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Abstract—We consider an Amplify-and-Forward (AF) cooper- and individual power constraints. However, we also realized
ative diversity system where a source node communicates with that the performance of AP-AF is limited by the orthogonal
a destination node with the help of multiple relay nodes. The 5 qition of the system resources, especially when the number
conventional system assumes all relay nodes participate, with ;
the available channel and power resources equally distributed of relay nodes are large, even with OPA.
over all nodes. This approach being clearly sub-optimal, we first ~ To solve this problem, a new cooperation structure is
present an optimal power allocation scheme to maximize the introduced in the second half of the paper. The new protocol
?{-Stem throughput for la”tAF Syﬁtem- Trr:e mainl contrib;tiogbin I called selection AF (S-AF), in which only one “best” node

IS paper IS a new selection scheme wnere only one, tne "oest . : : [P
relaypngde is chosen to participate in the transmiyssion. We show is chosen qs a. relay. '!'he .selectlon algorithm is implemented
that at reasonable power levels the selection AF scheme maintains@t the destination, which is assumed to have knowledge of
full diversity order, and has significantly better outage behavior all channel gains, including those between the source and all
and average throughput than the conventional scheme or that relays.
with optimal power allocation. As we will show, both S-AF and AP-AF achieve the maxi-
mum diversity order ofn+ 1. But more importantly, we show
that S-AF achieves a higher throughput than AP-AF whenever

Prior work has shown that a cooperative diversity gain is, ~ 2 wherem is the number of relay nodes, except when
available in distributed wireless networks with nodes that hem\lR is unrea“stica"y low. These ana|ytica| results can be
each other by relaying transmissions [1]-[3]. The system undgétified intuitively: (a) in adistributed networkinstead of
consideration comprises +2 wireless nodes, one of which isysing only1/(m+1) of the channel resources for transmitting
a source and one the destination. The most popular cooperafigBrmation, S-AF used /2 of the resources and so achieves
protocols remain amplify-and-forward (AF — the relay simply higher throughput, and (b) since S-AF chooses the best of
amplifies the source transmission and retransmits) and decoglerelays, the relays still provide a diversity orderof
and-forward (DF — the relay decodes the source transmissionyhe rest of the article is organized as follows. Section II-A
re-encodes and retransmits). AF was studied in [1], whefgiroduces the system model for our discussion. Section 1I-B
given themn potential relays, the available channel resourcggts up the OPA problem for the AP-AF scheme and finds a
are split intom + 1 (relays + source) orthogonal (non-gigsed-form solution for a special case of practical interest.
interfering) transmissions, e.g., time slots or frequency binggction 111 presents the S-AF scheme and compares it with

All m relays then help the source, achieving orler+ 1) Ap.AF for both throughput and outage probability. Finally,
diversity. The average throughput of such an “all participat&action 1V concludes the paper.

AF (AP-AF) network is upper-bounded by the case of perfect
knowledge of all channel gains, and using that information for
optimal power allocation (OPA).

OPA in AF networks has been studied recently in [4]-[8]. |n this section, we consider a system in which a source
Most of these (e.g., [4]-[6]) focus on the single-relay case, apdde s’ transmits information to a destination nodé with
solve for the optimal power division between the source aRfle nhelp of m relay nodes. Transmissions are orthogonal,
relay nodes. OPA in multi-hop systems was discussed in [@lther through time or frequency division. For convenience,
[7], where the relay nodes are used to extend the coverage assume time division and so each node is assigned one of

area, not for diversity. Employing multiple relay nodes with,, | 1 time slots for each information packet.
distributed beamforming for diversity gain was studied in [8].

This paper first revisits Laneman’s framework in [1], deriv-
. . . A M I
ing the OPA algorithm for an AP-AF network with multiple System Mode
relay nodes, to maximize throughput. We present the OPAIn the first, data-sharing, time slot, the source node transmits
scheme as an extended water-filling process under both tdtathe destination as well as the relay nodes. In this phase, the
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signals received at the destination and the relays are where

