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GPS is widely used for localization. - r’v’ﬂ% RIEEF = & i

However it can fail in case of indoor or  ;x . 4c@— > H ¢ %% 3 B F T4 o o
obstacles because of blocked signals. A (oL,)

wideband spread-spectrum pseudo random
acoustic signal is used for indoor localization.
A reference microphone is used for
synchronization and calibration of sound speed.
We also consider the effects of attenuation and —
non-line-of-sight(NLOS).Computer simulations Robot
validate our NLOS-remedy approach is
effective. Cooperative localization will be also
studied.

Mic_mob

sl Iy A N %)Ab/—‘j
MR 58 R BEL o o A Bl- ”‘?Em"'ﬂ"‘” &
;,_:;;;’31{\; BPERE S L IFN E e Hz Benpedp s L, o AR x, LTS



e G OA R BE o B e e AR S (0
L)°5’~]‘5\1F3"+7§§3g4?‘39:“§; Boo# ok
BjosplondriE Dandg o B b 2T e
BTG E S @RS T] LR D
LA (Time-Of-Arrival) TOA  [6] - 4=
FRF R g T FRgeonE foh 2/
PEEYE o 7 E & F 1] F 5L R EeploN 2 [ engE
By - B BT R (- Aok & i B
q&mwk&f§i&ﬁaﬁﬁﬂﬁﬁ%
R B
Feplenie ) B e pE ;‘ rvulk. Bdnie g &
ﬁmkﬁ[ﬂo%L)F;&$~&?ﬂ%
ﬁ’d%%gﬁgﬁg%mkgﬁﬁwﬁ»
L wﬁaanw[n T fpl £ EaE
ki /P A g 9] o A BT T L

v BwpleNE B SR PR O B 4RELIZ[8]
mWapmo;uaLﬂmwﬁw g
B EE @AY R G
A o PRI 2 i *ﬁ—?mﬂiﬁif“ (VY
HE B o

AEFAPEBP NS A MAFRRE

*ﬂiﬁ?ﬁﬁffﬁﬂﬁ RS E S R EA
erﬁgﬁf{ FONRIT 0 Rl - B AT F R
koo R BploniE B o e RS P
F’*ﬁix@ F hd g } LR BNz B e
PR oo Fpt v [EEStR=) il S
APT R R E /)\%‘ 2 23 & ¢ i (NLOS) 2
THIE R AL T AR P P B ‘*"Zﬂ 4
e NLOS #7i¢ = eng_i+ 3% % » 1 Fx ,ET;\
PenEimna B ¥ MRS R o AR
P A pAAL - BA PR R
B ood AR BB 0 B ETe- e
F (G ) pEdef F S R RPE
B NLOS e 2 & - £ % g R i eii i &
ET NN TR eh EP%B‘. ‘ki—i I

P B e S R %wm@wﬂ

PLEER AR en g @ NLOS 2
iaﬁ&%%&%o&ﬂﬁw“)hmrrﬁ
Lo Bt h Y T T AR BRT

%?%%%Mﬁﬁiﬂﬁﬁﬂ’ﬁﬁﬁﬁm
Pt 2 R plEEAE R R o - A
joint Newton’s method = v #_ nonlinear
function m "B B (B . P o AP Es
joint Taylor-series expansion method and

divide-and-conquer algorithm. % *% < &
B E PR E R 0 X A ehi
“‘fﬂr%”&“*%

3 %5 T2 RHAY

Bl = Bl4 52 i SRfF Wl ot &
e 2 3 - 55%%;‘3@ rJ’J—g] i o T 1 [FR IR
iBU #E&EL R E AL m} b KR 1
z R ch e % (ﬁ;— % 2
correlator) AP iE O 5 BT 2
PN-sequence [12] > e prd 5 2+ #?,%2::". % o
5 B ek B8 5 (room impulse response) h, 4+
h, #-d PIEEH- % @ arecorder v correlator
# o # ¥ timestamp frh & h, 2. B BT AT

3 g

(‘m

*ﬂ‘f@;mfﬂ?ﬁ“ Pl E ek enB (FRFERF o 317
Flehd BHGEER R FET AU E I L
L, -

M seq. L(OL'

Mic_mob

7~
|

Ly =Py

S (pop)
2-ch. %
Sound

Card L, b, |

Ranging Estimate
module

Correlator

M séq. R
B - 2Mwi s ak

$fe drenk Bk 7

t,t, and v, L.L,
Estimate | |

Recorder

TimeStem Estimate

p for Sync.

EANARNE: IS

I EcE N

F

L’ = (L -p,)’ =L *~p, )

P =yl - p,’ )

‘(1)(2)“ TR R A g
éwwm)

L+L2-12
b, == P=yJi-p @)

f

(P, P, )t 3 B R B ot 6 (7 PR
ﬂﬂ’ﬂﬂ‘%i@& o BB ERER R P A2
ARG HEDRS o B DT RE
Afpd B OREP o F Ad T gt



B ®EF o A MBS £ 5 b e
e ko A de g plut E (latency) L G 7 oo
BRK oo E el §os(t-7) 0 ¥ b eT
m@%%;:
r(t):as(t—r—t )+n(t) @)
aﬁqédxa@ﬁﬁmfﬁﬂﬁbt
APR R %M BABERF )
} o b HE TR D] ehfein s - ¢ -2 model
*%%%%%&°ﬂﬁ}i&%ii%ﬁﬂ
w@ﬁa%ﬁ&%v%uﬁﬁg?u%é
match filter(correlator) % if = » 2 #c & ;4 4 ¢
h(k) = [ rt)s(t—k)dt (5)
h(k) s+ B4R PR T L EEFEF 5

RET

ETIEY j[r;t

S(t) S(t—
latency delayr
(Computer)

Robot

O(t—ty)

Rarlﬁe
Estimate

B =

Eﬁu&ﬁiiFH%ﬁMLiﬁ%Eﬁé’ﬂd
Téi?'lﬁ?fzr+t » ¥R ENE P FRER

LIS m‘}i/%ﬁﬁ""r:\g‘?\'mﬂ—”ﬁ & ‘5\

t e FlE(B): P 1l B g § rF i ﬂ’.’éﬂ.%{
SR pj= 2 A

I F b &
pE & o

5(t) | latency delayr
(Computer)

a(t)
S(t-1)
St-7-t)
St-7-1)
tD ] L1
4 Sp_R Range
t Estimate
0 T oty tm
A (B)

Bl = 4vx 23 F b 2 PR A 4L

TR ApeNE SR Bl RPAE 0 A
A S Aol w TR oo L0 3 I A
Ao NP AR 247 2 ogploN RS G i?‘] o B
E R et s L S(t) 0 T Heh

T N O AELE S(t-T) e
BREE b BT L S(H-t,)
ﬁﬂtm:rmofwwﬂW£¢%ﬁ$ﬁ%@%
st=t, —rARAHeRhEBOPFRFI- B
&m%%%&’¢F%ﬂ

ERERIE SR VR e lful/p—;-rfm—$;2#:

AP gl TR E T - B ET E
PN R L Ly 0 P UL s
Bkl ihy o 4 hoen¥ - BRIERLE

St—t,y) » # s hoB) A o ]

