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Abstract

Cooperative diversity systems rely on using relay nodesetayrcopies of transmitted information to the
destination such that each copy experiences differentreiidading, hence increasing the diversity of the system.
However, without proper processing of the message at thggethe performance of the cooperative system may not
necessarily perform better than direct transmission systén this paper, we proposed a distributed beamforming
and power allocation algorithm which substantially imprswvthe diversity of the system with only very limited
feedback from the destination node. We also derive outagleapility as well as study the outage behavior of this

scheme.

. INTRODUCTION

One of the challenges of communicating a signal over a medsirthe distortion and loss of
signal power caused by the medium. Such a phenomenon, cammamed channel fading, results
in fluctuation of the signals received. To combat channeinfpddiversity techniques, whereby signals
carrying the same information are transmitted and recedxed different resources, are commonly used.
Traditionally, to introduce diversity, the multiple copi®f message signal will span time, frequency or
spatial resources [1]. A new technique to introduce ditgiisito the system, in which multiple spatially
separated communication devices (nodes) cooperate t@wapghe quality of communications between
two nodes was proposed in [2], [3]. Such systems are ablettodmce diversity into the system by
using cooperative nodes to relay the information to theicl@isbn after some delay. Several protocols to
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accomplish the task has been introduced in [2], of which, Mypand Forward (AF) has been shown to
achieve full diversity.

Since then, there have been many algorithms proposed topolaté the relay nodes to enhance
performance. Known as cooperative beamforming, most cfetlagorithms weigh their input according
to the channel state information feedback [4], [5] or pridbrmation available [6]. The optimal weighting
for each of the nodes has also been derived in [7]. There Hawebaen algorithms to optimally allocate
power to the different relay nodes [8], [9]. At the time of tmg this paper, it has also come to our
attention of [10], which proposed a scheme similar to oun hkelowever, the two schemes are based
on different scenarios, and the proposed strategies of ipalleation in both schemes are different. In
this paper, we present a suboptimal distributed beamfagramd power allocation scheme which has an
outage probability close to the optimal scheme. We furtrezivd the outage probability of the scheme

and show that it offers an advantage over schemes where egigtits are assigned to the relays.

I[l. SYSTEM MODEL

Consider a cooperative network system with one source nddeglays nodes, and one destination
node as shown in Fig. 1. We assume that the channel stateniaion of incoming and outgoing links
are available at each node and that these are flat fading elsamide further assume that the transmission
time frame for sending each message is split into two, theldesg the message sending by the source
node, which we term the “broadcast” phase, and the secomg te¢ transmission of the message by the
relay nodes, which we refer to as the “cooperation” phasee Hee consider the non-regenerative relay
method.

During the “broadcast” phase, where a sigmak sent by the source node, the received signal at the

destination and relay nodecan be respectively written as
Ys,d = hs,dx + Ws,d, (1)

and

Ys,i = hs,i«r + Ws 4, (2)

whereh, ;, andh,,; denotes the channel response from the source to the destimaide and relay node

respectively, whilew, , andw, ; are the observation noise at the destination and relay hoelpectively.



The received signal at the destination node during “codjmeraphase is written as
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wherew, ; is the noise at the destination node during the “cooperapbase,c? is the variance of the

noise at each of the relays, and the faC{\?Jﬁ is due to power normalization at each relay. The
T n 57,

vectorf = [041 -+ ayp,| Is the weight vector which we will derive in the following sim.
Concatenating equations (1) and (3), the signal model fordalay network using the amplify-forward

protocol can be written in matrix form as
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[11. DISTRIBUTED BEAMFORMING AND POWERALLOCATION

To maximize the SNR at the destination, the optimal weiglttaef should satisfy

PfEWHhf PfHhHhf
mlng{ } :maxE{fH[ }, (5)

fAwHwE + |w, 4|2 f wiw + |w, 4?1y, |f

where P is the overall power constraint of the relay nodes.

The optimal solutiorf,,, can be found by solving the generalized eigenvalue problem
E{[w"w + |w,4|*In.]} ' PhPhf,,; = N\paofop (6)

where\,,... is the largest generalized eigenvaluefof[w?w + |w, 4/*Ix,]} ' Phh.

