Innovative Systems Design and Engineering www.iiste.org
ISSN 2222-1727 (Paper) ISSN 2222-2871 (Online) 5-'—,i,l
Vol.7, No.7, 2016 IIS E

Capacity of Gaussian Relay Channel with Orthogonal
Components and Non-causal Interference at the Source

Wael Abu Shehdtzouhair Al-qudah
1. Electrical Engineering Department, Al-Hussein badal University, Ma'an-Jordan.
2. Communication Engineering Department, Al-HussemTalal University, Ma'an-Jordan.

Abstract

In this work, we consider a relay channel modethwin out-of-band relay, in which the interferesmmal is
available non-causally only at the source. The @agéich the relay operates over different frequebands
with respect to the direct link is investigated phrticular, the source-destination (S-D), the seuelay (S-R)
and the relay-destination (R-D) links are desigteelde pairwise orthogonal. This may model a commaition
scenario in which the direct link (S-D) is paralielthe multihop channel (S-R-D). For this charmebel, we
establish the capacity of the Gaussian relay cHdnynghowing that the developed upper and lowembsiare
equal. In particular, the capacity results are iokthin which the relay may operate in either &dulplex mode
or a half-duplex mode.

Keywords: Relay Channel, Decode and Forward, Orthogonal Tméssson Bands, Gaussian Channel.

1. INTRODUCTION

Relay channel (RC) plays a main role in extendindg amproving the signal coverage in wireless neksor
Basically, the RC is composed of a source-destingtair augmented by an intermediate node, thg.rélais
channel was initially established in [Meulen,19ahd then discussed in many different scenariosdiéende
and forward [Cover & El Gamal,1979], and computd-éorward [Wei & Chen, 2012]. Practically, a wirste
node cannot simultaneously receive and then traneweér a given frequency band. Therefore, RC with
orthogonal components was also developed and studimany different scenarios. For example, théanstin
[Liang & Veeravalli, 2005] investigated a case ihigh the transmission period is divided into twoapds
wherein the second phase is exploited by only #iayrto forward its message to the destination. ti@o
solution is to use a full-duplex relay with orthegd components. For instance, the authors in [Eh&a&
Zahedi, 2005] studied a case in which the sourcgetramsmit to both the relay and the destinatioerdlifferent
frequency bands.

However, the transmission over the RC may be aftebly a transmission from another user, the interfén

particular, this interference limited scenario wagestigated in many different cases. For instatie@ authors in
[Khomuiji etl,2013] considered the case in which thierference signal is available at both source wetay.

Furthermore, the case in which the interferencaaics only available at the source was studiefBakanoglu

etl, 2013], [Zaidi etl, 2013]. For example, thelars in [Bakanoglu etl, 2013] proposed some engpdahemes
and also derived the associated achievable ratibe dRC with orthogonal components in which therifgrence
signal is known only to the transmitter. In additithe case in which the interference signal iy &nbwn to the
relay was investigated by many authors like [Denlgafagl, 2014].

In this paper, we consider the transmission oveiRE, as depicted in Fig.1 . In this channel moaalurce, S,
wants to communicate with a destination, D, witk thelp of a relay, R. Indeed, the received sighaha
destination is affected by another signal from heosource, the interferer, I. This interferengmal is assumed
to be non-causally available only at the sourceés Thmmunication scenario may appear in the caseatimode
is cognitive and the other is not. In order to avthie effect of this interference, the source magdito spend
part of its power to let the relay learn about thierference signal [Bakanoglu etl, 2013], [Zaidi 013].
Another solution is to let the source transmit ¢dhithe relay and the destination over differeegfrency bands.
Thus, the relay may easily decode the desired Isigiger that, the relay forwards the source's aigto the
destination. Thus, if the relay uses the same &equband that is used over the S-D link, thes, tilsinsmission
is not an interference-free. Consequently, the@ouoray help the relay by allocating part of its poto help in
decoding the relay signal at the destination. This be performed by employing the generalized DiR&Eggiri
& Laneman, 2008] at the source. Another solutiotoitet the relay transmit to the destination cadrequency
band that is different from the one used over tHe k. We mainly derive lower and upper boundstha
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achievable capacity of the additive white Gausswise (AWGN) RC with orthogonal components and
interference which is available only at the soufidgese bounds are shown to be equal such thaafiecity of
the proposed model is derived. In addition, thesilts show that an interference-free achievabyaaty is
obtained.

