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Wireless communications plays a crucial role in everyday life. Nevertheless, certain
types of wireless networks still have power limitation. Simultaneous wireless and data transfer
(SWIPT) has been recently adopted to relax such restriction. In this dissertation, we propose
various kinds of two-way relaying with simultaneous wireless information and power transfer
(SWIPT) and investigate their performance. Specifically, we first consider a two-way relay
network where two single-antenna end nodes communicate with each other through a multi-
antenna relay node that is energy constrained. This relay node harvests energy from the two end
nodes and use the harvested energy for forwarding their information. Six relaying schemes that
support the considered network then build on the power splitting-based relaying and time
switching-based relaying protocols. The average bit error rates of these schemes are evaluated and
compared by computer simulations considering several network parameters, including the number
of relay antennas, power splitting ratio, and energy harvesting time. Such evaluation and

comparison provide useful insights into the performance of SWIPT-based two-way relaying.
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=—hs, +h,s +n, (2-7)
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Trua R 90 2 vodgau asiumsasdyananivuamnadulu 4 manaeiiosnuilsingas

waraelugili 2.6

ONORGONG
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U7 2.6 MIneNeAdYYIBUNIAALY?
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N Upadhyay, and Prakriya, 2010, p. 288

2.4.2 MINUNVAT YA IV UADIN

1 o I A 2 @
T1ls TapoanmsmieneadygiatuuaoImadudsmamuannssuenwalnasy

A 1A I A Y @ A
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L) A,
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i, A,

wlan 2

319 2.7 ManeneadyaUUIA0IN

U 9

=

N1 : Upadhyay, and Prakriya, 2010, p. 290

A '

d1asvedlvua T, uag T, azgndelildalvua T, waz T, awdwulu 2 lailiden

MDA (MA) tagmsunsdaos BC) lumlausnlvua T, uag T, avdayn

[

[

oo lldilvua R Ananfedny nasmniiudyaiauds Tvua R winmslszuia
o 1 v J I o
dynumuanuminzdutazuninsznonaansvosdyan 1Us Tvua T, uaz T, luwle
{ [ I P 1 g’; 1 o a v

1 2 dyanvalnaseenanuaas Tnuaesiulidiur lvinanmsuninaoa Tasa e (Self-

'
(3 IS

Y
Interference) 611!61@‘1J@]®1‘]J%&Lﬁ'ﬂ\i@]’)ﬂﬂﬁﬂﬁﬂ"mﬂ@ﬂﬁﬂJﬂﬂﬂlﬂﬁﬂJﬁﬂ"Uﬂﬂﬂﬁlmiﬂﬁ@ﬂﬁ

g 9

2.4.2.1 MINGNOATYY IV TDINNUVUVIDLALAIND T YRy 19

Tvua T, waz T, dedaydnwa x[k]~CN(O,R) uaz x,[k]~CN(O,P,)
AWAIAY FaMsuansleunuasdaszneny (Independent Identically Distributed: i.i.d)

Y
TfaTvua R Tugesnar k Taslfuuudiaiiderdu duniulvua R l85udyanauilu

Y, [k]=hy[kIx [k]+h,[K]x,[k]+n [K] (2-20)

(2-21)
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[ ] H Y
e lhiElu luauteu luisruvessdsnumsaslaomas (P) vosdniues mniulnua R
wuninsznedyaudivua T, uaz T, lugewadall dyananlasunivua T, vag

T, naagldily

Yalk +1]=hy[k+Lglkn, [k Jx,[k]+ hy [k +]g[k]n, [k, [k]

+h[k +2g[k]n, [k]+n,[k +1] (2-22)

Yalk +1]=h, [k +1glk [k e, [k]+ b, [k +1]g[k]n [k }x, [K]

+hy [k +2glkn, [k]+n, [k +1] (2:23)

9
AUUANTANIZADUAUBINU (Reciprocity) Voaspadayaa hy wag h, uazsesdyanuniaey

dane luinasunlasediaies 2 ¥eenan Tnua T, uay T, awnsauiamsunsindon laoed

" o

@ 1 { o @ 4 e o 4 {1
HuwenouNzimsneasie ldiiosnn Tnuanidesimdyanyaivesaueaids

2.4.2.2 MINENOATYAIUADINNUVUNDATHALIAZ AR 0Ty Dl

[

9
mﬁﬁwnmﬂmﬂama'maﬁﬁwa1&wm?‘hmumimamﬂﬁﬂgmwmaammmuu%

9

]
3 3 I

milounumsmeneadyaIuaeInIuuUYIeLa o dyyIw dygui lasun Ivua R

1)

e

nnlnua T, nag T, Sauaasl@@aunsii 2-20) m1ntiu Trua R 90003
x,[k] naz x[k] wazda x, [k +1]= /Bx [k]+1- Bx,[k] lumlanmsuns oy

185 Tvua T, uaz T, Ao

2 =
)
e

Y, [k +1]=h,[k +1)x [k +1]+n,[k +1] (2-24)
y,[k+1]=h [k +1]x [k +1]+n, [k +1] (2-25)

9 v A

Tvua R ldaunasmasnunasdimiuianemsdenedyaaaziamanisda

9 @ '

Yoanadounduminy AP uaz (1- B)P. awddu auudninua R imsoeasia x [k]
uay %,[k| Tagdsiminderanara Tuua T, uaz T, wwannsoviamsuninasalaodiy
A

lpIneuNzyiIMIneasHald IuReIAUNITOIeNeAd YU EDINIUULVIUALTIAD

dynal
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2.5 Soulvilanuilugus

'
=) v o

I 4 A o Y o
Nau"hmmmﬂug{uﬂ (Kashyap & Bagga, 2014, pp. 260-264) A® M3y i daae ISI

D)
v
[ [ 1 1

C4 o 1 o A
el Sdganvadawnumaie X 1ag X, 1zuaafi0e19n1si zF Tugili 2.8

g

{ 4 )
qi,‘]J‘ﬁ 2.8 i8‘U‘Uﬁﬂﬁﬁlm‘lJ'I/TﬁWEW]NHﬂViﬁWEJ‘I/H\‘I’EJE]ﬂ

d' = 1 [ 1 d‘ Y (% d‘
Tagh  h,; Ae Yesdyanuanaeomedudi 1 lldsaeoimesumin 1
h, A® Yesdyanaanaeomedudi 1 lldsaeoimesumain 2
h,, An YesdyanuanaeeImadudn 2 Tldseeeimasuei 1

h,, v Fesdaanaanaieomedudi 2 lldsaeomesuain 2

9y A [ d‘ [ d' 0o o 1Y d' Yo d‘
uaﬂw n1 LAy nz ﬂﬁ)ﬁﬂgiy1ﬂ!i‘ﬂﬂ’]uﬂﬁWﬂfﬂﬂTﬁﬁUlﬁTﬂ 1 Hag 2 AUl ﬂJuﬂJUWiL!‘VIhlﬂ un
1] ~ Y I
FWINIATULEIN 1 me"lmﬂu
Yy =hyx +h,x, +ny
X (2-26)
= [h11 hlZ{ ]" n
X,

Y]

[ Ay ¥ ~ @ ~ 9 I
vazdyun lasuiaeemasuan 2 uaaslailu

Y, =hyX +hy,x, +n,

X (2-27)
= [th hzz ]{X ]F n,
2



22

a’llﬂ']ﬁﬁllﬂﬁ@qanJ'ﬁﬂﬁjuﬁuulﬁLﬂu
Y1 _ hy hy, | X + n
Y2 hyy  hy |l X, n, (2-28)
Yy +