However, a centralized control with access to all channferimation is required to obtain this optimal
solution, and very high system overhead is involved. In fhaper, we are interested in a distributed
solution, where each relay node can decide its transmit pbased on knowledge of its incoming and

outgoing channels;; andh, ;. Here, we propose to use the weight vector

_ hiahialhsal Wy Py alls, Nr\
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where§ = 1/\/ZN"" W is the normalizing constant such that the power constiifit= P is
satisfied, and the common fact@rcan be periodically obtained from the destination node l@oadcast

channel. The reason to introduce a constraint for the taalep consumption can be clarified as follows.



Although each relay node can transmit up to their own outmwegr limit, the total power constraint
limits interference to other source-destination pairsjclwhs an important issue for power-constrained
communication scenarios. The full CSI assumption at theirda®in can facilitate the calculation of'.
With such a full CSI assumption, a centralized scheme in (8) lm&a accomplished, but will still result
in more system overhead than the proposed one. The propokede only requires one channel use
to broadcast the power constraint to the relays, whereasehtalized one requires at least channel
uses. Furthermore, the power constrainis only a constant or scaling factor which provides multiple
relays a benchmark to calculate their weighting factors.ifaorrect5 means that all relays will operate
at a sub-optimal power level. But the relationship betweenvikighting factors at the multiple relays is
still maintained, which is important to prevent signal calfation among the multiple transmit antennas.
Note that the transmission power of each relay in (7) is priomaal to its incoming and outgoing
channel coefficients, which fits the intuition that more powiould be allocated to relaying nodes with
better quality links. The exact expression of the disteldubeamformer was obtained from simulation
experiments which showed that in (7) achieves the perfocmatose to the optimal solution. To get the
insights of such performance superiority, some informmatleeoretic metrics, such as the outage probability

and the diversity-multiplexing tradeoff, will be develapfr the proposed beamformer in the next section.

IV. OUTAGE PROBABILITY

For the proposed distributed beamforming and power allmcascheme, we analyze effects of the
scheme on system performance. We focus on outage propadslithe information-theoretic measure as
in [2].

For the system described by (4), the mutual information is

T = Jlog[1+ (|hud? + P07 hf) (F{n"n)) ] (8)

Ws,d

)

wheren = )
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Using the proposed relay weighfsin (7), we obtain
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1A weaker assumption to calculateis that each node will send the real-val 3 ll}‘l ';liz‘ to the destination, and hence will consume

N, channel uses, whereas the full CSI assumption will requive 2hannel uses.



where

E{n'n} = 202 +fPE{w"w}f
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In this paper, we use the special symboto denote exponential equality [11]e, f(p) = p™ to denote

log f(p)

1 _oJ V7

p—oe logp

The following theorem describes the high SNR behavior of ghgposed distributed beamforming and
power allocation algorithm.
Theorem 1. For i.i.d. Rayleigh fading channels and high SNR region, th&age probability of the

N,-relay system can be approximated as

p(T < R) = p~ ™1, (11)

Proof: The proof is given in the Appendix. [ |
Consider the traditional point-to-point multiple-inputngle-output (MISO) system as a comparable
scheme. It is obvious that the performance of such a MISsyst the best that the proposed cooperative
strategy can achieve. Provided that there /sydransmit antennas, it can can expected that such a MISO
system can achievé/, + 1 diversity gain since the multiple antennas can coordinata wach other
and hence the receiver can hate + 1 independent copies of the transmitted signals [1]. Theotem
indicates that such diversity gain is still achievable @lifph the multiple antennas are distributed among
the multiple nodes. As defined in [11], the multiplexing gén- = IL%% and the diversity gain is
da _ph_{?o% [11]. From Theorem 1, we have the following gorollary.

Corollary 2: The diversity-multiplexing tradeoff achieved by the distited beamforming and power

allocation is given by

d(r) = (N, + 1)(1 — 2r).
Proof: Recall from the proof for Theorem 1, the outage probabilithasinded as

N, (af)Nrt (af)Nrtt

(N, +1)! (N, +1)! (12)

>p(ZT<R)>

2R
wheref = 2—=1

To obtain the diversity-multiplexing tradeoff of the prageal distributed beamforming scheme, define
the data rate? as a function ofp as
R = rlogp. (13)



Substitute (13) into the expression of the outage prolighaind we have

Nr(a)NTJrl (22rlogp o 1)Nr+1 (a)Nr+1 (22rlogp o 1)Nr+1

> p(Z > 14
(N, + 1)! pNrt1 z2pI<FR)=z (N, +1)! pNrt1 (14)
Whenp — oo, we have
(pQT)N,.+1
logp(Z < R) = log (W) . (15)
And the corollary is proved. [ |