&
(&
R
=3
ETIRS

—\

,{ e iE -7

t,=7+1,

S L fev,(Big)s oo =2 5 IR e B

2=
T :tro —t O:tr _05 (6)
VS
¥R

tl = tm 1 tr 5 (7)

A
fPa oo A T e o T E B
AR
5:%f4m+5- (8)

VS
el fel, 7 od L= WLI:12 PRIRE!
CL A IS —E(3),;\‘.1FBTLM: CUEE R b (18 E
,,»ﬁ(pwp)o«&,fa;;_,_«f +FE*‘H}
Prerde g F R Rk BB enf i o

A ) e

) wﬁ-’Lerv'ﬁii&J ﬁid’ﬂ
AE[A T LA L=V, 1=0,3° B&Kh,
frhyend - B PERIE A W5 ot-t,) fr
ot—t,)  He ty=r+t,rt,=7+t, APEF
VA

VS
Fpb oo A B Ak BV, T L AT S
G,=s"h g
tl’3 trO



Sp—LE(}/ Lo =Vsto
< Mic_ref

5()
S(t-1)
St-7-ty)
St-1-t,) L“Vsla
-t o(t-r)
R T t Sp_R
A ®
Bl oI R

B S RGP e Bk N T £
Bz FFendelay 3t 0 - e frfice iz
Sk Y LR STYT ] LB S(t—t )
ERFEF R Am gt o dov g o Ao AT
ez Est) &7
5()=5(t-t,+t) (1)
EEPEA PR OE R ME () - &
correlation » output 2t L4 -+ %
s(t)® r(i (12)
H? ® 4 cross-correlation > H # + & #74f
3 ﬁﬂi%%B*F'*ﬂ'J LRt AR o
2. RBEEZEE AP THHET AR

dofea g ATl o 507 1@ Tk At robust >
EM 'f”ﬂ*é*ﬂ:%_ 3@FELH "‘]{i’m@x; ag(p;fr e
}%] > P‘

X 4 o

ok
SU

LA S oy g N =k

Y ¥
Sp_3 Sp_N

B -
B B A T 2 o] oN (N=3) K RSB A
fé_iE'Io d1 sy~ dy A BTl R A
DEEM o FEMEERIA WS 5L s
L, » L3 ° l&fﬂ,& EEPN RT3 AR

LAV EE {1 3 S

sea 2 NLOSHZ » WL ~ L~ LA
£§&¢~%‘dod%ﬂw*i@&%ﬁ

3 Adr#icy 3 oA (o meie) Bk
FAT A

= J(x=x)* +(y - y)? 13)
=L +n ,1=123
B2 (%Y sl el 2 B (X Y) 5 F
TS B A A o d 5 R FleplvN B D

BEYE oon SORIEERE A o SR Least

Square(LS) Solution » H 5 ;8 & 5 ¢

(X 7y Jgim’im X+ ¥y A
.................... N ¢ )
R ORI TR

F % & & 3 dc(cost function) » N 5 s v B
oo NPT U R N (LA B R A i
R o H - 2t “EU'}—‘ BN > B EIHE
1 LS 25 f% o - 4k * Taylor-series-based
L|near|zed Least Squares Kz o> A58 (11)
(14) = A# > &

R(O) ==Xy’ +(y-y)*  (15)

n‘v%}ﬂféﬁ“;‘?%%:

FO)=FQ ¥y YFq )ty
ordetern (16)
IF)»’““\IF“,C,V%I”IE’—’ Pp}\(lg),;\.,ra—ﬂu

high:

F(0) = I:(6’)+ (X Xo)+ i(Y—yo)

oy
H e

Fi(eo) :\/(Xo _Xi)2 +(yo _yi)2 :di,o (18)
F _X%=% F Y-y

L=20 1 (19)
6X di0 ay le
#30(16) % & »(13)'* G
F(9)=d, , %=X (X=x)
0 (20)

+—y0d_ i (y- yo) ~ L
i,0



450 (20) % BT T B L o8
X

<°d Spere Ty s -d, @)
i,0 i,0
He
~ X, — X —V.
di,o:di,o_( Od I)Xo_(yod yl)yo (22)
i,0 i,0
53 (13)t’ 3= BT AiprR Q25
la\—r_E'l‘_é'_’T
Xo— X% Yo W
d; o d ;o ) Li_dl,
Hxo=| 222 YoJ { }z L,-d, |=b
dz,o d , d LY ~
Ls_d3,
Xx, =Xz YagV s
L d; o d, 0
..................................... (23)

d 8 (23) 3 o F
solution # %
O=(H"H)'Hb (24)
d 39(15) 3] N (24)ed > A
B BN e AL 3t T W Y % 18 least square

F| & 4 least squares

Birt 4

CE VA e S d (L IR s A ﬂaa 9
e 39 18 3] et (23)¢7f§ §oE fH fzew rn

) %xf*)r BB N (16) " _* it i en ,'Z*E y B
" 7%” b iR AR 6, * 43 #:1T & i) 47 (robot)
F‘?‘ F#;T\Jj}zg'l”wfru} 97538 B IR
‘\ (24)‘-’”?'*&” BRIy RT3 0% S Dk
; o FpL 2\ (kA EYE: {@,k I E ;;_,_5\(24)
hig it w 4 (16) 7 6, - £ k= > E 7
[6..-6<5 -
BTRAPEL RS BRI A
n) g NLOS(Non-line-of-Sight) 2 % g = %
o 3\ Bhez NLOS Identification 2 14
13 5L g2 o NLOS 3 4 pF > 2 % ¢ range
measurement ;Lz_g 7 i & (positive bias) IR
%o A Jo 3% B K A2 model =
exponential 4 # o Bk A% iy 7 N B

BN o K epleNEr B 5L b nE I BEAE S
d, =(x=x)?+(y-¥)? i=12....,N (25)
P range measurements ¥ # A

L =d +¢ (26)

_,ﬁt’g.:{ni i=1,2..k..

"IN, +n  i=k+1,.N,

@ n il § model & % 214 > 5 time of arrival
serrore N; R 2 NLOS errore 3 7 iz range
measurements f= model > #% 7 d ;% (24) e &
A - BA G (XY) e F A ek
%wg’éhwﬁf7ﬁﬁ+-®%ré( 5)’1%@
Y+0,) L hedimg - pAAPL £ 8

B4 5 Atk (X §) foslen m&m;t S
w3 AP Ap R ¥ 3 NLOS %4 ewf|o™ K
i’iawmﬁﬁﬁgwﬁigﬁromw
Fo PP ORI T A R

(X+0,

d

L=L"i=k+1..,N (27)
fIv g 5hens 2 S ADH (K )ER - A
ol |§’E'J
Ay 1IN y')5 ~L-C » i=12...k
(NLOS) v (28)

(XEX|)5X+(y_EyI)é‘yzO ) |:k+1,,N

(LOS) e (29)

& 3 (27)m 5@ EN (29)1?‘11) N4
0 #34(28)(29) 2 & o B B - = least
square % (5,,0,) ° FF LA H ¢113 2reh
A R (X+6,,+6, )# 3¢ (13) "’"i’ B B
By I gp; R E- ]‘\ﬁ;’ , _—éflj (§X’5y) 1*(%;(
IR B PE o

