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Abstract

An energy-efficient opportunistic collaborative beamformer with one-bit feedback is proposed
for ad hoc sensor networks transmitting a common message over independent Rayleigh fad-
ing channels to a relatively distant destination node. In contrast to conventional collaborative
beamforming schemes in which each relay node uses channel state information (CSI) to pre-
compensate for its channel phase and local carrier offset, the relay nodes in the proposed beam-
forming scheme do not perform any phase precompensation. Instead, the destination node broad-
casts a relay node selection vector to the pool of available relay nodes to opportunistically select
a subset of relay nodes whose transmitted signal combine in a quasi-coherent manner at the des-
tination. Since the selection vector only indicates which relay nodes are to participate in the
collaborative beamformer and does not convey any CSI, only one bit of feedback is required per
relay node. Theoretical analysis shows that the received signal power obtained with the proposed
opportunistic collaborative beamforming scheme scales linearly with the number of available re-
lay nodes under a fixed total power constraint. Since computation of the optimal selection vector
is exponentially complex in the number of available relays, three low-complexity sub-optimal
relay node selection rules are also proposed. Simulation results confirm the effectiveness of
opportunistic collaborative beamforming with the low-complexity relay node selection rules.
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Abstract—An  energy-efficient opportunistic collaborative network to a relatively distant destination is usually gyer
beamformer with one-bit feedback is proposed for ad hoc sews nefficient. To circumvent this obstacle, a more energycifit
networks transmitting a common message over independent g,5104ch for reachback communication has been developed by

Rayleigh fading channels to a relatively distant destinatin node. loiting th I di it in inh tin th
In contrast to conventional collaborative beamforming sclemes explorling theé muitiuser diversity gain innerent in the sen

in which each relay node uses channel state information (C$I Network [2]-[9]: the source node first transmits the message
to pre-compensate for its channel phase and local carrier ¢det, to one or more other nodes in the sensor network before these
the relay nodes in the proposed beamforming scheme do notnodes relay the message to the destination. In particular, a
perform any phase precompensation. Instead, the destinath |,y_overhead example of this approach was described in [2],

node broadcasts a relay node selection vector to the pool of .
available relay nodes to opportunistically select a subsebf [3] where the best available relay node, based on end-to-

relay nodes whose transmitted signals combine in a quasi- €nd channel conditions, is selected in a distributed fashio
coherent manner at the destination. Since the selection viez  for the reachback communication link. The appeal of the
only indicates which relay nodes are to participate in the gpportunistic relaying schemes proposed in [2], [3] is thei
collaborative beamformer and does not convey any CSI, onlyr® i jicity: increased energy efficiency and collision @asice

bit of feedback is required per relay node. Theoretical anajsis . - . o . .

shows that the received signal power obtained with the propged 'S achieved in a d|str|puted manner without requiring globa_
opportunistic collaborative beamforming scheme scalesinearly channel state information (CSI) and feedback from the desti
with the number of available relay nodes under a fixed total nation to select the best relay. Each relay in [2], [3] ol#ain
power constraint. Since computation of the optimal selecin  only local CSI by observing a ready-to-send (RTS) clear-to-
vector is exponentially complex in the number of available elays, send (CTS) handshake between the source and destination.

three low-complexity sub-optimal relay node selection ruds are The simplicity of thi h h t th t
also proposed. Simulation results confirm the effectivenas of € simplicity o this approach, however, comes at the cos

opportunistic collaborative beamforming with the low-complexity ~ Of inefficient transmission in the relay-destination linkce

relay node selection rules. the bandpass signal forwarded by a typical low-cost single-
Index Terms—Collaborative beamforming, reduced feedback, antenna relay is undirected. Consequently, only a fragion
ad hoc sensor networks, noisy channel estimation. the transmit energy from the single-antenna relay is ugeful

reachback communication while the rest is not fully utitize
In contrast, directed transmission by employing multipte a
. INTRODUCTION tennas, i.e. beamforming, is attractive. By steering thebess
In wireless ad hoc sensor networks with battery powerSi nal t_ovx{ard the i_ntended destination, mgIFi—antennamidrd
nodes, efficient use of the limited energy resources in ezf nSMIssion can increase the energy efficiency of read;hbac
! EOmmunication with less transmitted energy scattered i un

node is necessary in order to extend the usable l'fet"ﬂﬁended directions. In addition to improved energy efficig

of the network. In many applications, e.g. enwronment% o . .
o L . irected transmission also potentially reduces interfegeon
monitoring, reachback communication [1] from nodes in the, : o
) . S other networks and/or strengthens security. While sizecastl
sensor network to a relatively distant destination nodebzaa

significant source of power consumption in the network aireconstraints usually preclude the use of conventional araten
9 pow P . ' arrays with individual sensor nodes, directed transmissan
reachback communication from a source node in the sen