Y
[ Y

AU NI NENIN ZF Ap
W= (H"H) H" (2-29)
A Y
NANMIN (2-28) 1AL (2-39) 9 19

Wy =x+(H"H) H"n (2-30)

v
=

: < ' o 3 ) [ o w
Faaadliwiun W shld h,x, uaz h,x, Wil st dmsv y, waz y, awdwn we'l

k4 0% A \
2.6 MININANIDUY

WNsuuasov1e 3 Tnualugii 2.0 Tvua T, uaz T, Ao Tnuauanulasudies
Faoglurramsdodygravesnuod uaz Tnua R Ae Tvuatieneadyn1a524319 Tnua
T, waz T,

519 2.9 1950118 3 TruA

Rl

11 : Zhang, Liew, and Lam, 2006, p. 358-365
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Lﬂ%ﬂhﬂﬁﬁmﬂumiafjﬁfu;gmf?m%’umsﬁ@mmuuémﬁa Tumsemssanan Tnua R
aunsadendimsdszranadyaauiinedy gy msversnazdanedyy i wions
neAsHAIazdIRedYa I (Decode-and-Forward: DF) amda1un1saia SNR fuanareiu lu
frndall e eurnumsdeneadyarunuusuiuuasumumsidsianietonnuass

Taahanth (Straightforward) dm5umsuanasumsulunsenis 3 Trua

2.6.1 UHUMIDIENOATYY MUV DAUAN

Gl A 1 gj/ Aa ] = = 19 Y a 9 v W
HUIATDVWYLUUAAY lJﬂi]314aﬂlafNfﬂ3LlfﬂﬁﬂﬁﬂﬂIﬂﬂulllblw&ﬂﬂﬂ"licﬁﬂuﬂﬁﬂuﬂlﬂﬂ

TyananTvua T, waz T, TUdalvua R Tusianandeany 317 2.10 uaasnisaienea

o { o Y
wanamiullld
-:'hl 'Sl
» /' \ - >
<_ ............... <
5. &4
e ¥19NMN 2
————————————————— ¥ 3 ¥ 4

v 9
5U% 2.10 uwuMsOIENOA YYIULUUAIAY

D. &

N1 : Zhang, Liew , and Lam, 2006, p. 358-365
9
aaunsnInua T, dalsy s, 1U6eTvua R 9ntiuTvua R dudlsy s, lddaTnua T,
9 9 H
nmiuTvua T, dulsy s, Tl lufianiens sy sausiavua 4 sanaidesmsdmsunms

vanlasusy S, tag S,



24

Y U A \ v Y
2.6.2 uwumsmmﬁmﬂsammuuumﬂﬂmmm

L?l DS‘:
> .+
< >
g
.le -
> gunmn] 0 - F]NAN 2
: ~
< NN 3

~ Y o A 1 9 9
g‘ﬂ‘ﬂ 2.11 LLNuﬂﬁL"lﬂi‘Hﬁlﬂiﬂﬂﬂﬁllmﬂﬁiﬂ,ﬂﬂﬂ\‘lﬂu1

v Zhang, Liew , and Lam, 2006, p. 358-365

Tugda 2.1 naaauwumsdnsvanseaeana dnuusnlvua T, dudsy s, TdsTnua

Y
R nnuuTvua T, duvlsy S, lldiTvua R wasnnlasumlsy s, uag s, Tvua R 12

v I <
msethsya ity s, tiude

S; =5, ®s, (2-31)
{ o A <] v A Z 1

Tagn @ Aomsduiiumsongadresluszauiiadoya vimiulnua R unsnszaremsy s,
TdaTnua T, vaz T, nasnnTvua T, lasunlsy s, aunsaanamlsy S, sy s,
Tagldlsy s, 1Wufe

5, ®s, =5, ®(s, ®S,)=5, (2-32)

U <] @ o o
daulvua T, nemnsaana S, 1 luhuesdednu



25

\ v o v Y 4 Y A | c!'d v
2.7 ﬂ]iﬂ“lﬂli@ﬂﬂl1?1’s’n‘i!!ﬁ3ﬂ1ﬁx‘i~‘ﬂ‘l-!vl‘§t’nﬂ‘WiBNﬂiﬂulﬂ‘jﬂ“lﬂﬂﬂNﬂﬁﬂ’lﬂ‘ni’)ﬂ

GRIGIGY

(3

TUMTaIINI AT LA MAINUNS DUA U AI5UVIETTHAZAITUMEINUEIVITDIN
[ A 1Y 9/& = [ d’ 1 [ d'dy a dd‘
SAIAUNTOUENDONINIU I FIUNANAIToNULULUNAAY TUNT 15192 NNTUURWIZATAN
FWAITVINNAITUAZAITUME1U IAA80 1 NTOBNUULATDIFIUIITITUALAEINUNTZIN
1 [ [ I 4 v W 1 0o w ] @ 1
Taaoudaie og1elsnan issnndrsuinnamsuaziasnu himusoneasiaunaisuay
I = [ A Yy Y v KX Y 1 1 o w 9
Nunenaanunan landeusuddosenmanie TouvnasuazmasnualsTls Tanoa
Faluagiud 2 TdsTasaeandanlaun TUsTaneauiiaaal (Time Division Protocol) Haz
T1ls Tanoausninaaa1u (Power Splitting Protocol) Aduaradluzaln 2.12 TisTanoausnazuiig
I~ ] [ | [ ] 1 1 o w [Y] g’/
nateomiu 2 ¥23na1ldun ¥anaroieTouuaIsuazyIwIa1o e e UM Aa1TY
% % d' 1 1 U 1] 1 d' (v} d‘
VNUIMUBIAITUAITIasusz IR InaaIna daululds laneandes dayaun
Y] I 1 {1 o [ Y] ] 1 { o [
Tasuazusnoomilu 2 aau TasndruusndivSumsneasiavnastazaIunaeId1msuNMs

3 A @
INUNYININTU

\

ﬂ1§1ﬂﬁﬂlﬂ\‘iﬁ15~i\ﬂ‘l—!
(t)

mslvavesvnas

é‘ha'eqi.na..ﬁuazﬁ.la’qe]u AIIVVNIAIUATMAINY

Al ————— >

t

Masny|  Masanu A3

msuamanan

Masnu

1IMNI

MIULNMNAINH

50 2.12 pnvunaz TUs Teneadmsumsme Toudnasuazmasan aendounu

IR Chen, Zhang, Chen, and Zhang, 2015, p. 133-141
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N Nasir, Zhou, Durrani, and Kennedy, 2013, p. 3622-3636
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3.1 HUVDIADITZ UL

< °
g‘]J“I/] 3.1 YyINavNITSUY

~ A ' ' [ P~
31U 3.1 naaunIeUIINITIIINAdy Y IR DdeIN N AN Tvua T, uag T,

v H ] 1 A 4
(Tvuadatena) FaaeomaauaginanasuvnasdiuIvua R Grad) iliaeenea
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] ! @ o { g { U 1
M &1 Tnua R azinumeanasaniun lvua T waz T, uazldwasnuimumel ladene

a o

9
amesvedinua T, uaz T, lunwideiidmuali

1) 816019t Tvua R udasianeginaiunnifisaneswih i daaai 18
fz”uméffaujmifnNmm1ﬂGﬁaqﬁmmwmﬁgﬂuﬁaizdaﬁm%qﬁﬁﬁ