It is important to point out that although similar results@deen obtained previously (e.g., [11], [12]),
our situation is unique. Provided that all antennas areténcat the source node, the results on full
diversity order and the multiplexing-diversity tradeofiuld be easily obtained. However, with multiple
antennas scattering among the multiple nodes, Theorem Larallary 2 are valuable as they indicate
that the single-antenna source node can function as if iuspped with multiple antennas. However, it
is worthy to point out that such diversity gain is obtainedhwthe price of reducing multiplexing gain,
which is caused by the fact that the relaying transmissioguires the extra use of bandwidth resources.
If complex radio hardware is not available, the opportunistlaying protocol can be an alternative for
distributed phased-arrays. As shown in [12] such an opptic scheme can yield the same diversity

order as the proposed beamformer.

V. NUMERICAL RESULTS

Consider a relay ad-hoc network where each node is equippldowe antenna element. The wireless
links are assumed as flat Raleigh fading. The required dataigatet ask = 1.

Figure 2 shows the outage performance of the proposedhdistd beamforming and power allocation
scheme as a function of SNR, where the effect of different remdd relay nodes is also shown. As
can be seen from the figure, by increasing the number of the netay nodes, the proposed method can
improve the system performance generally.

In Figure 3 the outage probability of the different beamforgnschemes is shown, obtained by Monte
Carlo simulations. The two-relay-node scenard, = 2, is considered here. The performance of two
existing schemes is also shown here for comparison. Oneisdheme, termed as “equal gain scheme”,
where beamforming is not used and each relay just forwaslebservations without weighting, and
the other, termed as “centralized beamforming”, where @@l solution of (6) is used for weighting
factors. It is interesting to observe that the performarnfcequal power transmission could result worse
performance than direct transmission, which implies thabuld be better not to use relay transmission

without proper beamforming or power allocation. Furtherep@entralized power control can achieve better



performance than direct transmission, as expected. Andnitbe observed that the proposed distributed
method can have performance B from that of the centralized one.

Figure 4 shows the diversity-multiplexing tradeoff for ttheee transmission schemes, direct transmis-
sion, selection relaying [2] and the proposed method. Agetqal, direct (or non cooperative) transmission
can achieve a multiplexing gain ofas each orthogonal channel is only used by one user. Sirttegortal
transmission is chosen, users cannot assist each othereacd there is no diversity gain. On the other
hand, the selective relaying scheme can achieve a divagaity of 2 as each copy of the transmitted
message go throughindependent channels and hence more robustness can beeachiwever such
diversity gain is obtained at a price. It requires additiamsage of bandwidth resourcee., time slots,
for relaying. However, our proposed scheme can achieveuthdiversity of N, + 1 while only requiring

the same amount of bandwidth resource as the selection setegme.

VI. CONCLUSION

In this paper, we have proposed a distributed algorithm Wwhweighs the output of each relay node
appropriately such that the quality of the combined reakisignal at the destination node is improved.
We have also derived the outage probability of the algoritsnwell as studied its outage behavior using
Monte Carlo simulations. Due to the distributed nature ofghgposed algorithm, it has motivated us to
investigate how it can be extended and adopted in the des$igmoperative networks. Furthermore, it will
be an interesting future topic to study the design of a dhigted beamformer with the power constraint

at each relay.
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APPENDIX

OUTAGE PROBABILITY

In this appendix, we derive the proof for theorem 1. To assisihe proof of the theorem, we first have
following lemma.
Lemma 1. Let |h; 4| and|h,;| be Rayleigh distributed random variables. For any positniefiinteger
N,
(2 hal?lheal?)
Sy Bl i gl

Ny
<3 bl (16)
=1



Proof of Lemma 1: Mathematical induction is used to prove this lemma. Defireldift and right sides
of (16) as functions oftV,,
n 2
(Zi:l ‘hs,i|2|hi,d|2)

f(n) = =5 o gn) =) lhial®, for n>1. (17)
Zizl |hs,i|4|hz‘,d|2 ;

