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ABSTRACT: In this paper, a usage of splitting source - node power is proposed for a two-phase cooperative relaying system
wher e the transmit powers of the source and the relay node are individually constrained. In the proposed usage, the limited
source power is divided into two parts that are used in the first and the second phase, respectively. Unlike conventional
relaying methods, the source again in the second phase transmits its signal with the split power and, at the same time, the
relay forwards the signal received at the first phase, which causes intervention between the signals. In order to avoid the
intervention, so-called a co-phasing weight for aligning the phases of the two signals is used at at the source before the
second transmission. The forwarding operation at the relay however is exactly the same to the conventional ones. Optimal
power-splitting as well as the co-phasing weight is provided in this paper. With numerical investigation, the proposed power-
splitting is shown to significantly reduce the outage probability compared with the conventional individual power allocation.
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1. Introduction

AF and DF arerelaying techniques widely accepted in cooperative communication systemsthat consist of asource S arelay R
and adestination D. Thetransmission protocol in both AF and DF systemsistypically built on two consecutive phases: source-

transmitting and relay-forwarding phases. Let us denote the transmit power at the source and at the relay by P_and P,
respectively. The end-to-end SNR received at the destination after the two phasesisthen given by afunction of P_and P_[1] -

[2]. If an aggregate power constraint for P_and P, isapplicable, power allocation between P_and P, that achieves certain balance
between the SNRs attainabl e at the respective phaseisvery plausible in terms of maximizing the end-to-end SNR [3] - [5].

However, the power allocation between P_and P isnot possibleif anindividual power constraint isapplied. Therelay isusualy
located in aremote site from the source and then the aggregate constraint that all ows power-sharing between the source and the
relay is not permitted. We propose, when an individual power constraint is imposed, splitting the source power between two
phases to enhance the end-to-end SNR. More specifically, the source power is divided into two parts: (1- o) P and aPg (0<
a< 1), andthey are used in thefirst and the second phase, respectively. ais called apowersplitting factor inthis|etter and P
isused to reinforce the signal power received at the destination in the second phase. Intuitively, the greater o is expected when
the greater the firstphase SNR is than the second-phase one.
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Unlike the conventional relaying methodsin [1]-[5], the source transmitsits signal again with power « P in the second phase
and, at the sametime, therelay forwardsthe signal received at thefirst phase. In order to avoid intervention between the signals
simultaneously received at the destination, a co-phasing weight wfor aligning S-D channel to R-D channel isused at the source
before the second transmission. The forwarding operation at the relay however is exactly the same to the conventional ones.

We provide an optimal pair of o and @ that maximizes the end-to-end SNR of the proposed power-splitting for AF and DF
methods, respectively. With numerical investigation, the proposed power-splitting is shown to significantly reduce the outage
probability of the cooperative relaying systems. Moreover, the outage-reduction isalso interpreted as power saving intherelay
node, which rangesfrom 3to 5 dB.

Notations: Upper-case letters in bold-face indicate matrices and lower-case letters in bold-face indicate column vectors. The
superscripts used in AT, A" and A™! denote transpose, hermitian and inverse operations of matrix A, respectively. o denotes
complex conjugate of a. diag [ X] standsfor an N by N diagonal matrix with x onitsmain diagonal.

2. System M odel and Problem Definition

We assumethat all the nodes are equipped with a single antennaand anode cannot transmit and receive signals simultaneously.
And we also assume that the nodes work in two equal-length phases of cooperative relaying and, as a relaying technique, we
consider AF and DF, respectively. Complex channel coefficients between nodes are assumed mutually independent and denoted
by hy, h and h_,. Thechannels are model ed as zero-mean circularly symmetric Gaussian random variableswhose variancesare

ij , 0 and O'r |+ respectively, and they are also assumed constant during the two cooperation phases. For simplicity, we also

denote ysd—|h |% 7, =|h,|?>andy, =|h

o

rdl '

2.1 Phasel
Letusrecall that Pgand c arethe source power and the power-splitting factor, respectively. The source transmits symbol x with

power (1- o) P inthefirst phase and o P isused in the second phases. Inthefirst phase, the received signals at the relay and
the destination are then given by

Y 1:\/(1_a)PSth+nr,l @

yd’1=\/(1—a)PShsdx+nd’1 @

where n , and n, , denote additive white Gaussian noise (AWGN) at the relay and the destination in the first phase,
respectlvely We assume that all the AWGN terms including those appear in the following are mutually independent and have
the same power N,.