2) M3%4Ta3 luFuaz NN (Timing) sev39Tnua T,, T, naz R i lded
auysol

3) manmdaaadi Inua T, uaz T, Suns@eumlauunluui? Binary Phase
Shift Keying: BPSK)

4) h,, ~CN(0,62)m30 h,, ~ CN(O,Jf)) HAANDIOAT IV I18YDITOIT DYy 10
szndedrgemiaveslvua T, (M3e T,) uazaigeniail mveslnua R Iaoi
m=12,...,M uay 0. =d," (e of =d,") dlumammnmsgademuizezng szuing
Trua T, uaz R (W30321IN1vua T, uag R) Suauasiga v

5) vesdyanaiinnsanszina 1§ lulsmunalugrara 2N Fufuuden
nawisasguanasuszuialnua T, uaz T,

6) MIIFoUADIABATY (Direct Link) 521131911110 T, uaz T, @wnsoazianld
ieanInszermavesmsifeudaiiiauindlefonfumsdeude sevialvua T, uaz R
Wiemsideudainialvua T, uay R (Li, Zhang, and Qin, 2014, pp. 5509-5520)

Y
LY

Y =] ' A ' a J
7) Tnua R AsegnanansgnIngIvua T uag T, iiennudielumsdniizn aau

0,=0,=0

lunsalvesnsdoa1suuresday1aNn15919%19%1 (Slow Fading) BER 1020
dsumsaoulanuuluuid (BPSK) amnson1 18 1naunis (Simon & Alouini, 2000, pp.

100)

P, =TQ(\/§)fy(x)dx (3-1)

(2

{ I o 1 1 I @ J o o 1
Tagh f,(x) Aoladduanumuinaiuitgily (PDF) vessandiuhdsdygyiude

doyausunIu (SNR) o vazrieininiy
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3.2.1 uWu PS-DF

Y
Tuuwuit 18110135 DF 1gnuTds Tanoa PSR na11fe Tvua R ayimsdaguia

D] o AN Yo ¥y =2 o Y o 2 T Y o o o
ﬂl@?;ljﬁ%’]ﬂﬁiymﬂmﬂllﬂiﬂ %']ﬂuu{1]\TV]']ﬂ15@15’]\1@'@@,TmsllullTclﬁﬁJLLﬁ'JV]']ﬂ'ﬁﬁQﬂﬂﬁQJlﬂJ']m Gl,u

@ {a { @ { o <
e MA dyanaanuningi 1asun Tvua R aunsadaeslaiiv

]

yr,l
v, =| ¢

_yr,M

| \/Elhl,lxl + \/FZthXl + nl[él]
NCLYES +J€ h, %, +073

\/_thx +\/_h2Mx2+nah],,

\/Flhl,l \/_hZ 1
\/Flhl,Z \/_hZ 2

e mM o)
/e, rh]H

(3-2)

Tagh P =¢,P uag P,=¢,P flo migsiuiideninlvua T, uag T, awdiau,
0< ¢, ¢, <1 Ao sandumasnuvesvua T, uag T, awdau (Iude & + &, =1), X,
o ] { g o o w <

uag x, Ao dyavIasndlunssiagu (Normalize) 310 THua T, tag T, aud1ay (Hu
2 2 a @ 4

A0 E[x| 1=E[x,| 1=1), uaz I'IH;CN(O,GaZ) Ao dyausUNMUMAFIUTUIIDULIN
A A (R < A @ A

(AWGN) Nengo1man m voalvua R d25umsnunegInasanuluzli 3.2 ) szuilag

o {a I 4 4 { o & 1% { g :

dyaunuding oy, Willlihnszugasaiomsuvames aaiuwdanunnumne)

SJd' A 1 9 = A
Vlﬂ“l/lﬁTc’J@Wﬂ?ﬁ“Vl m ‘U’ENI“H'L!@ R Glu'iw’i’JNL‘I/\IﬁﬂﬁL“IﬂENﬁa"IEWIN o

E, =noN(Po? +62)m=12,.,M (3-3)



34

2 '

Taoh 0<y <1 Ao Usz@niammsudasdunasnu (FUUegnUNTZUIUMTIE oINS I

<3 { o
(Rectification Process) (18233999013 NUNIINDINY (Nasir, Zhou, Durrani, & Kennedy, 2013,
=S 3 v ' td' 2 td'Q
pp- 3622-3636)) leumzmmﬂu Gl'Jﬁ‘]J‘U']'JﬁTﬁﬁlugﬂﬂ 3.2 (V) ﬂzuﬂmﬁmumummmqu

v H 9 H
J1-pY., Wédwavarnudgrunazilssuranadyyrauavanudgiuilagn

2 o 4 4 v o 1
nlcnl ~CN(0,07) e day I UMIUMAFIUTUIIMDVUINH 031NN T a9HUAINE1

]
I v W 1

d o { {
NAMBS A UL UANNDFIUNYNFNAI06 199 Triua R AD

U

5, = gy, +nl
:,/l—p[[\/ﬁlhl \/32h2]|::1:|+n£a]J+n[rC]
2

o, ] [+ (i)

2

(3-4)

aln 1 M M [ 4
auuanInua R nswm p, B, Pz,{hl‘m}mflgmz {hz,m}m,l uazaTINMId Ao 1y

v o a3 d 1 = ~ ~ o w 9y
Wanuilugud alszinaves x, wag x, Fwdaslay K, taz £, Mudwuaunsan ldnn
X SR

[f}z(‘l’”‘l‘) vy, (3-5)

M fiTvua R @nyiiaudn 18910 (Arti, Mallik and

2,M )=

GRUESTHRERIRER {hl‘m}r“::l uag |h
Schober, 2013, pp. 1-5) 1@ (Zhao, Zhou, Li, & Vucetic, 2014, pp. 3276-3293)) N4 uald Yir

<3 ~ % . 1
Wy SNR vos X 2 vagnilalaof i =12 vwanunsouaaslan
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1
(- ploz +o2)iw ),
(1_ p)g“i let/l:;lzlhikﬂ hl,k h2,| - h1,| hzyk ‘2 (3-6)

((1—p)o:+as)§_;\h,,mr

Yir =

2
M-15yM
Zk:]_ z“I:k+1

hl,khz,l - h1,| hz,k‘

NN Mruald Q= waz 1y (Jiang, Varanasi, and Li, 2011, pp.

M 2
> [Pl
m=1
2010) 9z14eA PDF 909 @ Ididlu
xM -2 X
f (x)= expl —— [; x=0 3-7
‘/’( ) F(M _1)62M_2 p( O_Zj ( )
NNANMIH (G-6) uag (-7) 31218
2 2WM-1 2 2
f (x)= ((1_€3G§+6°) —x""Zexp —wx ;x>0 (3-8)
T T(M =)0 (A- p)giP) (1-p)iPo

9
[ Y [

1 4 A4 g vo &
IUUITHIAT BER LﬂﬂEJVILﬂEJ’JGU’OQllﬂ JU

(t-plo?+o?)"