Bl - ZAPRDI GRS eE ALz
2

Initial LS > NLOS LS
estimation tradeoff estimation

Bl = % NLOS iz Z /4% B
% (- ) Initial LS estimation » 2% if* £ {8 3| -
B4 5 R (X, ¥) % (=) NLOS tradeoff -
HSE@T)F o P g 4 A7 NLOS /PJEPL ’

» 3 - BARRlEEL 0 i=k+1. od FET
SURIEEA LB R 2T A AP A %t;/? | §E ¥
- BEAT R

Lo=ul +@A-p)L > i=k+1..,N (30)



Nl

Ly 5 0~1 2z ey #ic o
( ) LS estimation » §]* LOS | §E Li ’
ok o e BO)eplEE L v i =K+,

2L 'FB—_' MFiE- 8 LS B iE R BRF /?HT"’”
Bl o 3% ¥ A R B S % (path loss) sk
Jo o LS AT RS@G)? FITEa

gain aié’:{@;o[l3][14]#i dent ke B A

BEL i £ R GRIEEY o 5L A B iEEAR
ﬁ’%ﬁﬁﬁﬁwﬁﬁ’ﬂkﬂmwmui
PIAR %] o L v F B TEERAPFIT > BT

S

Plenf 5lic 2 AIAP S+ o B 2 2 E A RIEEw
432 = path- Ioss—modeI(PLM) VI
P
—L=k,d™" 31
Rk (D

He Pifjeasizw g 0 By 5 Bixasgis
e ® 0 d i BEEER o K EN
Bed S F A RKE o 75 i& % model » 2
Fﬁiﬁﬁéﬁﬂﬁﬁﬁkﬂﬁﬁﬂﬂ\
R)Mﬁ?JlﬁﬁﬁH%P:ﬂ

( )n (32)

kO 0
T RAPRE LB FRER R ERY ¢
$= correlator 4r » power £ 4 0 4B N~ o

Channel
— w0
e

; |

B ~ * path-loss # &4 fz ip| & {7 p& Y
AL g B - ehwpleNRlEE
rrt)=as(t—-z)+n(t) (33)
B ost) s #sslon)z ¥ F e 5
ARG RFER o @ j¢_path loss st3t
Fenmodel > 2 i E (R A Rk i

a=k,o™" (34)
ek, ~ p7oud A g model F
oo Bl A ¢ eha #E kT e Bl (33)F
BT
(= k" (tr) 1 (35
EN A IR L

s(t)

(VEEr S A

- -n 2
mi pHr t(-) k" s ‘ (36)
Hoeor(t) 27 % e d s b e dlann gl - 54(36)
g - BRERPRDLS P B FfEY
R Iterative Nonlinear Least Square % ¥
Jeole HEHAFRR S B > Apdr B o=
Feht 2 Ry N E6) R AN PR B
gocorrelator £ 5 17— BHFHFRF T, o &T
g i kR B~ T L3R search frieie
oo BT, 3N (36)¢ hs(t—17) 0 ¥ iEF]
n T
El: I’(t)_koz-time s(t_z-time) (37)
Fune P13 - 6§ L 1 5 (28) L
—i€&~wﬁu“wﬂwﬂﬁ\0®fﬁﬂ
Bl o P li—ftime'i—a:‘ fSB - B
window » #% * #-pt window & 5 -
z_-e[’i:tim_et 'ﬁ/ t—'_it'ne (38)
Aie B window 42 > ¥ B I E BREER
% Bl Tyme.gain €7 F » 34 (36)45 T H &0 B - F
P AP Bl gain kgL
correlator p& f¥ i3 B e By o
. SiFN T i
CRLENE SRR
Fl B8 5B FRI R RIEEHLE 5 B 4
Rl pot 2 B e B RIEAE R T o 1295
EirE g2 BT DR 2 B en
& iF[21] s BRI EH B B BRF 8 (F[19]
o b e B2 B en s (£[20]% o @ @ siehd
iAo 4 RIEAIY B ETHEE
Bl B REEE K (TR .

L)

Tl Ak 5B

ARA G

l::]ﬂ)-n_,n_ﬁ__’ Mic_mod1
5P 1 di e
e dy
™
SP_N
g da . -
7
SP2
B4 2 Alheie i

@ iE F\ P‘i,_,z ’«L»[17][18]$’& % L T

,:lﬁ “fuﬁﬁ,ﬁl;‘? % A3 4 A A ‘3&{471' 4



YRGB i e R el 58 e B
Vg PR & 0 kR AR B DR
eI N sk S TR 1 1 S

Maximum likelihood (ML)# & i 2 5 3+ (%
FoRAR o 57 SRR IR GE
ﬁ@i/«*@?—ls\ fRIL o g £ TE S0
A feenzb M > 47 5% o [
%ﬁﬁi@oﬁ%ﬁaj

B R %(sensors or microphones)

=%¥. 22 M A&7 # 5 (mobiles or robot)
DR RE ]

.
BLRL ©

i ﬁoﬁW%7§Wf

B3 ° Mobile_M
% rl_M..--'_f.'; (Xu+ Yw)

Mobile_2

nsor_N
£ TuyysSersord

(XN lyN)

]
Sensor_2 Sensor_3
(X, V,) (%,.7,)

j=1~N
2B engEd

+ fe n; = AWGN
n; ~N(0.c5) 2 n ~ N(O,a?.) 2 g M
BATED SOEE FTEREBGIT o &5IFN
likelihood function # 2 % %

p (dUncoop’ Coop | X) =

M N d-.—|x. =X. ?
1= op| ﬂx'z Sl o

i=1

o Oij

Uncooperation

2
lM[ 1 _exp _(du‘HXiz‘XiH)

1,/20; 207

Cooperation
HE S E TR SRR SRR £ 4 S
dCoop = {d12’d13 . dlM ’d23'd24"”d2M 1"'d|v|71,|v|}

x=[% % - %,[

M N 1 _
I CH

i=1l j=1 i]

Noncooperation

mkin (40)

> 5oz (00 )

=L ij
j>i

cooperation

f#(40)5% - 4 * joint Newton’s method
v v & nonlinear function # * :# & & (x % .
p oA 2P E & * joint Taylor-series expansion
method and divide-and-conquer algorithm. % *%
MEEF oA EE4eT - & T N ETT.
I, T%iEz2 85
% (- ) NLOS model

AP RO S P AP

2
£

T IBqL\ml_Qz;Eg y j\/PJ 2] %,d__)‘/PIJ*;ﬁ_L
R epmg e S B 5 S0x30(m) - i2 8
AR w@;&z;d ﬁ&ﬁ?&j&

éﬁﬁ%wiﬁoﬁﬁﬁiﬁ*’;mwm
Time of arrival error model = L 5% % th3 #7
&% s variance = 0.5 22 o @ NLOS %%
P model = Rayleigh » # > L 35E 5 4 & = »
variance i 2 2 & oiFiE dkay ik L 3 o
4 (RMS error) » #-#52 B ¥ = - E‘Lr'v’ﬂﬁf_‘ 3=
#ci 5000 =% - B + - 5 @izsiaefe NLOS