2.2Phasell and Optimization Problem

In the second phase, therelay forwardsthe signal received in thefirst phase and the source transmitsx again with the remaining
power aPg. The signal from the source is multiplied by a co-phasing weight coefficient w before transmission. The relay’s
operation depends on the relaying methods: either AF or DF, and accordingly the power allocation and weight cal culation at the
source is performed, which is described in the following. Our focus in this paper is to find an optimal pair of o and w that
maximizesthe end-to-end SNR achieved from the cooperation. We assume that the optimization problem is solved at the source

that hastheinstantaneous channel informationonh_, h_and h . For clarity, let (o, \w,) and (o, ,w,) denote the pair of decision
variables for AF and DF systems, respectively.

2.2.1Optimization Problem in AF Relaying
TheAF relay inthe second phase multipliesy, , in (1) with an amplifying gain

G:\/ Pr
(1—053) Psysr+ NO
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to limit the power of the transmitted signal to P and forwardsit to the destination. And the source transmits x multiplied by co-
phasing weight w, with power o, P.. Then the received signal at the destination is

Yg2= ((1—053) Psthhrd +\/(aaPSwahsd)x +Ghrd N 4N, ®

wheren, , denotesAWGN at thereceiver. Finally, y, , (in(2)) received in thefirst phase through direct S-D link and the above
y, , @ecombined withweightsg,, and g,,, whichgivescombinedsignaly, =g, v, +9,,Y, ,- L&t 9, =[9,,,9,,] Theacombining
weight vector. Optimal combining vector also will be provided shortly. After combined, the output signal-to-noiseratio (SNR) is

gg Va VaH ga s

SR, =P — 2222
97U U9,

AF

@

Where _ o ~
VamH=a) by hyg + (1-a,)Ghy hrd+ﬁa Wa hsd]T,

Ua = dlag [Jﬁo’ /GZ ,Yrd N0+ N0]2 (5)
The problem of interest in AF systemsis now represented by
_ 1
R,= max > log,(1+SNR,.) ©)
o aWa ga
2.2.2 Optimization Problem in DF Relaying

If the DF relay successfully decodes symbol xfromy ., (in (1)) received inthefirst phase, the relay re-encodes and forwardsit

inthe second phase. At the sametime, the source al so transmits x multiplied by weight coefficient w, with power ¢, P Then, the
destination receives

yd'Z:VPrhrd‘L\/(adPSWahsd)X+nd,2a @
Yy, andy, , are combined with weights g, and g, which resultsin combined signal y, =g, Y, + 9,,Y, »

Letg.=[gd., gd,]" beacombining vector in DF system. The output SNR is then written b
g,=190,, 9d, g Sy p Y

R = 20 VoVa 9 ®
] 94 U, UdH 9y
Where

Va=L0(1-a) Pshy./p i+ /&, Pow, b1 ©
U, =diag [jﬁo’jﬁo]z

If the DF relay cannot decode x fromy, ,, the relay keeps silent and only the source transmits x with power o , P without the

co-phasing weight. Inthiscase, thereceived SNR becomes o, 7, / N, after MRC combining of the signalsfrom the two phases
[6]. Thus, the optimization problem isgiven by

P _
Ropzadr\fv‘da’;d ;Iogz(lﬂmx[(i;\l%d,min (HO;\Z’)PS%.S'\'RDF))]. (10)

3. Optimal Power Splittingand Co - phasing Weights
3.1 AF Relaying

Let usfirst determinean optimal combining vector for the signalsfrom two phases. The numerator and the denominator in (4) are
decomposed by using the Cauchy-Schwarz inequality asfollows[7]:
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(VaH H -1y, H, -1
Sl AU U Mg, e (“)
Numerationin (4)

o Denominator in (4)
From (11), an upper bound of SNR,_isgiven by

- H -1
SNR,, < P, (U V) (UV)

- (Al_aa) Psyw +| (1_aa) PSGhs hrd + aa PsWa hsd|2 12)
- 2
N0 G Yed NO+ N0
U
£ S\IRAF

The above upper bound isachieved by an optimal combining vector g that can be derived from the equality conditionin (11)
asfollows.