© 2 2
x '[1“6 xij -2 exp(—(l_’oy#JraC dex

(1_p)§ipo-2
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_aT(M-12)a-p);P)* (- p)o?+02)""
2/2T(M )(1- p)¢Po? +0'a)+0'C)M e

2 2
F|LM - LM (1_p)a; e
2 (1—p)(§iPa +0; )-1—0'C

(3-9)

Taviiussiad 2 wenderfiesai Q(x):erfc(x/x/f)IZ nag (— X j Jrerfe(x)

(Gradshteyn & Ryzhik, 2000, pp. 902) a2 USINAN 4 ¥1910 (Gradshteyn & Ryzhik, 2000, pp.
657) Tnuasadrziinisiiisvaniedted iy & uay X, Nszaviamenidyn o

o v a 9

o1 THAN (Composite Signal) §a3 Avuale b =demod®) Flusrduiadoyanmsa
Uszanal§Fadeandeady g Taef i =12 v 18daauaenTndn de x, = mod(®, ®b,)
auuATUREITD 1Y (Nasir et al., 2013, pp. 3622-3636) 1idaumslszuianafigesnis Ing
290389/507 Tnua R aziae I§ilensufsusumasnuiilfinededyanunon Tndnlule

1o = A Y
MITUNTTYYIULINNTUNITN (3-3) %me"lmﬂu

P — Zr'\T?:lEm
' N (3-10)
=npM (PO'2 +O'a2)

nazdgae (ouanudgIw) N1dsunazgndndtedrai Tvua T (i =1,2) Twanisuns

Tyananznaas ldiiy

\/_Zh,mxr+n nl! (3-11)

Tauii nl® ~CN(O o )uaz (!

4
~ CN(O, 02) Ao AYYIUITUNINMATEUTUIINUVUIN
a

ileeninaigeimauaziiiosninnisulag IuuaunudIng lddwouanudgiu

9

o w al 1 M 1 I
MUAAY auuaN Tvua T, N3 {hi’m}m:l mmsszinaves x, wuaaslaiy
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Alel 4 ] (3-12)

= \/Frxr +iM—i
Zhi,m
m=1

(@mTumsma {hl’m}r':':l uaz fh, }L #1nua R @npuiiy1d91n (Arti, Milik, and Schober,
2013, pp. 1-5) t4ag (Zhao, Zhou, Li, & Vucetic, 2014, pp. 3276-3296)) Mvual Yii ndJu SNR

A &£ A Y
UoN X, W mmzwmﬂwm T| i]$ﬁ13ﬂiml,ﬁﬂ\1ulﬂ’ﬂ

M 2
zhi,m

I:)r
m=1

Yri = 2 2
o, -l-O'C

(3-13)

2
M
Z hi wazms 1y (Proakis & Salehi, 2008, pp. 48) 18 (Papoulis, 1991, pp.

m=1

95) 9z1aad PDF w03 A laiflu

mvualy g =

f,(x)=

1 X
exp| — x>0 3-14
Mo? p( I\/Iazj 319

NNAUMIN (3-13) taz (3-14) 3218

Q
+
Q

s (02 +0?) . _
f, (x )exp(— oMo (o’ +G§)x} ;x>0 (3-15)
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= ~ 1 A A k) [ Y
mﬂmm‘uﬂizmumu“luﬁumim (3-9) M BER RAINTDANADINY Vi ﬁmmm"lmﬂu

5 _ Mo(o? +o2)lnp(Po’ +o2))”
o 4[77pM 20'2(P0'2 +0§)+ o, +0c2]a/2 (3-16)

3 o’ +o?
<, E|1,—=:2; £ E
? 1( 2 77pM20'2(P02+0':)+0':+GfJ

'
(% [

Y A s oA . . . YA ] @
ﬂ'ﬂluﬂlu1ﬂ!‘l’]§5]f]\1ﬂ1'§1fliﬁuﬂ T| HUND Xj(j 21,2; ] # I) ﬁWNWﬁﬂQﬂuqﬂIﬂﬂﬂWﬁﬂﬂﬂiﬂﬁ

1A30UEEMSY R Aredyanuvedaiues X (szaula) waza1 BER 9InAUIUIY (End-to-

End) Ntnendoaaunson ldan

(3-17)
Tavi

T ' (3-18)

AoA1 BER 1magves b, ®b,

3.2.2 WHH PS-DF-STC

4
Tuuwuil 18119135 sTC mldruT1UsTansa PSR Hont1ile91n35 DF 1aeg
o a 3 { 4 4 A 1 2 A X o
N32VIUMII STC azinadui Tnua R e 1915z Tominnlanesaanialsgil Faihld
dd’! 1 [ @ 9 =2
AVTIOULNI BER AU msdsdyananinivua T, uaz T, TUdaTvua R Tuamsdnis
Y ~ o = = "9 A v v
NAEN ATV TAN8 IABURSINVLAY PS-DF 3457029 3Uszananaleon lviiaauy
I Lt 9 @ A ' v a A v 2 ' A o A — A
Wuguduazn1s1sHmAIov195zAUTANAINNT AU A1 BER 1Ay (Wufde P, lash
. = Y 1 = o ~ [ <3 ~ 1 o v A a
i=12) Jaaad ldsu@ernuaunsi (3-9) pg13l3na 1 ununszaadiduiianenInan

b, =b, ®b, rumeeime M @ mdeunulumlanmsunidyana Tvua R wwimshsia
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< a

HUVVADAIFITYN-12a1 (Tarokh, Jafarkhani, and Calderbank, 1999, pp. 1456-1467) d1% 51

Y 1
v A = v

Savutauia e 1 (Siriwongpairat, Olfat, and Liu, 2005, pp. 328-345) A3l mviualy B
u

I a o a A Aa 9 o < a A A R Naad ~
L‘].]l!LﬂJ‘V]ﬁﬂ“]f"’llfN‘U@]ﬂf]iJIW@'W“VUJfﬂi!,‘U']ﬁ‘HﬁLL‘U‘]JUﬁ@ﬂl‘ﬁ\iﬂiﬂ“ﬂ-!ﬂﬁ?“ﬁﬂuuﬂl MxL Tagh

A <3 9 Y _ A

o < a a a { { a
L ﬂ@ﬂ')'lllfﬂ')‘]_lﬁ’l’]ﬂ‘llf]\iﬁﬁ’dLL‘U‘U‘Uﬁﬂﬂl“ﬁﬂﬂigﬂ-nﬁWﬁlﬁﬂ’Jﬂl@\i aruaneu Inan

A3

1 A a -4 v

b,[k] b, [k +1]... b, [k + N —1] haefiosnusiuiu N dagndsdaremningil 6as1n1s
9 o a1 [ av dyl A a Ia A Aa 9 o
ez liauiiny N/L Tuadsetiysanuanls luimmsnddaneu Tndnnimsdsia
< a A A Y [ 9 o 3 v A A a 4
HUDUARAFILIYN-IA8IATIMINTHALUDIAY YUAD L=N A151399 3.1 ueaaun3ng

AINAMF NS VA INATIUIU 2, 3 1AL 4 1A

= o ' o [ 9 v A a
M1TNN 3.1 APY NV B 1oy H E‘TTH”H"]Jﬂﬁlﬂﬂﬁ‘ﬁﬁl%ﬁﬂ%gu-t’)ﬁW

M| N B H
2 |2 {QW] —Qk+ﬂ hip hiz
bl’ [k +1] br [k] hi 2 - hi,l
3 |4 b k] -blk+1] -blk+2] —b[k+3] hy M, hs O
br[k+1] br[k] br[k+3] _br[k+2] hi,z _hi,l 0 hi,s
br[k+2] _br[k+3] br[k] br[k+1] hi,3 0 _hi,l _hi,2
0 _hi,3 hi,Z _hi,l
4 |a b k] -bfk+1] —bfk+2] —b][k+3] hy hi, hs hy
blk+1 blk]  blk+3] -blk+2] h, —hs —h, hig
bk+2] —blk+3]  bk] b [k +1]
blk+3] blk+2] —blk+1]  bK] Mg M —hig =iy
' r ' ' hi,4 _hi,3 hi,2 _hi,l