Ysd = V Eshs,dm + Ns.d, (1) Ya = [ys,d yl,d/wl T yi,d/wi T ym,d/wm]T (8)
Ysi = Eshs,ix + Nsis 1= la e, M, (2)

where z, y, 4 and y,; denote the (unit energy) transmitted h =

1 | E.E
\/Eshs,d ; mhl,dhs,l
signal and the signals received at the destination andtthe ! s1Ts,1 0

relay node, respectively.; ; andh; 4 are channel coefficients 1 EE T
of the source-relay and source-destination channels, which 1/‘*2’”hm7dhs,m] 9)
include the effect of shadowing, channel loss and fadifg. Wi \| Eslhsml|* + No
is the average energy transmitted in this time slot. ASSumiggth n ~ CA/(0, NoI) and w; defined in (5). Note that
all the time slots have unit duratiod;, can be seen as thenormalizing the received signat ; with w; does not change
transmission powen 4 andn,,; are additive white Gaussianthe signal-to-noise ratio (SNR), but the normalized noise
noise (AWGN) in the corresponding channels, modelled @gvariance matrix simplifies the computations needed later.
having the same varianc¥y, i.e., s, nsi ~ CN(0,No).  Denote|h, 4|2 = ay, |hs|? = a; and|h; 42> = B;. Then the

In subsequent time slots, the relay nodes normalize their source-destination channel capacity for a giteis
received signals and retransmit them to the destination in 1
m time slots. For theith relay, the normalization factor is Zap = m7+110g2 (1+h"h/No)

VE{l|ys.:|?} (whereE{-} denotes the expectation operator)

and thus the signal transmitted from tit& relay is _ 1 1 S EE;;(3;

g y = — log; N Esa0+zEsai+Eiﬁi+No

T = Ys,i _ vV Eshs,ix + Ury; (3) i=1

VRl VE P T N = g 1 <E Sa
Note that we assume thét; ;| is known at theith relay and * 0 i=0
thatE\x|2 =1 U Efaf + N()Esai

Based on (3), the signal received by the destination from T E.o; + Eif; + No (10)
the ith relay node is =1
in bits per time slot.
Yid = VEihiqri+mn;q

We can model our goal of allocating power among source
= —QNhi’dhs’im + 7y g, (4) and relay nodes to maximiz&, p as an optimization problem.
Bslhs,i|* + No Sincelog, (1 + ) is a strictly increasing function of, based
whereh; 4 is the channel gain from nodeto the destination, ©n (6) and (10), we have:

and E; is the power used by nodefor transmission in its (B, Ei - By ~ ang max
time slot.n; 4 ~ CN(0, No) denotes the AWGN of the relay- = ° miopt op i BB
destination channeh; 4 is the equivalent noise term ig 4. m m E; 27+SN 5 -
It can be easily shown that; ; ~ CN(0,w?Ng) with E, o | — s 0&sY qq
Bl af? ; ;Esai+Ei@'+No D
2 i|lli,d . .. . .
wp =1+ Eylhei>+ No’ ®) Solving optimization problem (11) in closed form appears to

i ) be difficult. But if we relax the problem to one with a fixed
The energies available at the source and relay nodes I8 determineds.. then the new problem

constrained by a total energy and a per-node energy constraint,

m B B, = a min " B2} 4+ NyE.«
. m = ar m - R
E.+Y E; =By, E,<E™, E<E". (6) = ® S St & Beou + BB+ No
i=1 (12)
B. Optimal Power Allocation where £, = Er — E, is the total power constraint for the

relay nodes, has a closed-form solution. The relaxed problem

AP-AF assumes that complete channel state informatipfp) js equivalent to having the source node transmit at some

(CSI) i.e. hsa, hsi and h; 4, is available at the destinationyeasonable power, and then allocating the remaining power
node, so the destination can use this information to decode gnﬁong the relay nodes. Without individual power constraints,
signal as well as assign transmit powers to the relay nod@se problem can be shown (using the Lagrange multiplier
The manner in Wh|Ch the destination ObtainS the CSli iS beyoﬁ%thod) to have a Water-ﬁ”ing So|ution [10] and the 0pt|ma|

the scope of this paper. allocation is
We write the received signals from all the time slots in a +
block in vector form as [9]: E2a? + NyE,a; E,a; + N,
[9] B = \/ Zas + Ny iy ao; + Ny (13)
ya=hz+n, ™ & &
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Fig. 1. Average Throughput of the Three Schemes. Fig. 2. Outage Probability of the Three Schemes.