%= U,U, YV,

h h ~ T
h +\/aaPswahsd]

=ﬁ[\/7(1-aa)’ﬁsd V(1-a,)Gh_h 13
N, G2y, N+ N,

where isan arbitrary complex number but not equal to zero. Using (12) and (13), with combining vector g the optimization
problem can be reduced into

U .
%maxWa S\NR,. subject to 0< o, <1,|w_[*=1 (14)

Since the weight coefficient has unity norm, scalar o, does not affect on choosing the optimal weight. Thus, we first consider
the problem in (14) assuming that o, is given, which leadsto

max - - ;
w, |/(=a )P Gh h + o Pow, | Subject to w =1 (15
In order to maximize the objective function in (15), the phases of thefirst and the second term should be the same. An optimal
h_ h_h
co-phasing weight isthen givenby W, = fd s rd . Now, we have the optimization problem for power splitting factor:
| hsd hs hrdl
1-a_ ) P GV(l-a_ )P + o Py )2
max (17%) Pty (CN(1=00) P¥ohg #1006 Po)® g o 0< o <1, (16)
*y N, G2y N +N 2
rd o o
Since a closed-form solution of the above problem ishard to find, we use an ideal amplifyinggain G = \/ %
_aa SYS’

which ignores the noise amplification at the relay and hence is known to give an upper bound of the SNR [2]. The relaxed
optimization problem isthen given by
max (1—063 ) PSst + Jpr Yrd +Jaa Psysd)2 (1—063 ) PsYsr
*a N Py N
rird o

o

Subjectto 0< o < 1. 17)

To obtain optimal (now suboptimal dueto the approximation with anideal amplifying gain) e, let usdifferentiate the objective
functionin (15) with respect to ¢, and finditsroots. Let x = Vaand et f (x) bethefirst derivative of the objectivefunction. Then

f(x) = ¢, X+ c,X*+c x+c,, (18)
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Where
01:—2PS'YSd Ysr’
C2:_3’Ysr ! Psprysd Yra o

r
_ 19
G=- Pr Yrd (st+ysr) - Psys' Y

C4:Yeri sPrst Yrd'

Sinceall the coefficientsof f(x) arereal-valued, cubic equationf (xX) = 0 hasat |east onereal root that can be obtained by aclosed-
form formula[8], the presentation of which however islong and tedious and is omitted in this paper.

Proposition 1: Thereexistsareal root x* of f(x)=0between 0and 1, anditisan optimal solution of the problemin (15).

Proof: Sincef (0) >0and f(1) <0, thereexistsareal root X" such that 0< x" < 1. And since df (x) / dx <0for 0< x’< 1, the
objective functionin (15) isconcavefor 0 <x< 1 and hence o = (x*)?isoptimal for the problem.

3.2DF Relaying
In the same manner asin AF case, we can find an optimal combining vector asfollows:

g; =B WU, UV,

:ﬂ[ jl_ad) PSESd \/TDr F]rd-i_\/ﬁs“d F]sd ]T (20)
N, N '

]

And an upper bound of SNR_ is given by
-1y, U -
NR, < U V) U,V

(1-a) Py *1/P h +/ o, PW, h

- ! NO (21)
A
= NRye
Using (21), the optimization problem for power splitting factor and co-phasing weight iswritten by
max min((%,g\m“) Subjectto 0< o, <1, |Wd|2:1 22
oW, N, DF
. _ o h. h . .
When o is given, an opti mal co-phasing weight i sw, = __sd rd  Now, wehavetheoptimization problem for power spiliting
| hsd hrdl

factor as

max mln{(l_ ad ) Psysr (1- ad) PSYSC|+(Vad PSYSd + VP,— Yrd)z

}SubjecttoOS <l ()

ad * %
9,(er) o,(,)

