.5 m YEFE N, TR
IRZEM A, TOA A5 55 Xk 5 i A28 L FE AR AL R A9 Al
THRZERK, Hi TOA AR 80% MR 5| S
BIAETHRZEAE 0.5 m JEE N, B, i SE g 25 3]
5% T AR B IS4 , GPR R TR (14 58 2 31 4+ 1 g
T w2 2 it HBA 25 5 SE 8 S0 38 Ak
ISR B MR R A

1.0 1

]

0.8

0.6 —BP
—GPR
LS-SVMR
0.4 —TOA
X B0 S R A AR TR

CDF

0.2

0

1.0 2.0 3.0 40
BB HIRZE /m

K5 AR B AL TR 2R CDF

3.3.3  REH ASFAERG N FEIR 2
3 FERIR R A ARFIEAR 45 G GPR BA3k
5 NLOS 2 TH B, I X2 22 IH FR 1) MAE 5 RMSE
AT AL, AT L AT A5 A SCHE H 1 2 HRRAE 4R
C, 0L T HAEMITERE , BRI £ 4 A RRIE AT
NLOS JEN iR 22 bR R £ 10 , lid HEBRFIELE C
1 C, TTLUIE AR 4 b X Bl i B AR AE d 7T
7EA] DL B 4% 5 GPR (A1 AR (R4 1
3 TESHEMEHNEERE

FRAE ) MAE/m  RMSE/m

C, = [u,o,d] 0.1209  0.1816

C, = [p,0,5] 0.8214 10516

C, = [u,04,S,d] 0.114 1 0.149 5
C, = [p,04,S,K] 0.8203  1.050 9
C, = [u,04,S,K,d] 0.1110  0.147 8
Co = [1,04,5,K,Ry, ] 0.8021  1.0323
C, = [p,0:,5,K,Ry,,d] 0.1108 0.146 6

3.3.4 REWE TN IER E
T PEAGAS [R5 S5 0T NLOS 152 22 1 4 1Y 5% i
A RIS R AN W) 56 T A LS H2 SO L] i

BT AL, SC IR 3 P RN AN [R] A SE (AR
20 MHz,100 MHz,500 MHz,1 GHz 1 3 GHz) , i T
X B S AR AR T A TR 22 R oK, SR E IR 4
FhAS A A %) (£ 45 TOA, LS-SVMR, BP #ift 25 W] £% Fil
GPR #iRl) . KAl4 96 F , TOA, LS-SVMR, GPR I
BP #I# A1 MAE F1 RMSE {HUN% 4~7 firs, @
IR RIE 5 AN R B BT, TOA #5EH8 l BE
IRZ K, 1M LS-SVMR , BP #4145 25 Fll GPR 155 AU #f
ATLLF FIHBR TOA FLALEE NLOS 4544 T oI i 15
% BEE W TE G K, TOA ,LS-SVMR, GPR,BP #1£2 %
L5 KSR MAE F1 RMSE A8/, 3 GHz #5954 Fl
R MAE il RMSE BASIIR/ME . MEAh 36l %
AT Y6~ GPR AEHY A B 1R 25 5/ TR 25 TH bR

HRERAS .
F 4 TOA BB AREFENMERE
G MAE/m RMSE/m
20 MHz 5.557 2 6.792 7
100 MHz 5.060 9 5.820 1
500 MHz 1.200 0 1.390 7
1 GHz 0.674 4 0.875 6
3 GHz 0.383 6 0.775 8

*5 LS-SVMR #EE fAREHERMEEIRE

i MAE/m RMSE/m
20 MHz 1.150 2 1.364 5
100 MHz 1.074 6 1.287 2
500 MHz 0.505 9 0.653 6

1 GHz 0.281 4 0.357 0

3 GHz 0.198 3 0.255 3

%= 6 GPRFEEAPR[EHEEHNNIEIRE

i MAE/m RMSE/m
20 MHz 0.796 0 1.028 5
100 MHz 0.717 2 0.900 7
500 MHz 0.461 3 0.554 0