Source / “~... Destination

[S ¥

[T}

Interference Source

Figure 1. Transmission over relay channel whichffected by another source, the interferer. Thisrfarer’s
signal is known non-causally at only the sourceth@rmore, different link formats are used to iradéc
orthogonal frequency bands.

Next, in Section 2, the channel model and systealirpinaries are introduced. Then, the capacity haf t
developed AWGN channel model is derived in SecBoMhese derivations are obtained in the casettieat
relay may operate in either half-duplex mode drduiplex mode. Finally, the paper is concluded éctin 4.

2. CHANNEL MODEL AND PRELIMINARIES

The state-dependent RC, in which the source warttatnsmit a messag®y , to the destination ovenuses of
the channel, is investigated. This message is umifoselected from the seW E{ 12, 2”RT}, at a data rate
R; with probability of error goes to O for sufficiéytarge n. This channel model is composed of a
sourceX = (XD, XR)E X =Xp x Xy, arelay sendeX, € X,and three channel outputé; € Y at the relay,
Y, € Yand Y, €, at the destination. The channel outp¥fsand Y, are mainly controlled by the signals

X from the source, an&, from the relay, respectively. In addition, the ch@routput,Y; , is controlled by

both the channel inpuX , and the channel stat¥;, . We note that the interference source is not @ble

cooperate with our source to reduce its effedhatdestination. Indeed, the state-dependent désoretmoryless
RC is described by the conditional probability maswtion given by

P(YR: Y1 Y2 % X0, X ) = P(YalXp s X)) P(Y21%X2) P(YRIXR:X2)-

Further, the AWGN channel, as depicted in Figsalso considered. The input-output relations arerngby
YR = hS?XR + ZR'
Y, =hg X, +h X, +Z,, (1)
Y, = ey X, +2Z,,

where the noise signalBg, Z, and Z, are assumed to be independent Gaussian randoabbesrivith O
mean and variances normalized to 1. Additiondtly, and h, are the channel gains from the relay and the
interference source to the destination, respegtivel; and hg are the channel gains from the source to the
destination and the relay, respectively. All ofghehannel gains are assumed to be globally kndhesignals,
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Xp and Xy are the transmitted by the source to the destinatnd the relay, respectively. These signalg,
and Xy, are constrained by an average powefdl; and(1- p) PS:E Ps, respectively, wherdis the
average total power at the source. Further, theifatis the power allocation factor at the source. lagéee
relay signal, X, and the interference signa, are subject to an average powePgf andQ , respectively. In
addition, the following notation$l (QJand | (GO} are used to represent the entropy of a randomblarand the

mutual information between two random variablespeetively. Further, we defin€(x) =%Iog2 @L+x).

Figure 2. AWGN relay channel in which the transinisss carried out over different frequency bartse
received signal at the destination is also affebiethe interference signal.

3. CAPACITY OF GAUSSIAN RELAY CHANNEL WITH ORTHOGONAL COMPONENTSAND
NONCAUSAL INTERFERENCE AT THE SOURCE

In this section, the capacity of the AWGN RC, wattthogonal components and non-causal states ot at
source, is derived. Our derivation is mainly basedhe capacity bounds for the RC [Cover & El Garh@lr9],
the achievable rate of the multiple access chaialC) with states only at one of the two encodétsthgiri &
Laneman, 2008], and the capacity of the dirty papannel [Costa, 1983].