Now consider the individual constraints. Since the objectig¢heéme improves the average throughput by akiodB at
function (12) is a monotonically decreasing convex functiolW SNR'. Figure 2 shows the outage probability of the three
of E;, the optimal point must be on the boundary. This casFhemes. The OPA results in a gain of 1.5dB. Note that, from
also be easily verified by the Kuhn-Tucker conditions [11¥hese figures, direct transmission has greater throughput, but
Therefore, the solution for the power allocation problem is far poorer outage probability (diversity order of 1, mott-1).

pmas

B Egaf + NOEsOéi)\ B Esa; + Ny (14) I1l. SELECTION AMPLIFY-AND-FORWARD SCHEME

Bi Bi ’ A. Algorithm Description

O - . B
where \ is a constant chosen to satisfy the total power In the previous section we showed that power allocation can

constraint andz)? — a(z < a),= (a < = < b),= b(z > !mprc()jve fysterr; throut%hput fc:rtthe AF_’-A'F scheme. H0\c/jvever,
b). This solution can be considered as an extended water-filli order 7o realize ormogonal ransmissions, every node can

process, with each vessel having both a boted a lid ofly transmit in a slot with length /(m + 1) of the entire
In the, high SNR regime, we can simply ignore the nois lock. Although this orthogonal transmission can achieve full

term N, thus the optimal solution for high SNR is iversity order, the TDMA factol/(m.+1) in (10) has a large
adverse effect on throughput when is large.

E.q; E.q; To solve this problem, we introduce a new scheme called
Ei = ( B A= B; ) (19 selection Amplify-and-Forward (S-AF) where the transmis-
sion is divided into only two slots. The first slot implements
the data-sharing phase of AP-AF. However, the relaying phase
In this section we evaluate the impact of power allocationf S-AF contains only one slot, in which a relay node selected
on AP-AF networks. We simulate an AP-AF network witty the destination amplifies and forwards its received signal
three relay nodesn{ = 3). Three transmission schemes ar&om the source. To focus on the idea of relay selection, we
compared: OPA AP-AF is our proposed optimal scheme, equasume equal power allocation between the source and relay
power allocation (EPA) AP-AF is the conventional AF schemeodes.
where all relays use the same powEf & E, = Er/(m+1)), Let the transmit SNRy = £= = ££. Then the capacity
and Direct Transmission is when the source sends informatiohthe source-destination channel when relag chosen for
to the destination directly without help from the relays. Theelaying is
power constraints aré&; = 1, Er = m and E"** = 2 1 +20 6,
We also assume Rayleigh fading channels with parameters Zg(i) = = log, (1 + yag + “) (16)
hea hia ~ CN(0,1), he; ~ CN(0,10). This represents 2 voq + 0 + 1
the case where the relays are close to the source node, thitgper time slot. The maximum capacity is therefore attained
the source-relay channels are much better than the relsjaen the relay with the largest
destination channels. 20 B;
Figure 1 compares the average throughput of the three P = ot G+ 1
schemes, where results are obtained by averaging :00én R
channel realizations. From the figure we can see that the OPASNR is defined as; /Nog = 1/No.

0
C. Simulation Results

17)



THouput S-AF Vs, AP-AF, whe relays close o souce R for both schemes can be easily obtained.
Theorem 1:At high SNR, the outage probability of the S-
AF scheme can be approximated as

ATl (N + &) (22R — 1\
m+1 o ’

10

PS,=Pl|Is <R~

(19)
with A\g, A\; and¢; the parameters of the exponential distribu-
tion of ag = |hs.al?, i = |hss|? and B; = |h;q|? in (18),

Throughput (bps)

ol s ] respectively.
s Proof: See Appendix A.
/o = direct Theorem 1 shows that full diversity order of + 1 can
' I be achieved by the S-AF scheme singg,, is proportional
7 to (1/y)™*!. To compare this with AP-AF, next we consider
| SNRémB) 5 10 5 2 the high SNR approximation of the outage probability of AP-

AF. To simplify the problem, we focus on the AP-AF scheme
with equal power allocation, a good approximation of the
Fig. 3. Throughput S-AF vs. AP-AF, when relays close to source. performance of OPA AP-AF at high SNR.