% B % B o NLOS % £ i ficdx

5 :mﬁtfﬁifhi R ¢ 7 g R

B APpRhas 2 (ns 08)1_2{?' i@ NLOS
1

22T R ket d @ P oL[31]
ERRERRL- 0 S = o S B A S F

“hs 2 faix e NLOS /&2 e iz 2x % & NLOS

BHE T 2 pEo o S L g«’%?sxzza

w0 RO RGEE NLOS 3£ i o 54 i
P b el 18 e TEAR o

3 T
—e—proposed method |n[31]
—&— our NLOS compensation method
251
E 2
5
@
7%
g 15}
1F
05 L
0 1 2 3 4

No. of NLOS sensors
B - @ izscic 2 NLOS B e SR

% (= ) H 5% NLOS == 2

B AN d LOS o NLOS BliE% & 0LS
estimation % 3| - B & k4~ 5 o % 4~ 7 B
B2 8 el i cnpEdr 2 Lo —
s $ NLOS RIEE R 3 0 [ § vt A= doipliE L
B REFEgr o Flpt NP igp S E G
4ok L —Li >0 o PP 2 v §_NLOS -
ﬂ5%&-@ﬁﬁa*“*mﬁzﬁ“%ﬁﬁé
e B o A F AR iR RS
ﬁiiﬁmﬁ4%°¥”4%§”*%
4 I ast -squares ﬁ’*)i %ﬂ S F’ﬁa»— E&w e {vk’

—&— proposed method in[31] with nlos information
—=— our NLOS compensation method with nlos information
—#— proposed method in[31] under our nlos identification

—#— our NLOS compensation method under our nlos identification

RMS ermor|

Mo, of NLOS sensors

B = &P NLOS p¥ T =34

(=) Weighted-Least-Squares #i#%
AP EXWEAL iz 5 (30,15) 0 l]"“d ¥
Tt s WO s - e @;%]&X & X Bren
viE A Ieast squares g € % 3t U PIEE
232 wﬁz’&r;\@éﬁi—! DAINFR KR
P R €5 A BEEAR HHRGE
BT AL S AR T R PRIEE e TR T R
REEE G 0~2 B HF (R) gL
HERISB4oR) L =977 o Hd A frﬂ:f»EH?
MATLAB p & &1 423% Isgnonlin k45 !
22} E ﬂ?KJ'i"F‘/Z‘ 3V A e R f J
5B enS P o (15,15) o KB P A
A WLS &0 2 - d - B & b
EAE - @Y NEF AT Rhp ey
Brgk A BlAx L o #7r WLS

2 F

o
S
2]
|a\

RMS error

No. of unreliable range estimation

Bl WLS/LS z_ #_i=sTiy v fix

B - =

B +tw FEIFNT iRy ba B
v, divided TS, % joint TS # MSE vs. noise
variance vt #i. f i< ¢ noise variance FF,
joint TS #& divided TS +4%. fr & i< 0 noise
variance fF | £ 2



BE5=(0 0,0 20,20 20,20 0]
ME=[10 10,15 5,5 15,15 10;18 6,7 13,2 15,5 10,17 3,10 3,1 3,3 1,18 15,5 18,6 19]

—— Joint TS

77| —+— Conperativa CRLE
=7 — €= Joinit Newton

converged MSE

i i i
0 & 10 15 20 25
variance of noise (dB)

B +ew &iF;8 2k Sifrdivided TS, 2
joint TS &t g

References:

[1] Saab, S.S. and Kassas, Z.M, ”Power
matching approach for GPS coverage
extension,  ”Intelligent  Transportation
Systems, IEEE Transactions on Volume
7, lIssue 2, June 2006 Page(s):156 — 166.

[2] Erickson, JW. Maybeck, P.S., and
Raquet, J.F.. “Multipath-adaptive GPS/INS
receiver, ” Aerospace and Electronic
Systems, IEEE Transactions on  \Volume

41, Issue 2, April 2005 Page(s):645 —
657.
[3] Hazas, M., Hopper, A., “Broadband

ultrasonic location systems for improved
indoor positioning, “Mobile Computing,
IEEE Transactions on \olume 5, Issue
5, May 2006 Page(s):536 — 547.

[4] Hui Liu, Darabi, H.,
Liu, “Survey of Wireless Indoor Positioning
Techniques and Systems,” Systems, Man,
and Cybernetics, Part C: Applications and
Reviews, IEEE Transactions on Volume 37,
Issue 6, Nov. 2007 Page(s):1067 — 1080.

Banerjee, P., Jing

[5] Dong Sun, Xiaoyin Shao, Gang Feng, “A

Model-Free Cross-Coupled Control for
Position Synchronization of Multi-Axis

Motions:  Theory and  Experiments,
“ Control Systems Technology, IEEE
Transactions on Volume 15, Issue 2,

March 2007 Page(s):306 — 314.

[6] N. Bulusu, J. Heidemann, and D. Estrin,
“GPS-less low-cost outdoor localization
for very small devices,” IEEE Personal
Communications, pp.28-34, Oct. 2000.

[7] Hole, S., “Resolution of direct space
charge distribution measurement methods,
“ Dielectrics and Electrical Insulation,
IEEE Transactions on Volume 15,
3, June 2008 Page(s):861 — 871.

Issue

[8] Venkatesh, S., Buehrer, R.M., “NLOS
Mitigation Using Linear Programming in
Ultrawideband Location-Aware Networks,
“ \ehicular Technology, IEEE
Transactions On Volume 56, Issue 5,
Part 2, Sept. 2007 Page(s):3182 — 3198.

[9] Bellusci, G., Junlin Yan, Janssen, G.J.M.,
Tiberius, C.CJ., “An Ultra-Wideband
Positioning Demonstrator Using Audio
Signals, “Positioning, Navigation and
Communication, 2007. WPNC '07. 4th
Workshop on 22-22 March 2007 Page(s):
71-76.

[10] Farrokhi, H., Palmer, RJ., ” The
designing of an indoor acoustic ranging
system using the audible spread spectrum
LFM (chirp) signal, “ Electrical and
Computer Engineering, 2005. Canadian
Conference on 1-4 May 2005
Page(s):2131 - 2134



[11] Denis, B., Pierrot, J.-B., Abou-Rjeily, C.,
“Joint  distributed  synchronization
andpositioning in UWB ad hoc networks
using TOA, “Microwave Theory and
Techniques, IEEE Transactions on
\Volume 54, Issue 4, Part 2, June
2006 Page(s):1896 — 1911.

[12] Bingham, B.; Blair, B.; Mindell, D.; ”On
the Design of Direct Sequence
Spread-Spectrum  Signaling for Range
Estimation, “ Oceans 2007 Sept. 29
2007-Oct. 4 2007 Page(s):1—7.

[13] Gigl, T.; Janssen, G.J.M.; Dizdarevic, V.,
Witrisal, K.; Irahhauten, Z.; ”Analysis of
a UWB Indoor Positioning System Based
on Received Signal Strength,”Positioning,
Navigation and Communication, 2007.
WPNC '07. 4th Workshop on 22-22
March 2007 Page(s):97 — 101.

[14] EI Moutia, A.; Makki, K.; “ Time and
Power Based Positioning Scheme for
Indoor  Location  Aware  Services,
“  Consumer Communications and
Networking Conference, 2008. CCNC
2008. 5th IEEE 10-12 Jan. 2008
Page(s):868 — 872.

[15] P. Biswas, T-C Liang, K-C Toh, Y. Ye, and
T-C Wang, “Semi-definite programming
approaches  for  sensor  network
localization ~ with  noisy  distance
measurements,” IEEE Transactions on
Automation Science and Engineering ,
\Volume 3, pp. 360 — 371, 2006.