1 GHz 0.175 2 0.233 1

3 GHz 0.110 8 0.146 6
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554
F7 BPEBEAPARETENNERE
G MAE/m RMSE/m
20 MHz 1.006 5 1.176 8
100 MHz 0.843 9 1.0327
500 MHz 0.455 2 0.621 4
1 GHz 0.269 7 0.266 6
3 GHz 0.154 6 0.202 3

AN[EAHE S5 PR R 25 19 CDF 25 40 6 ~9 Fzs .
MAEIR] L, B 71 S48 0, TOA , LS-SVMR, BP #1242
K25 F1 GPR #6575 (1) NLOS ) BF 15 22 247 A i sk /N
PIEL 8 H GPR BEHA [ 4y 9 B 125 A 11352 22 /) CDF
R3], 244 55 A 100 MHz 3450 % 500 MHz B,
PR 22 10 80N 2470 SE N 1 GHz 3% 3 GHz
fF,NLOS Z50F T I B R 22 /NS (B 3 . IR L, 7
TERETS, MIBE 3222 1/ Iy SR, 2415 T8 RS KA, kst
HE A VAN i 2 A e D BE ARG E

‘2 4 6 8 10 12 14 05 10 15 20 25 30 35 05 1.0 15 20 25 30 35
BEEARE /m SRR HRE /m BB GRS /m
Bl 6 TOA BEEIHAS[R]HF T8 7 LS-SVMR #E58I HR R[] 5 Kl 8 GPR B AR T

FRE A TTR2ER CDF

CDF

0 10 2.0 3.0
BEEAG RS /m

9 BP B AN R TR B A TR 2219 CDF

K10 B8 T GPR BRI A [RIHE 5 A [A] 5 A
FRIEAE T NLOS BB T1HR 221 CDF, B st
LRINTEA S 3 GHz, i A Inl &2 W RRIEAE C,(3 4>
FHIE) BB NLOS iR 25 HBREE AL, i (0 B 4k R FEH
$i A 500 MHz, fi A [n) 5 A FFIEEE C,(4 AHFAE) B
) NLOS il BE i 22, % 8 4k R 8 7247 %6 R
100 MHz, iy A [n] & R R AE 4R Co(5 A FRAE) B 11
NLOS iR ZETH BRE5 A AT DLk 3K 98 | i
NFFIEA B 0] DUARAS /Nl 58 | 22 % A REAE B 471
NLOS 1 2571 b 25 5, BV ] 38 2k 384 K HF 58 ok R 0 i

FRES AL TTR2E/) CDF
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A comparative study on NLOS error elimination methods
based on channel measurement experiment
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Abstract: In order to study the performance of different elimination methods on the distance estimation forward
error caused by the non-line-of-sight (NLOS) propagation of radio signals, this paper is based on the mean value,
root mean square delay spread, skewness, kurtosis and peak-to-average ratio extracted from the channel state infor-
mation (CSI), and combine it with the logarithmic estimated distance based on the time of arrival (TOA) as the
feature input vector, through the establishment of Gaussian process regression ( GPR) , least square support vector
machine regression (LS-SVMR) and BP neural network training model for experimental performance comparison.
Through the actual measurement of the 2.4 to 5.4 GHz wireless propagation channel in the typical indoor environ-
ment, the error elimination experiment is carried out to compare the NLOS error elimination performance under dif-
ferent input characteristics, different bandwidths and different frequency bands. The experimental results show that
the GPR model has the best NLOS error elimination performance, and the extracted CSI multi-features as the input
of the GPR model can reduce the average absolute error and root mean square error by 71.12% and 81.36%,
respectively. As the bandwidth continues to increase, the error elimination performance is gradually optimized. By
increasing the bandwidth, the NLOS positioning error when the input features are less can be effectively improved.
The positioning error of the low frequency band is smaller than that of the high frequency band under the multi-fea-
tures, so the combination of all available frequency bands can eliminate the NLOS positioning error better than a

single frequency band.

Keywords: non-line-of-sight; channel state features; time of arrival; least squares-support vector machine

regression ; gaussian process regression ; BP neural network
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