It is difficult to directly obtain the high SNR approximation
for outage probability of EPA AP-AF scheme. However, we
can find a pair of upper and lower bounds.

v 3 Theorem 2:In the high SNR regime, the outage probability
(18)  of AP-AF scheme can be bounded as

is selected, resulting in a capacity of

1
Zg = -1o 1+~vy0g +max —— | .
§ T g B T T B+ 1

The destination node needs only to make the selection oIl (\; + &) (2(m DR 1 o < pAP
and notify the selected relay node, instead of computing and (m + 1)mm™ v = Tout
feeding back_the power al_located to every relay node, therefore MoTI™ (s + &) [ 20m+DR _ 1 m+1
the complexity of S-AF is lower than that of AP-AF. But 1*14_ T < > . (20)
m v

because S-AF only repeats information once whereas AP-AF
repeatsn times, S-AF actually has a higher throughput. Proof: See Appendix B.

Figure 3 plots the throughput of S-AF and OPA AP-AF Since both the upper and the lower bounds in Theorem 2 are
schemes. The channel parameters are the same as in Figaraportional to(1/v)™*!, the AP-AF scheme must have full
The figure shows that S-AF achieves much larger averadiwersity order ofm + 1. Finally, by comparing the high SNR
throughput than AP-AF. As expected, the gains of using S-Afutage probability of S-AF with the lower bound of AP-AF
over AP-AF increases with increasimg. Furthermore, unlike we arrive at the next corollary.

S-AF, as the number of relays increases, the throughput ofCorollary 1: PS5, < PAP when the target rat& satisfies
AP-AF actually decreases due to the lower TDMA factor oR > (logym)/(m — 1).

1/(m+ 1) in (20). Note that the conditior? > (log, m)/(m — 1) is obtained

by using the lower bound of AP-AF, and therefore is sufficient
but not necessary i.e., even when the condition is not satisfied,

In this section we compare the outage probability for th@-AF may still have smaller outage probability than AP-AF.
two AF schemes. We prove that both schemes can achieve fidle thresholdlog, m)/(m — 1) is easily reached in practice.
diversity order, which defines high SNR outage performandeor instance, whemn = 8, the required target rate is only
Combined with the throughput analysis in the previous sectioR, > 3/7 bits/time slot. Therefore we can safely say that in
we can expect that S-AF has better outage probability than Aptactice S-AF provides better outage performance than AP-AF.
AF in general since it has larger average throughput and the ]
same diversity order. This is verified with simulation resultsC- Simulation Results

An outage event occurs when the mutual informafidialls The following figures simulate the outage probabilities for
under a required rat&. The outage probability is thereforethe three schemes, S-AF, AP-AF and direct transmission.
P,.+ = P|T < R]. The mutual information7 has the form of In Fig. 4 we consider a network with three relay nodes
(10) and (18) for the AP-AF and S-AF schemes, respectivelyith equal-gain channels i.eh 4, hs ;, hi q ~ CN(0,1). The

It is extremely difficult to compute the exact outage probaequired outage is set to Feé= 1. The figure shows that S-AF
bilities for the two AF schemes for arbitrary SNRs because tlaghieves a huge improvement in outage probability of about
probability density functions (PDF) of the mutual informatiordB or 2 orders of magnitude over AP-AF, while both achieve
are hard to obtain. However, in the following two theoremsull diversity order. It also verifies that Direct Transmission
we present the high SNR approximations of the outage prdias relatively poor performance at high SNR because it does
abilities for the two schemes, from which the diversity ordensot benefit from cooperative diversity.

B. Outage Analysis



" Outage Probaliity o the Three Schemes, M=3 participate in packet forwarding, and that the same power is
e used at all the nodes. In this paper we first consider optimal

—=&— AP-AF upperbound

w0l A IR | power allocation among the relay nodes for maximum system
q : : T AT aprodmation throughput with total and individual power constraints. We

1~ Direct simulation | showed that the optimal power allocation can be obtained by
an extended water-filling process. The main contribution of the
paper is a selection scheme, called S-AF, where only one relay
node is chosen to relay the source signal. We showed that S-
AF maintains full diversity order while greatly increasing the
throughput, and therefore also achieves better outage behavior
than AP-AF.