[ L:' d' Yo v @ 1 t:; . 1
e ouaNudgI) flasutazgndnared i ivua T (i =1,2) Tuwlanmsuns

azuand lailu

[y k] yilk+1]

Vilk+ N =1l=yP [x [k] x[k+1]

[nik] [k +1]

+

@

Yy

x [k + N -1]H
n [k + N —1]]

(3-19)
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! 2 4 % v 1
Tasumsns H gauaaidlednalumsnin 3.1 uag ni~CN(O,oaz+af) Usgnousme

faanusumumdGoudvnuuuuiniiesnnaeeimatazmsutasiudyana o nai
MEIV09910 (Maichalernnukul, Zheng, and Kaiser, 2016, pp. 151-156) HazaNNAN lua T,

nswe fh Y szmdsznaves [x k] x [k+1] - x[k+N-1] I
[%[k] %[k+1] - x[k+N-1]=Re[y,[k] y[k+1] - y[k+N-1]H" 3-20

~ S S
HAZEINNTONEA SNR 409 K o vauznilan lvua T, laiflu

M 2
Pr;‘hi,m‘

Yri - 2 2
o, +O'c

neM (PO'2 + af )i‘hi’m‘z
m=1

(3-21)

2 2
o, +0,

M 2
mnuald @ = Z‘hi'm‘ HazNI 19 (Proakis & Salehi, 2008, pp. 48) 1a¥ (Rayleigh distribution,
m=1

2017) PDF 9404 § azuaad lailu

X X
fo(x)= M o™ exp(—?j ;x>0 (3-22)

NNAUMS (3-21) uag (3-22) 3218
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f, (x)= o2+ o2 XMt
Y” (M )o?" (an (P02 +o? ))M (3-23)
ol +o?

x exp| — X[: x>0
P anaz(Paz+0'az)J

= ~ 1 A A k) [ PR
LﬁfJ‘L!!,L‘]J‘]Jﬂig‘iJ?luﬁunluﬁ‘JJﬂﬁﬂ (3-9) M BER RAINTDANADINUY Y %mﬁm"lmﬂu

5 __or(M +12)noM (Po? + 62 ) (62 + o2)'
eri M2

- Z\EF(M +1)(77pM02(P02 +G:)+ o} +Uc2)

2 2
EILM + LM 1 L/ B/ W
2 npMo (PO' +0'a)+0'a +0;

(3-24)

v A

wyundesmsilnua T, 1ude x,(j=12; j #i) awsodaulddiemsoensimasevis

€

d My X aredyYIuveIniues X (szauia) nagal BER 91nauIUIUNN01704

15011 1ANAUMITN (3-17)

3.2.3 WHH PS-AF

Y
Tuuwuil 18110135 AF i 1¥nuT1sTanoa PSR na1afs Trua R 9291015 Ue1e
@ AY Yo Y = o T T o
dyanui a5y nniudshimsdsedyana msdedyanuanlvua T, vaz T, lUdiTnua

R lumlansndavaien1aa1unsoussens 1au@eanuuny PS-DF uAsaun1sf (3-2) -

e

1 [ [}

(3-4) Tuwlamsunsdyaa Tnua R azvengtazaindygIav1es adil

Y

Z, =3=
7z

(3-25)

Tagil 1] = \/(1—,0)(Pl||h1||2 +P,[h, [ +Ma?)+ Ma?  nazdaymos WauANNAgIL) A

185 unazgndndlediaiinua T,(i =1,2) szuaasldilu
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\/_hT ||yr|| C]
_—V(lp jI:)PhTh X+ —Vil_p jPPhTh2 X, + —V[:l:'a jl:)rhiTnEf"] (3-26)
[yl [yl v
\/_ h'n [C] n n[a] n n[ ]

Taod n[""] e n[°]aﬂﬁﬂm“luﬁumiﬁ G-11) duuaIlvua T, NI1UAN
P }ml{th} way y,| frdse Wmvesdy iAo X (1=12j=i)

15011 19910

. :y 1 p)PP hThx,/||y||

X (3-27)
' pIRIIh, /7|
fmuald v, 1 SNRves £, w vagniai Tnua T, wwaunsauaas g
M 2
(1_10)Prpj Zhi,mhj,m
m=1
Vi~ i 2 M 2 M 2
(@-p)o?+a2)R YN +(0§+Uf{(1—p)(Fith\ +PD || +M0§j+ Mﬁf}
m=1 m=1 m=1
(3-28)

1 Y A A ) I A 1 A A 9 o 1 < A
1#agn1 BER 31NAUIUIVUNINYIVDINADAT BER [IRANTDAAADIND Y ’E')FJ'Nlliﬂgan IUBDNIN

I 9 ~ o =® A o 1 9 o 1
Lﬂu"lﬂ"lﬂmmfl%mﬁﬁﬂ%u PDF 494 Y ﬁ]ﬁ'lﬂJﬂJuWi]uﬁiﬁﬂJmm BER 91081 HAUIVAINATD
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Y @ A o 1 < AR < ~ o
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Energy-Efficient Two-Way Relaying with Multiple
Antennas

Thanaphat Srivantana

College of Information and Communication Technology
Rangsit University
Pathumthani, Thailand

Abstract—In this paper, we propose various kinds of energy-
efficient two-way multi-antenna relaying with simultaneous wireless
information and power transfer (SWIPT) and investigate their
performance. Specifically, we first consider a two-way relay network
where a pair of single-antenna end nodes communicate with each
other through a multi-antenna relay node that is energy constrained.
This relay node harvests energy from the two end nodes and use the
harvested energy for forwarding their information. Three relaying
schemes which support the considered network then build on the
power splitting-based relaying protocol. The average bit error rates
of these h are evaluated and pared by comput
simulations considering several network parameters, including the
number of relay antennas and the power splitting ratio. Such
evaluation and comparison provide useful insights into the
performance of SWIPT-based two-way multi-antenna relaying.

Keywords—Dbit error rate; simultaneous wireless information
and power transfer; two-way multi-antenna relaying.

I. INTRODUCTION

Recently, simultaneous wireless information and power transfer
(SWIPT) has gained great interest due to its capability to deal with the
energy scarcity in energy-constrained wireless networks [1-6]. In the
seminal work [1], the fundamental trade-off between information and
power transfer in different point-to-point wireless channels was
studied. On the other hand, a pair of practical receiver designs for
SWIPT, namely power splitting (PS) and time switching (TS), were
firstly presented in [2]. Specifically, the PS-based receiver spits the
received radio-frequency signal into two streams of different power
for harvesting energy and decoding information. whereas the TS-
based receiver switches over time between those two operations. The
SWIPT has been adopted later in more complicated communication
scenarios, including the broadband wireless system [3], the cellular
network [4], the interference channel [5], and the relay channel [6].
This paper focuses on the last scenario.