[16] D. Dardari, A. Conti, U. Ferner, A.
Giorgetti, and M.Z. Win, “Ranging with
ultrawide bandwidth signals in multipath
environments,” Proceedings of the IEEE

10

Volume 97, pp. 404 — 426, 2009. (Survey)

[17] Patwari, N.; Ash, J.N.; Kyperountas, S.;

Hero, A.O., Ill; Moses, R.L.; Correal,
N.S., “Locating the nodes: cooperative
localization in wireless sensor networks,”
IEEE Signal Processing Magazine,
\Volume 22, pp. 54 - 69, 2005 (Survey)

[18] Chan, F.; So, H.C.; Ma, W.-K., “A novel

subspace approach for cooperative
localization in wireless sensor networks
using range measurements” IEEE
Transactions on Signal Processing,
\Volume: 57, pp 260-269, 2009.

[19] Hongyang Chen; Pei Huang; Hing Cheung

So; Xi Luo,and Ping Deng“Mobility
assisted cooperative localization scheme
for wireless sensor networks,” IEEE
Military Communications Conference , ,
Page(s):1 — 7, Nov. 2008

[20] Purvis, K. B.; Astrom, K. J.,and

Khammash, M., “Estimation and Optimal
Configurations for Localization Using
Cooperative UAVs,” IEEE Transaction
Control Systems Technology, :
Page(s):947 — 958, Sept. 2008

[21] Mayorga, Carlos Leonel Flores; della Rosa,

Francescantonio; Wardana, Satya Ardhy;
Simone, Gianluca; Raynal, Marie Claire
Naima; Figueiras, Joao; Frattasi, Simone,
“  Cooperative positioning techniques
for mobile localization in 4G cellular
network” IEEE International Conference
on Pervasive Services, Page(s):39 -
44 July 2007


http://ieeexplore.ieee.org/search/srchabstract.jsp?tp=&arnumber=1458287&queryText%3DLocating+the+nodes+Cooperative+localization+in+wireless+sensor+networks.pdf%26openedRefinements%3D*%26searchField%3DSearch+All
http://ieeexplore.ieee.org/search/srchabstract.jsp?tp=&arnumber=1458287&queryText%3DLocating+the+nodes+Cooperative+localization+in+wireless+sensor+networks.pdf%26openedRefinements%3D*%26searchField%3DSearch+All
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=79
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=79
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=78
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=78
http://ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=4723889
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=87
http://ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=4283874

Rf g NREL
2009 & 10* 9p

T e
. .. < T
2 AL (PR THEE S laaagen E
CER S-S . {03-5731974
i

FHRFEIHT R, FEO hm
IR P /% % |1. A Diagonally Weighted Space-Time Block Code OFDM with Channel
ETR Estimation

2. Maximum SNR Detection for Selection-Relaying Cooperative System

— N

\\\?{r

4 i
F- R A AE B EyEtutorials BRAE, BT k= X % o 342 plenary talk, panel
discussion, oral sessions, poster sessions.

B, FETOLRR R LASUILE |, &SRR L A S

BT A
§km~> B (D- ¥, RAZEE - &,

T~ F R AT




A DIAGONALLY WEIGHTED SPACE-TIME BLOCK CODE OFDM
WITH CHANNEL ESTIMATION
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ABSTRACT

We focus on space-time block code (STBC) OFDM system with
four transmit antennas. A block diagonal (BD) non-orthogonal
STBC is proposed for full-rate transmission of complex data. To
estimate the channel response, a BD STBC matrix has to be
nonsingular for all possible transmitted BD STBC data matrices. A
diagonal weighting constant is proposed to assure the
nonsingularity. A phase-direct technique can be used to further
improve the subspace-based semi-blind channel estimation. From
computer simulation the proposed channel estimation is shown to
be effective and we can also see that a large weighting constant

improves channel estimation at the cost of a degraded bit error rate.

Index Terms — space-time code, OFDM, channel estimation
1. INTRODUCTION

Space-Time Block Code (STBC) Orthogonal Frequency Division
Multiplexing (OFDM) has been popular in wireless
communications for its advantages of transmit and time diversity
to combat fading [1]. In case of four-transmit-antenna, non-
orthogonal STBC [3] can achieve full transmission rate for
complex data symbol, such as QPSK. Similar to previously
proposed two non-orthogonal STBC’s, a new block diagonal (BD)
STBC is proposed and it can be shown to be the remaining one yet
to be found.

At its receiver end, channel estimation is necessary for decoding
and equalization. In case of a complex QPSK STBC OFDM
system, the STBC data matrix can possibly be singular. As a result,
its matrix inverse does not exist and the channel estimation fails.
To overcome this singularity issue, we propose to impose a
diagonal weighting constant on the STBC matrix.

A subspace-based semi-blind channel estimation has been
proposed [4]. A phase-direct technique [5,6] can be employed to
enhance its performance, but it only deals with the case of two-
transmit-one-receive antenna and a real BPSK data. We will apply
phase-direct channel estimation to the case of four-by-one antenna
non-orthogonal STBC and QPSK data.

This paper is organized as follows. After presenting the STBC
system model in section 2, we propose a diagonally weighted
block diagonal STBC and the phase-direct channel estimation in
section 3. Section 4 derives the performance analysis from which
we can see effects of the weighting constant on channel estimation
error and bit error rate. Section 5 shows our simulation results.
Finally, our conclusions are summarized in section 6.

2. STBC MODEL

Fig. 1 shows a complete STBC OFDM transceiver in time domain.
A block precoder is needed to apply the subspace-based channel
estimation [4]. Wieer and Weer denote Fourier transform

matrices, while A, and R, means the cyclic prefix insertion

and deletion.
Tx1
s, u u MRN:
y
44, u ol TR noise
- s U, u, h ~
s |00, | s STBC >
0,0, Encoder
s
s s

Decision |, § . z
N T
Device

Fig. 1. Four-transmit-antenna STBC OFDM transceiver model
with block precoders

Decoder

For simplicity, a STBC transceiver system model in frequency
domain is shown in Fig. 2. Suppose 4 transmit antennas are used.
S denotes the STBC transmission matrix, made up by 4 symbol

vectors s, S, S, S, and their conjugates. The channel frequency

response vector and the AWGN are denoted by h and n ,

respectively.
First, The ST encoder takes OFDM symbols to compose the
transmission matrix S, which is then fed into the channel. The

received data vector y can be written in frequency domain as:
y=S*h+n @

which can be useful for channel estimation. Alternatively, we can
express the complex conjugate of y as

y'=H*s+n’ 4)
H is the channel state matrix in which h, h, h, h, and their
conjugates form its elements. In Eq. (4), we can recover § from
y by
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Fig. 2. Basic STBC transceiver model in frequency domain

s=H'*y (6)

For real data symbol, orthogonal STBC matrix can achieve full
transmission rate. However, for complex data symbol, such as
QPSK, only non-orthogonal STBC data matrix can maintain full
transmission rate. There have been two non-orthogonal STBC
schemes proposed previously [2,3]. Here, we propose a block-
diagonal complex non-orthogonal STBC matrix as

sl SZ 53 SA
S s s "
S=
SZ sl 54 53
=S S S5 §
We note that S™ *S is of block diagonal form:
a, by 0 O )
" by a, 0 O
SH*§ =
0 0 a b
0 0 by a
where
2 9
g = Z I's; I ©)
i=1
B, = S,S, + 5,5, +5,5, +5,5; = 2Re[s;s; +5,5,] (10)

SH *S of the other two non-orthogonal STBC matrices are
similar except for the locations of the nonzero off-diagonal
elements that account for the non-orthogonality between columns
of S. Eq. (8) shows that the two non-orthogonal pairs of S are the
1% and 2" columns, the 3" and 4" columns. Since there are only 3
possibilities of non-orthogonal pairs among 4 data columns, our
proposed block diagonal form is indeed the only remaining non-
orthogonal STBC  other than  {(1%3%)(2" 4™} and
{184, (2" 3™} pairings proposed by [2] and [3], respectively.