Theorem: The capacityC", of the AWGN RC with different frequency bands amgut-output relations given
in (1), is given by

¢ = maxc(ar,) +minlc g 57 c (o [ 7}

Remark: The maximum data rate is obtained in the casé:@ihSR |2,§ PS):C“ heo |2 PR) or equivalently
| her |2,£_? Ps =| hgp |2 P . In addition, the optimum value g8 which maximizes the capacity is given by
2
ﬂ* = 1—@ .
Ihe|” Ps

Proof: The proof is based on the two bounds of the dapatthe discrete memoryless RC from [Cover & El
Gamal, 1979], the achievable rate of the MAC witiies available non-causally at one of the two daro
[Kotagiri & Laneman, 2008], and the capacity of they paper channel [Costa, 1983]. Consequertily ldwer
bound may be given as

C = maxmin{ | (U;Y4 X,)+1 (GYIX,U), 1(Ug, X, Y,Y,) 1(UgX, ). (2)
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This bound is achieved by using the generalizedkilMarkov encoding in which the relay is assumeddoode
part of the new messag¥,, and also can cooperatively forward enough infdionawith the source X , such
that the receiver can reliably obtain the previmessage [Cover & El Gamal, 1979]. In addition, tdren

I (U; YRl X5)+ 1 (X Y]X,,U,X, ) is the broadcast term from the source to both #stimhtion and the relay, in

which only the destination is affected by the stakaurther, the termi(U 5, X 5; Y3,Y,) — (U p; X, ) represents

the total achievable rate of estimating the sigfral: both of the source and the relay in whichydhke source

has a non-causal version of the state [Kotagirisfaéman, 2008]. Moreoveld ; is an auxiliary random variable
BPs

and is given byd, = Xp +{ X, , where the scaling factaf is given bymL [Costa, 1983].
S

In addition, as in [Cover & El Gamal, 1979], thepep bound may be obtained by using the "max-flow-mit”
as

C < maxmin{l (XY,Y4 X,),1(Up. X, Y,.Y,) (U X, ). (3)

We note that, as in [2], the MAC term appears ithlibe lower and upper bounds. To go forward, wesStute
X =(Xp,Xg),U =Xz andY =(Y,,Y,) in (2) such that we get

Rec1 = 1 (U YIXo )+ (XY[X,,U, X ),
= 1 (XRi YRIX )+ (X, Xg; Y, Yo X o, X g, X ),
=21 (Xg; YRIX )+ (X3 Y1, Yol X 5, X 1),
= 1 (Xg; YRIX)+H (Y3, Yol X5, Xy ) = H (Y, Yol X5, X, Xp ),
=1 (Xg; YRIX2)+H (Y1, Zo[X, )= H (Y, Z,X, , Xp),
=1 (Xg; YRIX )+H (Yo X, )+H (ZoX, Y ) = H (YU X, Xp ) =H (ZoX,, Xp, Y1),
=1 (Xg; YRIX2)+H (Y| X )+H (Z,) - H (YIX,,Xp )= H (Z,),
=1 (Xg; YRIX2)+H (Y1 X ) = H(Yy X, Xp ),
=1 (Xgi YRIX)+ (Xp: Yy X)),

=C |hSR|ZEPS C(ﬁPS),

(4)

where Ry, is the broadcast term in the lower bound. Moregstep @) follows by the fact that
Xg = X5 =Y, forms a Markov chain. In a similar manner, thedolzast term in the upper bound can be
obtained as
Recz = 1 (X YR, YIX5, X ),
= 1 (Xp, XRi YR, Y1, Yol X5, X ), (5)
=1 (Xp, Xg; YRIX 2, X )41 (Xp, Xg; Y1, Yo X5, X, YR),

where
I (Xp, Xgi YRIX2, X ) = F(Xg; YRIX o, Xy )+ (X5 YRIX o, X, XR),
=P 1 (Xgi YRlX 2. X)),
= H (YrIX2, X )= H (YrIX5, X, Xg), (6)
=% H (YrIX2)—H (YrIX,, XR),
=1 (Xgr: YRIX2),