Many works in the literature have been devoted to two-way multi-
antenna relaying (without SWIPT) as this approach can not only
extend communication range but also improve spectral efficiency. In a
basic two-way multi-antenna relay network (see Fig. 1), an
intermediate relay node equipped with multiple antennas is used to
assist two end nodes in exchanging their information. Nevertheless,
application of SWIPT to this kind of network is still in its infancy [7-
9]. In [7], the SWIPT-based beamforming design for a multi-antenna
relay was considered to maximize the sum rate of its two-way relay
network. In [8], the authors presented a three-phase two-way relay
network where an energy-constrained multi-antenna relay node
harvests energy from a pair of single-antenna source nodes. and
presented an optimal power allocation solution. In [9], an optimal joint
source and relay beamforming scheme for two-way multi-antenna
relay networks with SWIPT was proposed based on the principle of
singular value decomposition.

Kiattisak Maichalernnukul

College of Information and Communication Technology
Rangsit University
Pathumthani, Thailand

Depending on the nature and complexity of relays, relaying
schemes can be classified into two main categories: non-regencrative
relaying and regenerative relaying. Non-regenerative relaying
generally implies that the relays only amplify their received signals
before retransmitting them. Then, it is often referred to as amplify-
and-forward (AF) relaying in the literature. Note that all existing
works on two-way multi-antenna relaying with SWIPT, i.e.. [7-9], are
non-regenerative. On the other hand, regenerative relaying requires
the relays to change the waveforms and/or the data contents by
performing some processing in the digital domain. An example is the
decode-and-forward (DF) relay, which receives the data from its
immediate predecessor, decodes, re-encodes, and finally retransmits it.
To the best of our knowledge. regenerative relaying has not yet been
considered in the SWIPT-based two-way multi-antenna relay
networks.

In this paper, we consider a two-way relay network in which a
pair of single-antenna end nodes communicate with cach other
through a multi-antenna relay node that is energy constrained. This
relay node harvests energy from the two end nodes and use the
harvested energy for forwarding their information. Based on a half-
duplex relaying protocol, called power splitting-based relaying (PSR)
[6]. for separate energy harvesting and information processing at the
relay node, three multiple-antenna relaying schemes, namely PS-AF,
PS-DF, and PS-DF with space-time coding (PS-DF-STC), are
designed for the considered network. In the DF-oriented design,
network coding (NC) [10] is applied to the end nodes’ information
that is decoded at the relay node. Moreover, by having multiple
antennas at the relay node, STC [11] is used in the PS-DF-STC
scheme with the aim of achieving a better end-to-end decoding
performance. Unlike the aforementioned works [7-9] which are
devoted to analyzing the relevant sum-rate performance, this paper
will investigate the average bit error rates (BERs) of the proposed
relaying schemes as a function of the number of relay antennas and
power splitting ratio.

II. SYSTEM MODEL

Fig. 1. System model.

Consider a two-way relay network as shown in Fig. 1, where end
nodes T, and T,. each of which is equipped with one antenna,
exchange information through an energy-constrained intermediate
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relay node, R, possessing M antennas. This relay node will harvest
energy from the two end nodes and use the harvested energy for
forwarding their information. The relay node’s antennas are spatially
spaced in such a way that the received/transmitted signals undergo
statistically independent fading. Throughout this paper, perfect timing
and synchronization among T, T, . and R are assumed, and binary

phase shift keying (BPSK) modulation is used at T and T, Let
C'N(y,az) denote a circularly symmetric complex Gaussian

. : 2
random variable variance o, and

P CN(O, dlf") (or h,, ~ CN(O, d;“)} denote the channel

L

with mean x4 and

gain between the antenna of T, (or T, ) and the m-th antenna of R,

where d, (or d,) is the distance of the T, —R link (or the T, —R
link), v is the path loss exponent, and m =1,2,..., M . We presume
that all the channels are static in an interval of 2N, which denotes
the total block time in which a certain block of information is
exchanged between T and T, (see Fig. 2(a)), and ignore the direct
link between the end nodes owing to the larger distance compared
withthe T —R and T, =R links.

Ull\;lé} llleUDllllE anyu uuulnauon PlUUUD.‘JUl& au e lUlﬂ)’ Hnouc ™o
and the block diagram of the corresponding receiver. In Fig. 2(a), the
first block time N is used for multiple access (MA) where the end

nodes T and T, transmit their signals simultaneously, and P is the

total signal power. In the second block time N, the relay node
processes this signal (according to the schemes that will be presented
below) and broadcasts it. During the MA phase, the fraction of the

received signal power pP is used for energy harvesting, and the
remaining received power (l—p)P is used for information

transmission, where 0 < p <1.

A. PS-DF Scheme

In the MA phase, the received radio-frequency (RF) signal at the
relay node can be modeled as

97

», Ph x ++Ph x +

17,171 2,171 .l

Vo, _ \/Ehuxl Jr\‘/Ehu)c1 + nl{]

Yeut \/Ehl,h’xl +\/Ehu;xz +I’ZE}
:[\Eh‘ \/Eth { }ﬂ.fu]

x]
xZ
where £, =¢ P and P, =, P are the transmitted power from T,

(1

and T, . respectively, 0 <¢.Z, <1 are the power ratios of T, and
T, . respectively (ie., ¢ +¢, =1), x and x, are the normalized
information signals from T and T,

E[|x1|2:| = E[lx2 |2:| =1), and nrm - ('N(0,0':) is the additive
white Gaussian noise (AWGN) at the m-th antenna of R . The energy

ey
directly and gets the direct current to charge up the battery. Therefore,

respectively  (i.e.,

harvesting receiver in Fig. 2(b) rectifies the RF signal

L*
Assuming that p, P, P, {h‘ . }‘: , and {f’z,m}.“:, are known at the

relay node and applying zero-forcing (ZF) detection, estimates of x,
and x, , denoted by X, and x, respectively, are obtained as
X 4
NECEIRTE @
xl

The relay node then performs NC of i’: and .1?2 at bit level to obtain
the composite signal. Specifically, let 5; = demod(ig) be the

estimated information bit sequence corresponding to % where
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i=1,2 and demod(-) is the demodulation function. The composite

signal is given by x =mod(b, ®@b,) where mod(-) and @
denote the modulation function and the bit-wise XOR operator,
respectively. As in [6], we assume that the processing power required
by the transmit/receive circuitry at the relay node is negligible as
compared to the power used for transmitting the composite signal in
the broadcast (BC) phase. From (2), the latter power is given by

Z\.f E
P =—m “=npM (P +4,Pd] +a)) 5

and the sampled received (baseband) signal at the end node

T (i=1,2) inthe BC phase can be expressed as

v, = \/_ h o x +n I+M[] 6)

m=1

where n ~CN (O,ij) and n ~CN (0. crj) are the AWGN

due to the antenna and that due to RF-band-to-baseband signal
M
conversion, respectively. Assuming that {h,‘,..} g is knownat T, , an

estimate of x_ is obtained as

U]

§ == px e 20

T T M
Zh »
m=] m=|

Atthe end node T , the intended signal x (j=1,2; j#i) canbe
finally recovered by performing bit-level network decoding of J’Z‘r

with its own signal x, .