3. CHANNEL ESTIMATION FOR STBC OFDM

Previously, phase direct (PD) for OFDM in [1] was incorporated
with the subspace method [2] in [3] to enhance channel estimation.
We will extend this PD technique to BD STBC OFDM and explain
why diagonally weighted STBC is necessary for nonsingular
channel estimation.

3.1 Diagonally weighted STBC
Consider the mth subcarrier in Eq. (3),
-1
H,=[S,] *y, (11)
where H,, is the 4x1 channel frequency response vector at
the mth subcarrier, and S, and y,, are transmission matrices

corresponding to all possible data and received data vector,
respectively.

We note that there exists a problem of S, in Eq. (11). For some
corresponding S, of possible data in BD when BPSK or QPSK is
used, S, could be singular. In order to prevent S, from being

singular for all possible data, a diagonally weighted method is
therefore proposed as follows:

(ks s, 5 5
oS ke § s (12)
S, s k'l
s 5 § k%
with
aﬁl bﬁl cﬁl O (13)
SH *§ = bez 3 0 e
Csl O aﬁz bﬁl
L 0 e, bez 3
where
4
g = k? s, |2 +Z| Si |2 (14)
i=2
3
1
8 =I5 [k s, (15)
i=1
by, =K(S'S, +5,5,) + (5,5, +5:5,) (16)
b, =K(S;S; +5,5,) + (5.5, +5,5;) an
Ce = (k=1)(sS; +5,5,) (18)
¢, = (k=1)(s;S; +5,5;) (19)

We assume that the diagonal weighting constant k is a real
positive number. When k #1, the matrix can be shown to be
nonsingular for any possible symbol data.

3.2 Phase Direct (PD) --- An improved method for Subspace
Channel Estimation
PD is to resolve channel phase ambiguity after getting channel
power response. In conventional OFDM system, it is easy to obtain
channel power response by simple computation. But in STBC
OFDM it is quite different since channel power consists of several
different data symbols.

Fig. 3 shows a flowchart of channel power estimation. Suppose

we have an initial channel estimate H  obtained from the

subspace-based algorithm. Here we aim to find out channel power
response on the m th subcarrier by solving the minimization:

min || HZ,,, —H;

2
o _§-Lxy || —estim T m ”
Hp,= Yy

(12)

in which all possible data symbol vectors S, , corresponding to

channel gain H, as given in (11), have to be considered in the

minimization problem. Here the choice for the P-th power depends
on the signal constellation. For BPSK P=2, and for QPSK, P=4.

ﬂﬁ denotes the 4x1 channel power vector with each component
being taken to its P-th power.



All possible data symbol pairs
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Fig. 3. Channel power response estimation in four-antenna STBC
OFDM

Subspace-based
channel estimator
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Stop and choose ﬁwn as the final estimate

Fig. 4. Phase Direct in four- antenna STBC OFDM

After receiving a total of N data blocks in this algorithm, we can
have the time-averaged channel power response. The phase
ambiguity can be solved by

Ay =min|H , ~diag (L 2 )IHEF| 1)

where 4, . € {ejz”k’P k=12, P} on the m th subcarrier for

i i th antenna. A 4xM spatial-frequency channel response matrix
becomes:

1/P 1/P
Etemp = {Al [Hf] [ 'iAM |:HIT/I :| } (15)
where M is the number of subcarriers. After IFFT, we can perform

a denoising process by truncating the time domain channel ﬁ :
With FFT, a new channel frequency response can replace the
initial subspace-based estimate H which is repeated until

est,m’

I ﬁ(m) —l_]m |I* converges as shown in Fig. 4.

4. PERFORMANCE ANALYSIS

The theoretical mean square error of channel estimation for the
subspace-based method [2] can be written as.
2 + 112
: o, 1Q" |l
E(lh-h|f)=E(lsh ) ~ —— (20)
o:N

where

Q:[bq ijm}zq 0 ‘;: (21)

and
- (& Y- 22
Q+=VQ(ZQJ Uq ( )
032 /of is SNR. Q is an important information matrix comprising
singular vectors of the received data symbol y [4].

When the diagonal weighting constant k is larger, the diagonal

elements of £q becomes larger and (Zq)‘l in (22) will become

smaller, which will lead to a smaller estimated mean square error
in (20).

However, an increased diagonal weight k also increases the
transmitted power as well. For same SNR, the noise power an at

the receiver needs to be increased, and bit error rate for symbol
detection will degrade accordingly.

From Eg. (3), replacing true h with l_’iz h+ah , we have
y=S*h+n=S*h+(S*:h+n) (23)
We can see that correct detection of the transmitted symbol s from
the received data y depends on the channel error ah and noise.

Suppose they are independent, the equivalent overall perturbation
power can be written as

P (K) = Pewy (k) + B, (k) (24)

which is a function of the weighting constant k.
Now we will examine how the increased diagonal weight k

decreases the channel estimation error ah but also increases the
noise n . In case of BPSK with P=2, we note
that E[SH-S} = (k2+3)'l , then the equivalent channel
estimation error power can be shown to be
Poen(k) =E[[S-ah "] = (k*+3)-E(llah|P)
2 an Q'(k : (25)
(k2 +3). ||052N< )l

Notice that || Q" (k) |[* decreases as k increases. Assume that all

channels are normalized and uncorrelated, h; *h; =6, ;, thenthe
average noise power can be shown to be:
k’+3 o’
P (k) = Zn 26
w(K) == o (26)
where ¢Z /o is the signal-to-noise ratio.
Finally we have
2 + 2
o, | 1Q"(k 1
P (K) = (K7 +3) -—2{—” Wl +—} @)
: N 4

It is now clear that the choice of the diagonal weighting constant k
is a tradeoff between channel estimation error in (25) and noise in
(26).



5. COMPUTER SIMULATION

Our simulation parameters are: the block size N=100, no. of
subcarriers M=32, and four independent 5-ray Rayleigh fading
channels. We compare the theoretical and simulated normalized
mean square channel errors (NMSCE) for BD STBC BPSK system
using the subspace-based channel estimation in Fig. 5. We can see
that a large weighting constant k improves channel estimation and

the simulated curves approach theoretical ones in (20) at high SNR.

Fig. 6 shows the improved NMSCE performance if the
subspace-based method is further enhanced by the phase direct
technique.