where step ) is strict sincel (X;YgIX5,X,,Xg) =0. Further, stepg) follows by the fact that; and X,
are independent random variables. Further, thensetsosm in (5) can be simplified as
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(X s XRi Y, Yol X5, Xy, YR ) = H (Y1, Yol X5, X YR ) = H (Y1, Yol X5, X, YR, X, XR),
= H (Y1, Yo X5, X1 )= H (Y3, Yol X5, X, X g, XR),
=H (Y1, Z,IX; ) =H (Y1,Z,X,, Xp, Xg),
=1 (Xp; YalX,),

()

where step @ ) is obtained sinc&y - X, - Y, forms a Markov chain. Therefore, by substitutihg tesults
from (6) and (7) into (5), we may have

Raca = (Xg; YRIX2)+1 (Xp;Yi X )

_ (8)
=C (|hSR|2 B Ps)*c(ﬁ Ps)

Further, from (4) and (8), it is clear thRs~; = Rge» -
Next, the MAC term may be given by

Ruac < 1 (Up, X2 Y3, Y2) =1 (Up; X)),
=1 (Up; Y, Y2 )+ (X2 Y, Yo lUp )= 1 (Up; X)),
=1 (Up, Y )+ (Y5 YolUp )+ 1 (X5 YolUp )41 (X5 YU, Y2) =1 (UpsX, ),
=e{| (Up;Y1)-1 (Up; X, )}"’l (X2:Yo|Up),
={| (Up;Y1)-1(Up; X, )}+H(Y2|UD)_H(Y2|XZ'UD)1 9)
=f{| (Up;Y1)-1(Up; X, )}+H(Y2)_H(Y2|X2),
={l Upi¥) = 1(U o X 1 (X2 Y;),
=91 (Xp; YiIX) )+ 1 (X5 Y),
:C(ﬂ Ps)+c (|hRD|2 PR)

where the result in stepe] is obtained since (Y;;Y,JU;)=0 and | (X,;YJUp,Y,)=0. In addition, sinceY,
andU j are independent, steff () is obtained. Further, we use the result repdrig@osta, 1983] to obtain the
result in step g ).

Finally, from the obtained results in (4), (8), &8, the achievable capacity, as described by tteerem, is
obtained.

Next, the capacity in the case that the relay npeyate in the half-duplex mode is attained.

Lemma: The capacity of the relay channel with orthogarmhponents and non-causal interference at only the
source is given by

hos|’ B P heo |2 P
Czngax min rC(ﬁlﬁPS)+rC[M],TC(92,BPS)+TCM
T T

where 8, and &, determine the power allocation during the firad aecond phases such tlra, + 76, =1.

Proof: The proof is obtained by developing a two-phaaedmission scheme. In this first phase, which fasts
a rn channel uses, the source may transmit to bottrethg and the destination. Therefore, the achievedie,
R, in this phase is given as
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Ry =71 (Xp:YiIX ) +71 (Xg; YRIX3)
2_
MJ (10)

=rC(6?1,8PS)+rC{ -

Then, in the second phase, which Iasts(Iofr)n =T7n, both the source and the relay may transmit to the
destination such that the achievable rd&tg,in this phase is given by

Ry =T 1 (Xp; YiX )+ T 1(X5;Y5)
2
:fc(gzlgps)jufc[wJ (11)

Finally, the minimum of (10) and (11) represents dichievable capacity as given in thremnma.

4. CONCLUSION

In this paper, the transmission over the AWGN R@withogonal components, in which the interferesigeal
is only available at the source, has been investijahn upper and lower bounds on the achievalpgaaty
have been obtained. These bounds have shown fula¢ ch that the capacity is attained. Furtther cpacity
results have been obtained in which the relay npeyate in either half-duplex mode or full-duplexdao
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