Hence proving Lemma 1 is equivalent to prove the the follgwin

f(n) <g(n), for n>1, (18)
which will be proved by using mathematical induction.
1) Whenn =1, f(1) = |h1q|> = g(1).
2) Letn =k and assume that
f(k) < g(k).
To simplify the proof, further define,, = <Zf:1 ]hsﬂ-|2|hi,d\2> and b, = 31, |hai|*|hial?. Since
f(k) < g(k),

a; — brg(k) < 0. (19)
Forn=Fk+1,
(ar + hspr1*[hegr,al®)?
k1) = ’ A 20
I/ ) b + [P o1 |*| P14/ (20)
Hence,

ap + hs i h °)?
(ax + | ,k+1|4| k+17d|2) —g(k) — ]hk+1,d|2
bi + | s o1 [*| Pkt 1,4
_ Gt e neral + 20l hopaPlhwsnal® oy 2
b + |Ps g1 || Pk 1,0l o

(a2 — g(k)bk) + |hrr1.al*Qag|hs pi1|* — g(k)|hs gr1]* — br)

flk+1)—g(k+1)

N bi + |Pry1,al? | Pos g [ )
Sinceda; — 4b,g(k) < 0, we have
2ap|hs > — g(k)|hsk|* — bx <0 (22)
which implies that
flk+1)—g(k+1) <0 (23)

Therefore,f(n) — g(n) <0 if f(1) —g(1) <0, and the lemma is provell.
Proof of Theorem 1. From (9), we can deduce that the outage probability of théesyss

2
N 2 2 -1
P (Zizlms,i! |hidl ) | ST
pZT<R) = p ) |hs,d|2+ ~ 2+PZZ;1‘ il “Ihidl < 922R _q
Tn >y sl Pial? > iy [P Pial?
2
(2 a2l N L Pl
= p| | lhed® + =5 <0 2+PZ’;1| sil Vidl (24)
Ziil |hs,i|4|hi,d|2 Zi:ﬁ ‘hS,i|4|hi,d|2




where = p‘l andp = %. Note that the second equality follows the high SNR asswnpivhere
o2 ~ 0.
For largeN,, we have the following observations. Firstly,
SN il hail?
Sl hial?
due to the fact that all channels are assumed i.i.d.. Fumibes,

(i il |hzd|) "
2
' 2
>y Ihsltlhial® Nf ;’hl’d’ (26)

Although we currently do not have the formal proof for thisnslations show that it is the case.

(25)

So we can have

N
1 ™

p(Z<R)<p <<]hs7d|2 + N2 E \hi7d\2> < a@) (27)
T im1

wherea =2 + P.
Since it is assumed that the Rayleigh fading channels fAgnsource nodes to the destination node
are i.i.d., |h, q)* are independent exponential variables with the decayittg;raHenceZf:f;O |hyal® s

Chi-square distribution witl2 N, degrees of freedom. Defing; = Zf;o |h,.4|> and we have
fos(75) = CraNe ™=, (28)

where(; = ﬁ

So the outage probability can be written as

1
pZ<R) < p ((|h5,d|2 + N2x2> < a@)

af a@——Qa:
:/ / e d|hy 4 foy (25 dos
1
= o [T g,
0

ab ab RS
= Cl/ fﬂgT . xzdl'z — Cleae/ e (1 Nr2) E[Egrildl’g (29)
0 0

By using the exponential property, the outage probability ba simplified as

ad af
1
(I <R) < Cl/ vy e dry — Cleae/ (1—(1- m)xz)xg’"_ldxz
0 0

r
N, — 1
_ . 70492

1

1 N (1- N_E) Ny+1
E(Oﬁ)r - W(Oﬂ)

1 N (]‘ ]\}2) Ny+1
- = F’r ( 8)7’ - N'r 1 (O(Q)
N, (af)Nrtt

(N, + 1)! (30)
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Using Lemma 1, we have the following inequality

Ny
PZ<R) = P |hal>+ ) |hidgl® < ba (31)
=1

Defineza = |hqal®> + 307, |hial?. From (28) we have the lower bound

p(Z <R) > P(xa <ba)

N, ;
= 1—6‘“2@

7

i=1
N on | —a — (ab)’
~ 1l—e e — Z i
i=N,+1
(af)Nrtt
(N, + 1)! (32)

Since both the upper and lower bounds of the outage prohahdive the same exponential equality,

the theorem is provell
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Fig. 1. Cooperative communication system with 2 relay nodes
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Fig. 2. The outage probability of the proposed beamforming and polleeration schemes with different number of relay nodes versus
SNR.
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Fig. 4. Diversity-multiplexing tradeoff for the proposed beamforminfesne, selection cooperative schemes and non cooperative scheme