Withrespect to o, g, (¢¢,) ismonotonically decreasing but g, (¢,) ismonotonically increasing. If g, (0) <g,(0), then o, =0is
anoptimal solution. If g, (0) > g, (0), an optimal ¢, can befound by solving g, (¢,) =9, (e,), which resultsin aquadratic equation
with respect to \/&d . Using aformulafor finding roots of the quadratic equation [9], it iseasy to seethat the equation hastwo
real roots: a positive and anegative root. If g, (0) > g, (0), discarding the negative one, we then have
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Pr st Yrd + \/Pr st Yrd+ Ysr (Psysr - Psysd_ Yrd)

F=
Jody oy (29

S 'sr

Proposition 2: 1f g,(0) > g,(0) , then “Z in(21)isawaysO< o < 1.

Proof: Let6, =P v, v,y 6,=Yg (PyYg —PYy— P, ¥ g) @nd 6,= PS\(SZr . Then, 6, and 6, are obvioudly positiveand 4, isalso positive
if g,(0) > g,(0). Moreover, §, < &,. Now we have

0 <0¢Td :(@)2 - (“614’22_@1)2
3

_8,-208,-(8,5,) _
5

3

(29

Proposition 2 meansthat o ;fisan optimal solution for the problem in (20) and power-splitting isalways effective (i.e. between
Oand1)if g,(0)>g,(0). WhenP_y_> P_y_, the datarate between Sand D is greater than the data rate between Sand R, and
hencetherelay is useless[10] and only the direct communication is used with o;; = 0. In summary, we have an optimal power-
splitting factor aE and its corresponding data rate RD*F in DF relaying as the following.

Figure 1. Anillustration of optimal / suboptimal power-splitting

if P <Py, +P
O{J:{gj - sys* sysd ryrd (26)
|fPS)/Sr S P Yyt P Yy
P
1 s Vs .
EIogz(l +T0) if P.vy>PYy
_ l|og 1+ PSySf) if P.Yy < PoYy < PoYy S Py >
Ror= 9 2 N (27)

[e]
1-a®)P )
o0, 1+ R

o]
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—&— full power, P_/N =2P /N = 15dB
—&— sub- power, P./N_=2P /N = 15dB
—w— Ooptimal - power, P/N, = 2Pr/ N,= 15 dB
--o-- full power, P,/N_ =P /N = 15dB o
- -A- - sub- optimal power splitting, P,/ N =P /N = 15dB

--w--optimal - power, P_/N =P /N = 15dB

Outage probability

0.0 02 04 06 08 10
Normalized Distance from Sourceto relay (d,)

Figure 2. Outage probabilities of AF relaying for the distances between
the sourceand therelay (d_ ): R, =1,d_+d ;=1andd =1

] —®— full power, P_/N_ =2P /N = 15dB
J j —w—optimal - power, P./N =2P /N = 15dB
--O-- full power,P_/N =P /N = 15dB
-2 .
10 | |==w-optima - power,P_/N =P /N = 15dB B

1073

Outage probability

10~

00 02 04 06 08 10
Normalized Distance from Sourceto relay (d )

Figure 3. Outage probabilities of DF relaying for the distances between
the sourceand therelay (d_): R, =1,d +d  =landd =1
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4. Numerical Results

Figure 1. illustrates the optimality of o and o, obtained in this paper. In the figure, assuming that instantaneous channel

samples are given, the throughput is plotted as afunction of power-splitting factor o for AF and DF systems, respectively.We

P. P
— — — S_r _
assumethat v, =03,v,=2,7,,=1and NN 15db.
[0} [0}
For AF system, the suboptimal ¢ is0.1298 but optimal ¢ *is 0.2561 which is obtained by an exhaustive search. However, the
resulting throughputs arevery close: 2.6203 for the suboptimal o and 2.6364 for the optimal ¢, which shows the suboptimal
o obtained in this paper isanear-optimal power-splitting factor. For DF system, o;; = 0.1429 provides exactly the maximum
throughput 2.8933.