Pout

APPENDIX

SNR (dB)

A. Proof of Theorem 1

Fig- 4. Outage Probabilities for Three Schemes, M=3. Based on the mutual information formula (18), the outage

probability of S-AF scheme can be written as

o Outage Probility for Three Schemes, Location Determines Channel _ 1 2 ﬁ
. ‘ VTP
PS5, = Pl=lo 14+~va9g+max —— | < R|,
out _2 g2 < Yo i v+ 'Yﬁz +1
Q. 22R -1
= P |ap+ max i < } ,
ioyei i+ 1 gl
= P |max __naibs <d—ap|, (21)
ioyei i+ 1

Pout

where § = ZZ=1  Since g is exponentially distributed

variable with parametek,, we have

6 . .
PSS, = / P {maxvogﬁZ <6 -— x} Aoe % dx
0

—o&— AP-AF simulation ~

s | S ] o 0+ B+ 1
—&— AP-AF upper \\\:\\6\ 1
—5— AP-AF lower R A (e 7y} _ o
e =T O O A R SO = / P {maxw < 6m’] dhoe 000 da!
10 11 12 13 14 15 16 17 18 19 20 0 g Yo + ’7/61 + ]-
SNR (dB)
M 70l :
= / HP { Rk < 5m'} Shge 00— g/
. . . o \i7 lyei+Bi+1
Fig. 5. Outage Probabilities for Three Schemes, Location Determines 1=1
Channel, M=3. 1[m P [ Wfigiﬂ’ < 596/}
_ sm+1 VX TYPi nm_—od(1—z") 3./
=46 N H S0 (z')™e dx’,
0 \i=1

Figure 5 shows a more practical situation where channels
are determined by the locations of nodes. Consider a circle (22)
centered at the origin of the-y plane with radiusr = 1. ysing (2 = 1 — 2/§) Note thaté is a function of transmit
The source and destination nodes are located—dt5,0) SNR v, andé — 0 when~ — co. Thus
and (0.5,0), respectively. Four relay nodes are uniformly _ ob(1—z)
distributed in the circle. The channel between two nodes is );H;oe =1 (23)
hij ~CN(0,1/d"), whered is the distance between the two )
no?jes, an(du i 2).5 is the distance attenuation factor. Thét has been proved in [2] that

superiority of the S-AF scheme is again confirmed. P [ 'yfig,;+1 < M,}
. Yo TYPi oy )
IV. CONCLUSION JH{}O 527 =i+ &, (24)

Cooperative diversity is a powerful idea to achieve spati8lubstitute (23) and (24) into (22) we have

diversity even when multiple antennas are unavailable at each s 1/ m

.node.. Previous vyork; havg dev_eloped severr_all schem_es to real- iy ]Zf;itl = )\0/ H(Ai +&) | («")™da’
ize this cooperative diversity gain, among which Amplify-and- 77 0 el

Forward is attractive for its low complexity. The conventional oI, (N + &)

AF (or AP-AF) scheme assumes that all the relay nodes = m+ 1 (25)



Therefore, at high SNRP?

U

out m +]_

. can be approximated as

(26) W

Theorem 1 is proved. |

(2]

B. Proof of Theorem 2

3
The mutual information formula of the AP-AF with equal )

power allocation is [4]

Tpap = logy |1+ ~ao + i e [5]
BAP = 7 22 Yo ile%*‘Wﬁi"'l
(27)
Thus the outage probability can be written as [6]
PEAP = P[Ipap < R]
m m 7]
Yo Bi 2(mtE _q [
=P + 28
0 Zvaﬂr%@ﬂrl (28)
i=1
(8]
Since
m 20 3: 20 3: [9]
Z Y O‘zﬁz : Y O‘zﬁz , (29)
Sy tyBi+1 i yai B+ 1

an upper bound foPZ4" can be introduced as [10]

out
iPi 2mAUE 171 1
S P[ao—i—max el < ] (11]
iy + b+ 1 v
highSNR )‘OH?il()\z + Ez) o(m+1R _ | m—+1

where the high SNR approximation can be derived using (26)
in Appendix A, but with a news = (2(m+DE 1) /4.
For the lower bound, we use the inequality

m 2 .4 2.3,
Z Y azﬁz < m max Y azﬁz ? (31)
= o i+ 1 iy + i 41
therefore
B 2(m,+1)R -1
PEAP > P |ap + mmax vaif <
i yoy B+ 1 0l
o(m+1R_q
= P |max el < o — %
i oyo, +y6i+1 m

o(m+1)R_q
veifi T
yoi 908 +1

4
P | max
0 i

m

m+1

Yo Bi
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where the high SNR approximation can be easily derived using
(23) and (24) in Appendix A.
Theorem 2 is therefore proved.
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