B. PS-DF-STC Scheme

For the MA phase, the description of the signal transmissions
from the end nodes T, and T, to the relay node R can be done as in
the PS-DF scheme, i.e., (1)-(3). The aforementioned ZF estimation
and bit-level NC also follow. However, instead of transmitting the

same composite bit sequence b = l;] @bl simultaneously via M
antennas in the BC phase, the relay node performs space-time block

coding [11] for this sequence, as outlined in [12]. Specifically, let B
be the space-time block-coded composite bit matrix whose dimension

is M x L, where L is the block length of the corresponding space-
time block code. If N consecutive composite bits, i.e.,

,‘Jr [#'(].,."Jx [k + l],....hr [k + N - ]] . are transmitted with this

matrix, then the code rate is N/ L . In this paper, we concentrate on
the space-time block-coded composite bit matrices with the full code
rate, i.c., L. = N . Such matrices for two, three, and four antennas are
shown in Table 1. As a result, the sampled received (baseband) signal

at the end node T, (i = 1,2) in the BC phase can be expressed as
. [k] 2 [k+1] v [k+N-1]]
=P [K] x k1]
+[n[£] n[k+1]

where H is exemplified in Tablel, and n ~ CN(U. o‘j +O’j)

x [k+N=1]]H ®)
n[k+N=1]]

98

TABLE [ ExampLES OF B anp H FOR SPACE-TIME CODING.
M| N B H
b [k] b [k +1] Ay h,
212 L‘[k-vl] b,[k] } h, —h”J
a[k]  blk+1] -b[k+2] -h[k+3] TRy ok By 10
34| |ake]  a[F] k3] Blre2) Ay chy 0k,
o [k+2] - k+3] B[] b [k+]] by 0 <hy <h,
0 k. h, -,
b[k]  -b[k+1] —b[k+2] —b[k+3] By Ry R by
414 Blk+1] B[] b [k+3] -b[k+2] bs by b By
b [k+2) b [k+3]  b[k] b [k+]] by ko by -k
blk+3] b [k+2] b k+1] b [k] a —hy R hy|

includes the antenna and signal-conversion AWGNs at the
corresponding time instants. Following [12] and assuming that

{h }:L] are  known  at T. an  estimate  of

[Jcr [k] X [k + 1] X, [k +N- 1]] can be obtained as
[z [k] % [k+1] 2 [k+N-1]]
=Re[y[k] »[k+1] v [+ N =-1]]H" o
where (-)" denotes the Hermitian of a matrix. At the end node L
the intended signal x (j =1,2;j# i) can be finally recovered by

performing bit-level network decoding of )'5' with its own signal X, .

C. PS-AF Scheme

For the MA phase, the description of the signal transmissions
from the end nodes T, and T, to the relay node R can be done as in
the PS-DF scheme, ie., (1)-(3). In the BC phase, the relay node
amplifies and forwards the information signal as

z =L (10)

T =

Jr

where

= JO=p) (20 + 2 [J + 2?) + o7 ana

the sampled received (baseband) signal at the end node T, (i = 1.2)
is given by

r ¥,

¥
Ao

V(-p) PP,

5l "hx, + h'hx, (1D
1-p)P
+—\/('°)h 1 4 4 )
I5.1
where (-)r denotes the transpose of a matrix, and n[“] and nFEl are

defined below (6). Assuming that p, P, {h }ml {h, M}l;. and

1m

Hy” are known at T, an estimate of the intended signal
xj(j =1,2; j # 1) can be obtained as

TP

x == : . (12)

" Ja-p)em s
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The BERs of the PS-DF, PS-DF-STC, and PS-AF schemes are

. . 2 ~ o
plotted versus antenna noise variance o, for different numbers of
. . . . 2
relay antennas M (with fixed conversion noise variance o = 0.01)
3 . . . . 2 .
in Fig. 3 and versus conversion noise variance & for different values

of M (with fixed antenna noise variance o'f =0.01) in Fig. 4. To

make the BER curves readable in all these figures, the results at
M =3 are excluded. It is clear that increasing the number of relay
antennas generally improves the BER performance. From Figs. 3 and
4, we can see that the BERs of the PS-DF, PS-DF-STC, and PS-AF
schemes are comparable when M = 2, and their difference becomes
significant when M =4 In the latter case, the PS-DF-STC scheme
performs best while the PS-AF scheme does worst.

71

(81

[

[10]

[

(2

]
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3.1. PS-DF Scheme
In the MA phase, the received RF signal at the relay node can be modeled as:
[ Yra

Yr2
Yr = .

| YeM
VPihi 131+ /Paha1xy + 1l
VPih12x1 +/Pahopxy + Hﬂ

| \/ﬁhLMxl + \/P_ZhZ,MXZ ¥ nE,aJ]\/I
[ V/Pil VP -‘ { ”ﬂ w
R

VPihi2 v Pahop

e IS SIZNAL A/ 1 — P, TO DASEDANA and Processes e pasepana signal, WNeTe iy, ~ LIV (U, 07)
is the AWGN due to RF-band-to-baseband signal conversion. After down conversion, the sampled
baseband signal vector at the relay node is given by:

Vr :1/1—pyr+n£d
X
= 1—p([mh1 \/p—zhz][x; +n£al)+n£4

= [ VI=pPil T=p)Ph, | 2]+( =+ nld)

—‘{’[ 1 :| + n,.
X2

Assuming that p, Py, P, {hll,ﬂ}%zp and {hzl,,.,}ﬂ?:] are known at the relay node and applying
zero-forcing (ZF) detection, estimates of x; and x;, denoted by £; and £,, respectively, are obtained as:

|

=

l ] B (THT)”WF ®)

L]



From Equations (6) and (7), we have:

_ 2\M—1 D
((1 P)Ug'f"fc) MilxM—zexp(i(l P)C‘ra to¢ ) >0

Frilx) = [(M—1)e2M-2((1 - p){;P) UL—ip)cPe™

Hence, the corresponding average BER can be derived as follows:
Fe,ir = f Q (\Ex)frrir(x) dx
0
ﬁnf I (%’x)f'h‘r(x) dx

((1-p)e2+a2)"
2/l (M—1)a2M2((1—p)g;P) M

xgl? F(%,x)xM‘zexp (77(17")‘7&%2 ) dx

(T-p)iPo? *
o T(M=1/2)((1—p)&:P)2((1-p)o2+02
/AT ((1-p) (g:Po2+0R)+e2)
vul1 an_loan  (Q-p2+e2

)M—'l

7 <~ U
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Following the same procedure as in (9), the average BER associated with 7,; is obtained as:

P, = oI/ (M (Pt ad)) " (o ed)"
e,ri 27 r(MJFI)(”,F}M,ﬂ (p0.2+,7§) +U§+C’CZ)M+”Z

il : oz +of
X,Fy (1,M +uM+1; ﬂpMUZ(PUZ+U§)+J§+g§)'

(24)

At the end node T;, the intended signal x;(j = 1,2;] # i) can be finally recovered by performing
bit-level network decoding of £, with its own signal x;, and the corresponding end-to-end BER is
obtained using Equation (17).

3.3. PS-AF Scheme

For the MA phase, the description of the signal transmissions from the end nodes T; and T> to
the relay node R can be done as in the PS-DF scheme, i.e., Equations (2)—(4). In the BC phase, the relay
node amplifies and forwards the information signal as:

P (25)
[yl

where ||¥:| = \/(1 -p) (Pl Ihy [|? + Py |ha|* + MU%) + Mo? and the sampled received (baseband)
signal at the end node T; (i = 1,2) is given by:

vo= VPR e
- y(lyp)lprplhTh x1 ‘E‘ y(1|~P|)PrPZhTh Tl (Hly r]Pth [a] (26)
\/ﬁrhT

where n,[.aJ and nl[.CJ are defined below Equation (11). Assuming that p, P, {hl,m}f]\f:l, {h2,m },],\f:l, and

[|¥:|| are known at T;, an estimate of the intended signal x; (j = 1,2;j # i) can be obtained as:

o _ ¥i= V- p)PPhihx/ || 7
: V(L — p)PehTh; /3]
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the relay node (during energy harvesting time and the MA phase) is P’ = P/ (1 + a). In what follows,
we describe three multiple-antenna relaying schemes, which correspond to the TSR protocol.