In Figure 2 and Figure 3, using M onte-Carl o methods, the outage performance of the proposed power-splitting iscompared with
conventional individual power alocation where P_and P, are fixed and fully used. In the figures, we assume that the outage
occurs when achievable datarate Ry<R,, (6 = {AF, DF}) and Ry, = lisassumed. We also assumethat S R, D nodesareon a
straight line and the distance between Sand D is normalized to one. The channel coefficients between the nodes are generated
randomly from complex Gaussian distribution CN ~ (0, 1/ d#), whered isanormalized distance between the two nodes and 4
isapath-loss exponent. In Figure 2, the outage probability of AF systemsis shown as afunction of the distance between Sand
R, denoted by d_. When d_ < 0.6, the proposed sub-optimal power-splitting outperformsthe individual full power allocation.
The reduction in outage probability is about 43% when d_ = 0.3 and about 23% when d_ = 0.5. It is seen that the reduction is
significantif d_ <0:5but not negligible (morethan 8%) evenin 0.5<d_ < 0.6. Comparing thetwo different power settings used

_ . P. P P P

in theﬂgure:ﬁs = Wr =15db and WS =9 Wr =15db, in which therelay of the latter case uses a half of the power compared
[0} [0} [0} [0}

to the former. The performance of sub-optimal power-splitting with the latter setting is very close to that of the full-power

allocation, which means that the power gain of the power-splitting inthissimulation is nearly 3 dB interms of therelay power.

If we can have the optimal power-setting, the power gain is greater than 3 dB as shown in the figure. In Figure 3. the outage

probability of DF systemsis shown as afunction of d_. When d_ < 0.6, the proposed optimal power-splitting outperformsthe

full power allocation. The reduction in outage probability is about 62% when d_ = 0.3 and about 32% when d_ = 0.5. Itisalso
seen that the power gain of the power-splitting in this simulation is greater than 3 dB in terms of the relay power.

To further investigate the power-saving in the relaying power, which can be achieved by using the power-splitting, we set

P P
—= =15dB, dB asfixed and reduce N—r from15 dB to 5 dB. Theresults are given in Figure 4. In the figure, both AF and DF

[0} o
P
outages are plotted by assuming d_ = 0.5. In AF systems, suboptimal power-splitting with W’ =12 dB providesthe same out-

[0}
age probability 6 x10 of using full power with Hence the power-splitting saves 3- dB relaying power. |f optimal power-splitting
isassumed, the saving goesto 5 dB. For the tested range of relaying powers, the savingslook almost constant. In DF systems,
the powersaving isalmost 5 dB. For example, if outage probability 10~3isrequired, power-splitting needs

P
Wr: 8dB whilethefull power allocation needs 13 dB.

(]

5. Conclusions

We have proposed splitting the source power constrained individually and using them in both of the phases in cooperative
relaying transmission. We have shown that it significantly improves outage performance compared with the fixed full power
transmission. The improvement is achieved by an optimal power splitting factor and a co-phasing weight that are provided in
this paper. With numerical investigation, the outage improvement isalso translated asrelay-power saving that rangesfrom 3 dB
to 5dB. The proposed power-splitting would be regarded as apromising usage of transmit power in cooperative communications.
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1072 ] [ L I
1 |[—®— full power, AF
4 |—#&—sub- optimal power splitting, AF
—W¥— optimal - power splitting, AF
| |=-C- full power,DF
- -7 - optimal - power splitting, DF
3
S 103
5 1077
(5] 4
g S
5 i
O J
10*4 l T T T l
15 13 u 9 7 5
Transmit SNRrelay of (P./N,) (dB)
Figure 4. Comparison of outage probabilities by reducing relaying
power: R, =1,P /N =15dB, d_=d  =0:5andd =1
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