BD

—<— k=1, Theory
—<— k=1, Simulation
) —<— k=2, Theory
£ —&— k=2, Simulation | J

NMSCE

. . . . . .
0 5 10 15 20 25 30 35
SNR(dB)

Fig. 5. Theoretical and simulated NMSCE for subspace-based

channel estimation
BD (k=2, BPSK & QPSK)
Subspace & Subspace + PD

—#— BD, Subspace, BPSK

2

10"

—&—BD,
—<—BD,
—&—8D,

Subspace + PD, BPSK
Subspace, QPSK
Subspace + PD, QPSK

NMSCE

. . . . . .
0 5 10 15 20 25 30 35
SNR(dB)

Fig. 6. Improved performances by the phase-direct technique

BD BER vs SNR(dB)

— 81— k=0.8, Ideal CSI
—<— k=1, Ideal CSI
—&— k=2, Ideal CSI
—<— k=2, Subspace CSI E
—— k=2, Subspace + PD CSI | ]

BER

10 x{?

10°

. .
0 5 10 15
SNR(dB)

Fig. 7. Bit error rate comparison when k =0.8, 1, 2.

Fig. 7 compares bit error rates when k =0.8, 1, 2. If the channel
state information (CSI) is ideal, a larger kK degrades the bit error

rate. In the case of k=2, again, we can see the phase-direct
technique approaches the ideal CSI case.
The results of simulated noise power P, (k) , equivalent channel

estimation error power Py.,, (k) , both simulated and theoretical

total perturbation powers P, (k) with SNR=10, 15dB are shown

in Fig. 8. We can see that as k increases, the noise curve increases
too, while the equivalent channel estimation error decreases, and
the total perturbation power seems to be dominated by the noise
power. It appears that the weighting constant can fall into (0.1,0.5)
to have the small total perturbation power.

BD, the effect of k (SNR = 10dB and 15dB)

— ©— noise (SNR = 10dB) 3
5| —&— equivalent channel estimate error (SNR = 10dB) 3
—==— total perturbation (SNR = 10dB
2 | —<— Theoretical total perturbation (SNR = 10dB)
— ©— noise (SNR = 15dB)
1| —#— equivalent channel estimate error (SNR = 15dB)
0.5 —==— total perturbation (SNR = 15dB)

. ——+——Theoretical total perturbation (SNR = 15dB)
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Fig. 8. Theoretical and simulated total perturbation powers
6. CONCLUSIONS

In this paper, we propose a block diagonal non-orthogonal SBTC
scheme with diagonal weighting to facilitate the phase-direct
channel estimation. We have derived and simulated its mean
square channel estimation error and the bit error performances.
Large weighting constant improves channel estimation accuracy.
However, to compensate the increased transmitted signal power
due to an enlarged diagonal weighted signal, the noise power is
also increased so that the SNR can remain unchanged for purpose
of fair comparison. In such case BER degrades. Simulation
indicates a slightly weighting constant with k € (0.1,0.5) is proper
in terms of a better channel estimation and symbol recovery.
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ABSTRACT

The major issue of the cooperative system is how to design
a system scheme whose performance is as good as that of a
ML receiver at the Destination node. Here, we propose to
use a threshold-selection relay and a correction weighting at
the destination. With this proposed scheme, we could
improve the performance during small threshold value
utilization. The theoretical BER of the proposed scheme
with BPSK signals is derived and shown to be tight to the
simulated results. We also use the high SNR approximation
to simplify the theoretical BER from which the diversity
order of the proposed scheme is shown to be 1.5~2.

Index Terms—Cooperative communication, Selective
relay, diversity order

1. INTRODUCTION

As we know, the MIMO system is a very popular
technology for wireless communication. However, it is
impossible to place 2 or more antennas in the portable
device due to the limited space. In [1]-[2], the cooperative
communication emerges as a promising alternative to form a
virtual MIMO system and combat fading in a wireless
channels. The basic idea is that users or nodes in a wireless
network share their information and transmit cooperatively
as a virtual antenna array, thus providing diversity without
the requirement of additional antennas at each node. There
are two fundamental user cooperation protocols, i.e.
Amplify-and-Forward protocol and Decode-and-Forward
protocol in [3]. Here, we simply discuss about the
Decode-and-Forward protocol.

There have been many works carried out in this protocol.
In [3], for destination receiver scheme, they find out the
optimum performance can be achieved by employing a
maximum likelihood (ML) receiver rather than a maximal
ratio combining (MRC) receiver at the destination. Due to
the complexity of ML receiver, they develop the maximum
SNR receiver can reduce the complexity but suffers
performance degradation of 1~2dB as a tradeoff. In [4],
each relay applies a threshold value to evaluate the signal
quality. According to this quality, the relay would function
well or not. This scheme could improve the MRC

performance and is close to the ML performance during the
large threshold wvalue utilization. But the optimum
performance of selection relay with ML receiver occurs
during small threshold-value utilization.

Hence, we propose a threshold-selection relay with a
correction weighting at the destination. With this scheme,
we improve the performance in [4] during small threshold
value utilization. We derive the theoretical Bit-Error-Rate
(BER) analysis for the proposed scheme with BPSK
modulation. We also develop an approximation for
theoretical BER which helps us know the diversity order of
the proposed scheme. Simulation results validate
performance improvement of the proposed scheme.

2. SYSTEM MODEL OF PROPOSED SCHEME

Decode

L "X“‘?\Fhase 2

L MRC with
D ) correction

weighting

Fig. 1: Hlustration of proposed cooperative system

We could use Fig. 1 to explain our proposed scheme. In
Phase 1, the source (S) broadcasts the information to the

destination and the relay. The received signals y_ and vy,
can be written as

y, =+/Ph x +n_, Q)

sro s sr

ysd = \/Elhsd Xs + nsd (2)
where x, € {-1,1} is a BPSK information symbol, P, is

the transmitted power at the source, and n_ andn, are

additive noises. In (1) and (2), h_andh, are channel



coefficients from the source to the destination and the relay
respectively. In Phase 2, the relay will not work when the
received signal power is lower than the threshold value.
Otherwise, the relay works under the Decode-and-Forward

protocol. Therefore the received signal 'y can be written

as
Ph. X+n_,
Yo = Jengen, o' ©)
N, others

where X =x if the relay decodes the transmitted signal
correctly. Otherwise, X = x i.e. X=-x in case of BPSK
signal. Hence, we use the method in [3] to overcome the
error propagation phenomenon. We assume X could be
shown as

2

ysr > g

X=X +¢e (@)
where e isarandom variable that accounts for the effect of
relay decision errors. With some calculations, we know

-2p ifx =1
E[e|xs]={2|D i (5)
oj=4p, (6)

where p represents the probability of relay decision error.

According to (4), we know the constellation of relay

transmitted signal has been changed to
% =(1-p)x +px,=1-2p @
7
R, =(1-p)x, +px =-1+2p

With the result of (7), we could rewrite (4) as X=X +§€,

where % =x +E[e|x ] and §=e-E[e|x ]. Based on

these results, the received signal y  could be rewritten as

rd

'\/Ehrd ()’Zs + é) + nrd !
yrd =

n, others

With (2) and (8), the weightings for relay received power
large than threshold value can be shown to be

Ph, Ph (1-2p)

Wsd = \/_12 : Wrd = \/_2 dz 2 2 (9)
o P2|hrd| Ge +o

Compared to the traditional MRC method, we could

know w, consists of traditional w, followed by the

additional correction weighting « , i.e.