! IN | yr'm Energy Harvesting Receiver
z Ti— R—T; | T/ —R—7T; | TN "N\ cemeececmccccmcccccccemcceeeeaee
Energy Harvestin v 3
gyat R E Information Information y| RF to Baseband Baseband E
Reception Transmission n&“”{ yr,m: Conversion Processing !
| - : fe] |
| 2aN +— (1-a)N ——(1-a)N — ! ne, :
S 5 SO S S |

Information Receiver
(a) (b)

Figure 3. (a) Key parameters in the TSR protocol for energy harvesting and information processing at
the relay node; and (b) Block diagram of the relay receiver (with a focus on its m-th antenna) in the
TSR nratacal.

vPihia VPl nlﬁ ”ﬁ
_ \/171.h1,2 \/P_;:’hz,z [ aof | M2 | | M2 (30)
: ! X2 : :
VPl VPahou nf’}w nﬂd
= [ \/171111 \/P_zhz } |: - + (Ilga] +Ih['c})
X2

+ v

=| X1
where nﬁn ~ CN(0, o’f) is the AWGN due to such conversion. Assuming that Py, P>, {h],m}%:l,

{ hzfm}f:f:] are known at the relay node and applying ZF detection, estimates of the information signals
x1 and x, denoted by £1 and £;. respectively, are obtained as:

o | = (=)
£2

and

m

Y- (€]
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It is straightforward to show that the instantaneous SNR of £; is:
L T
(1+a)(e3+02) | (=H2) 7|
_ GPEM EM, o s =i | (32)

M
(1+a)(ed+e?) T |}le,”|2
m=1

Yir =

where i = 1, 2. From Equations (7) and (32), we have:

Fo i) = (1 +a) (e +o2)™" xM‘zeXP(‘WMX);wo. (33)

(M —1)c2M-2(g;p)M~! {iPo?

Following the same procedure as in Equation (9), the average BER associated with 7, is

obtained as:
- o T(M=1/2)(&P)* (1+a) (oF+02) )™
Poir = M=172
27 T(M)(giPo?+(14a) (03 +02))

@, 1 (1+1)(J§+UEZ)
X2F1(1’M 2 GiPo?+(1+a) (2 +02) )

(34)

Then, the corresponding composite signal x; is created and broadcasted in the same way as in the
PS-DF case. In the BC phase, the sampled received (baseband) signal at the end node T; (i = 1,2) is
the same as Equation (11) except that:

M
PT‘ = s EJ":] Em

(1—a)N
2y M (P +(1+)s2) (35)

(1-a?)

Assuming that {hz‘,m}if:

together with Equation (35).
It can be shown that the instantaneous SNR of £; at T; is:

| are known at T;, an estimate of x; (i.e., £) is obtained from Equation (12)

M 2
¥ hi,m

m=1

2 2
o . (36)
2aqM(P?+(1+2)c2)| L lim
m=1

(1—a?) (a%-ﬁ—(fcz)

Pr
I =

From Equations (14) and (36), we have:

(1—22) (v +02)

fou () = 20y M202 (Po?+(1+w)03 ) (37)
xexp| — (tallmive) N psip
2unM2e2 (P2 +(14a)ed) ™ /7 7 =

Following the same procedure as in Equation (9), the average BER associated with -, is

obtained as:
Po.— M(T(l—ﬁ!z)(aa2+ag)(t\t?](P(72+(1+£t)Ua2))l/2
S 2v/2( 20y M20? (Po?+(14a)0F ) +(1 7042)(%24»0'3))3” (38)

3.5, (1-a?) (2 +02)
XaF1 (1’ 2% 20y M202 (P2 + (1+a)a3 ) +(1-a2) (3 +02) |

At the end node T, the intended signal x;(j = 1,2;j # i) can be finally recovered by performing
bit-level network decoding of %, with its own signal x;, and the corresponding end-to-end BER is
obtained using Equation (17).
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4.2. TS-DF-STC Scheme

For the MA phase, the description of the signal transmissions from the end nodes T; and T to the
relay node R can be done as in the TS-DF scheme, i.e., Equations (2), (29) and (30). The aforementioned
ZF estimation and bit-level NC also follow. The corresponding average BER (i.e., P..;, where i = 1,2) is
therefore the same as Equation (34). During the BC phase, the relay node performs full-rate space-time
block coding for the resultant composite bit sequence and the end nodes perform the corresponding
sequence decoding and signal recovery, as in the PS-DF-STC case.

It is straightforward to show that the instantaneous SNR of an estimate of x; at T; is:

Pl‘ El‘hl 7”|
Yri = T Z+E (39)
ZMTM(PJ (14 ):, |h,m|
- (- az)( +c72)

From Equations (22) and (39), we have:

1-02)" (o2 +02)" M-1
f ri(x) = ( X
L T(M)(2a7Mo2)™ [Po2+(1+)02] ™ (40)

X exp(— (1ese ) (s o) X); x>0

207 Mo? (Po?+(1+a)03 )

Following the same procedure as in Equation (9), the average BER associated with 7,; is
obtained as:

o P r(M+1/2)(aq{Po’zv(lnLa)ag))]fZ((174{2)(oﬁ-+o’2

= C
Sotd VM T(M)(207Mo? (Po?-+(14)02 ) +(1—a2) (03 +02)

g, (1-2) (3 ?)
X, Fq (LM +uM+1; 2anMo? (Po?+(1+a)o? ) +(1—

(1)

The corresponding end-to-end BER is obtained using Equation (17).

4.3. TS-AF Scheme

For the MA phase, the description of the signal transmissions from the end nodes Ty and T to
the relay node R can be done as in the TS-DF scheme. In the BC phase, the relay node amplifies and
forwards the information signal as expressed in Equation (25), where:

50l = /Pl + Pl + Mod + Mo @)
and the sampled received (baseband) signal at the end node T; (i = 1,2) is given by:

¥ = ﬁh?ﬂ%[ + nzm - n}c]

_ VPP T VPP T R VBT [a] (c]
Al b+ SERR hoxe + EhTnd + ERTng 4ol 4l

(43)

where nl[a] are defined below Equation (11). Assuming that P, {hl,m};}f:l, {hglm}ﬁle, and |||

are known at T;, an estimate of the intended signal x; (j = 1,2;] # i) can be obtained as:

— VP PhThix/ |||
VPhTh /||

[c]

and n;

2 =2 (44)
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Let ;; denote the instantaneous SNR of %; at T;. It is straightforward to show that:

2
PP,

M
E h.i,m hj,m
m=1

Vi = (45)

2 g2 ¢ 2 L 2 u 2 2 2

(03 + )| Pr & |him|” +P1 & [Mm|” + P2 & |hom|” + Moz + Mo
m=1 m=1 m=1

and the corresponding end-to-end BER, P,, is the average BER associated with 7ji- Unfortunately, it is

difficult, if not impossible, to find the PDF of Yji- Therefore, the end-to-end BER has no closed-form

expression and is obtained by means of simulations.

5. Simulation Results

In this section, we evaluate the performance of the proposed multiple-antenna relaying schemes
(i.e., PS-DF, PS-DF-STC, PS-AF, TS-DEF, TS-DF-STC, and TS-AF) in terms of average BER of the end
nodes T1 and T>. Suppose that T+ and T> are separated bv a distance of 2 m, and the relav R is located
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