2

Yo
276 ®)

JP h’ 1-2
w, YR (=2p) (10)
o V40, +1

In (10), it could be seen as a weighted-MRC method. The
weightingw_ would change to O when the relay received
power is lower than threshold value. According to the above

receiver weighting results, the destination receiver scheme
could be shown in the Fig. 2.

Ysa \TX/ 2*real{ }
w,

s,d

270
<

Yed X }Z*real{}} } Gain }
\r a

Wr,d

Fig. 2 The weighted-MRC receiver scheme
3. BERANALYSIS

[4] has performed the BER analysis of the threshold
selection relay with traditional MRC receiver in destination.
Here, we try to analyze the BER of our proposed system by
following the similar methods in [4] and [6].

We could formulate the BER of the proposed scheme by
analyzing the receiver scheme in Fig. 2. Its BER depends on
the relay received signal power. If the received signal power
is larger than the relay threshold value, the relay would
transmit the decoded signal to the destination. Therefore, the
destination receiver scheme is the same as Fig. 2. On the
contrary, the destination receiver scheme only works in the
upper part. With these two phenomena, the BER of the
proposed scheme is written as

P =P(¢)P, +P(4)P; (11)
where P (¢ ) means the probability of the event that the

received signal power falls below the relay threshold value,

P, means the error probability of this event. P(g,) and

P, have similar meanings with ¢ denoting the event

that the received signal power falls above the relay threshold
value.
We use (1) to derive the occurrence of these two events.

Because h, and n_ are complex Gaussian random

is exponentially

variables, the received signal power |y_ ’

distributive. Hence, the P(g¢,) is

2

P(4)=P|ly,[ <&o’ |=1-e " (12)

Now we proceed to derive the error probability of ¢ , i.e.

P, - Since the received signal power is lower than relay
threshold value, the destination receiver only works in the
upper part of Fig. 2. Hence, P, could be derived by taking

the conditional expectation on the channel effect first and
then averaging the effect in the end. From [7], we know

o



P, is known to be

. —
P, == 1- |2 | (13)
b2 1+y,

Before derivation of P_ ,

Due to the relay error decision, the

we should know the

components of P ..
transmitted signal would have a probability p to represent
the relay error decision. Hence,

Ps|$, = (1_ p) Pbl + prz (14)

The derivation of p is similar toP, with different

parameter y_ . The only different part occurs when averaging
the channel effect. From (1), the received signal power is
P|h,|"+c®. Under the condition that the relay received
power is larger than the threshold value, y_ needs to

satisfy the conditiony_ > &—1. The lower limit would be
shown as
o 0 if&£<1
lower_limit = (15)
E-1 ifé>1
With the result of (15), we could derive p as

. —
Bl IR B
2 1+7,

1 erf(«/a(b+1)) ba
:E[— m+e erfc(\/;)—

where a=¢&-1 and b=(7,)

(16)

1
1
\/b+1} =

. From (16), we could

1

derive P, and P, individually. The conditional P™ is

similar to Pe‘“; with different parameters, i.e.

\/E(ysd +a7/rd)

Py =Q| — == 17
7sd + az}/rd
Similarly, P’»" could be shown to be
V2(r,-ar,)
hy.h, s v
R, =Q - - (18)

\jysd +a27/rd

After averaging the channel effect of (17) and (18), R, and
P could be derived. With the result (12), (13), (16) and

b2
averaging result of (17) and (18), BER in (11) can be shown
to be

=y —
p—|1-e™ || 2| 1= |-L— ||+
2 1+7,

Va(y, +ar,)
L\ +ay,
a(y, -ar,

PE| Q
N7, +a7,

4. HIGH-SNR APPROXIMATION OF BER

(1-p)E|Q (19)

We could simplify (11) to get the diversity order by
assuming the system has a high SNR. It is well known that
the diversity order is defined as the negative exponent of the
average BER plotted in log-log scale. Let us parameterize

three SNRs first, » , =cy, , 7, =¢C,y. and ¥ =cJ,
where 7 denotes the averaged SNR. We also assume the

relay is close to the source. With this assumption, pis

almost equal to zero. Therefore, the correction weighting
a is very close to 1. With these approximations, (11)
becomes

Pe zP(¢1)Pe|¢‘+(Pb1+pPuz) (20)
By the Taylor expansion and some calculations, we have
5

Rer—
(1+7,)(47,)
S A A T @1)
27,-7) et T e
Ve 7
+pE| Q| =—==
[(Vysd-F}/rdj}

From (21), we only know the diversity of first term is 2 but
cannot know the diversity order in second term. Therefore,

we use a similar approximation method in [6] to derive the
second term. With these assumptions and the Chernoff

bound, P, is shown to be
1 1
RS — =
1+y, 1+y,

«(7.)° (22)
From (22), the diversity of P, is 2. We derive the diversity

1 X
of p byusingQ(x)<—e ?.Itisshown to be
2

1
p<

e’ o (7)" (23)
147,

whered =0 or £ —1. From (23), the diversity order is 1. We



also use this Q-function property to derive diversity order

70w
: 1 Aree :
of P,. WithP,6 <E —e( a "“j and the decreasing

2

4}/sd}/rd
Ya T 7

property of the exponential term, we change

to2./y,7., - With some calculations and approximations,

1 A%

< — —+ -
(1+7sd)(1+7/rd) (Zd—’_}?rd +1)A

From (24), the diversity order is 0.5. From (21)-(24), we

could conclude the diversity order of the (20) is 1.5~2. This

result agrees with that in [5], i.e. for the uncoded relay, the
diversity is 1.5~2 under decode-and-forward protocol.

P

b2

«(7) " (@8

5. SIMULATION RESULTS

Computer simulations are performed to validate our
derivations. Here we assume the relay is placed in the
middle. With this assumption, the channel coefficient’s

variance we used is the same, i.e. o, =0, =0, =1. The

additive noise is zero mean with o =1. The total power for
system is P = P, + P,. Both transmitted power P, and P,

are set to equal. We also assume the relay is placed close to
source. With this assumption, we change the channel

coefficient h_ to 10. From Fig. 3, we know the

performance of proposed scheme greatly improves the
threshold-selection relay scheme and also is close to the
destination with ML receiver without using any non-linear
mapping function. Besides, the curve based on the
theoretical BER matches closely with the simulated curve.
From Fig. 4, we know the curve of the simplified BER
matches those of the simulated and theoretical BERS.

Relay in Middle

E| —©—Proposed system with threshold =0.5
5[] —%— Selection Relay with threshold = 0.5

105 o Theory BER with threshold value =0.5
Selection Relay with threshold =0.5 [

with ML receiver
s T

0 5 10 20 25 30

15
PNRin dB

Fig. 3 Performance comparison with theoretical BER

Relay close to Source

—{ —©— Proposed system with threshold = 0.5 [}
|| =4~ Simplified BER I
= -} Theory BER with threshold value =0.5 3

BEI

13 b b
15 20 25 30
PNRin dB

Fig. 4 Performance comparison of theoretical and
approximated BERs

b 1
5 10

6. CONCLUSIONS

In this paper, we propose a threshold-selection relay with
correction weighting at the destination. It improves the
performance during small threshold value utilization and
successfully reduces the threshold value. The optimum
threshold value is 0.5 when the relay is placed in the middle.
BER performance is derived theoretically and the diversity
order is shown be 1.5~2.
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