B achieved in sensor networks with single-antenna nodes by
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systems results from the fact that relay nodes transmitéting and for providing feedback to the pool of available relay
collaborative beamformer must obtain accurate CSI estisnanodes. It is also similar to [13] in that no explicit CSI is fed
to perform local phase precompensation. Without accurdiack from the destination to the relay nodes. Instead ofgusin
phase precompensation, collaborative beamforming temdsah SNR objective function and an iterative procedure with
perform poorly due to pointing errors and mainbeam degradaie-bit feedback per iteration, however, the feedback from
tion [4]. A master-slave approach to phase-precompenmsattbhe destination to the pool of available relay nodes in the
for collaborative beamforming was described in [11] wheneroposed opportunistic collaborative beamformer is alsing
the destination node (the master) continuously broadcasfsbit “relay node selection vector” (one bit per available
a common beacon to the relay nodes (the slaves). Eaelay) indicating which relay nodes should transmit. THaye
relay node synthesizes their local clock from this beacal not adjust their phases prior to or during transmissian. T
and, upon a trigger signal from the destination, transmitsa&oid destructive combining at the destination, only a etibs
direct sequence code division multiple access (DS-CDMAY the K available relay nodes whose received signals will
signal with a unique code back to the destination node wittombine in a quasi-coherent manner at the destination are
a carrier synthesized from the original master beacon. Thelected to participate in the collaborative beamformée T
destination separates these signals, estimates andzpstite relay node selection vector is computed by the destinatitn w
overall phase offset of each round-trip link, and then tnasitss the goal of maximizing the power gain of the collaborative
phase/timing precompensation messages to the relay n@edeamformer toward the destination.
DS-CDMA. This approach allows for low-complexity relay It is worth mentioning that, despite the similarity in name,
node hardware, but it may result in significant overheathe proposed “opportunistic collaborative beamformerthis
particularly for networks composed of a large number ofyrelgaper differs from the notion of “opportunistic beamforgiin
nodes. This problem was discussed in [12], where a techniqueposed in [10]. Specifically, the central problem in oppor
was proposed in which only a subset of the available rel&ynistic collaborative beamforming is the selection of bsat
nodes with the largest channel gains to the destination aferelay nodes whose received signals combine in a quasi-
selected for collaborative beamforming. As a result, thtalto coherent manner atgiven destination. In contrast, the oppor-
amount of CSI feedback is reduced according to the fractiontoinistic beamforming considered in [10] investigates scife
selected relay nodes. Nevertheless, the processing bordering data transmission from given source, i.e. a base station,
the master node is unchanged and the amount of coordinatiorthe optimum destination among multiple candidates. The
required to implement this type of systems may be prohibitimultiuser diversity in opportunisticollaborative beamforming
in some scenarios. stems from the presence of multiple transmitters whereas th
Several other approaches to phase precompensation dpportunistic beamformer in [10] exploits multiuser disigy
collaborative beamforming have also recently been praposeherent in multiple receivers.
A master-slave iterative phase precompensation techmigse A novel feature of the opportunistic collaborative beam-
described in [13] in which the relay nodes randomly adjusbrming scheme described in this paper is that beamforming
their phases and undo the adjustment if the destination ie-achieved without any phase precompensation by the relays
dicates, via one-bit feedback to the entire pool of relays8)so, unlike [13], the proposed opportunistic collaborati
that the signal to noise ratio (SNR) did not improve. Theeamforming scheme does not require multiple feedback it-
appeal of this technique is that the rate of feedback cemations. It is fair to say, however, that these advantages
be considerably less than that of [11]. An open-loop phaaee obtained at the cost of increased overhead and complex-
precompensation technique was described in [5] where titye at the destination node. Rather than estimating a single
relay nodes pre-synchronize their local oscillators andt wagarameter, e.g. SNR, the proposed opportunistic collabora
for a pilot broadcast by the destination. Upon reception tife beamformer requires the estimation 2K parameters
the pilot, each relay node estimates the phase of its regpec{amplitude and phase for each relay) in order to compute
channel and then uses this CSI estimate directly for locasph the relay selection vector. Nevertheless, since the tasks o
precompensation during collaborative beamforming simee tglobal CSI estimation and relay node selection are perfdrme
time-division duplex (TDD) channel is assumed to be reciprby the destination for coherent data detection, the prapose
cal. A distributed phase precompensation technique fdalzol opportunistic collaborative beamformer incurs only maadi
orative beamforming called “round-trip synchronizatiomds additional cost or complexity in the sensor network nodes.
also recently described in [14]. The main contributions of this paper are an explicit descrip
This paper proposes a new quasi-coherent collaborathi@n of the proposed opportunistic collaborative beamifogm
beamforming technique that fills a gap between opportunisicheme and a theoretical analysis of the power gain ati@inab
relaying [2], [3] and fully-coherent collaborative beamfing. by this scheme. We show that the power gain scales at the
This approach, which we call “opportunistic collaborativeame rate as ideal collaborative beamforming, i.e. liyearl
beamforming”, is inspired by the observation that bandpaaith K for large K, even with noisy CSI estimates at the
signals with even moderate phase offsets can still combidestination. Since computation of the optimal selectioctave
to provide considerable beamforming gains. Opportuniste exponentially complex in the number of available relays,
collaborative beamforming is a centralized technique lsimi three low-complexity sub-optimal relay node selectioresul
to the master-slave approaches described in [11]-[13]ah thare also proposed: sector-based, iterative greedy, aradivis
the destination node is responsible for global CSI estwnati pruning. Simulation results confirm the effectiveness of op
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portunistic collaborative beamforming with the optimaldan Denote bys the relay node selection vector of lengkh.

low-complexity relay node selection rules. The k-th entry of s is one, i.e.s; = 1, if the k-th relay
The rest of the paper is organized as follows. We first intr@rode is selected for transmission; otherwige= 0. Thus, the

duce the signal model in Section Il. Then, a suboptimal sectmormalized received signal can be written as

based opportunistic collaborative beamforming schemeas p

1
posed in Section I, assuming that either perfect or imgeirf r= \/ThTSd +n, (2)
CSl is available at the destination. To further improve the 58
performance of the sector-based scheme, two low-complexithered is the unit-power data symbdt, = [h1, ha, - - - ,hK]T

iterative selection rules are developed in Section IV. Fyna and » is complex Gaussian noise modeled a€/d (0,0,21)
simulation results are shown in Section V while conclusionandom variable. It should be emphasized that the totaktran

are given in Section VI. mitted signal power is normalized to unity, regardless & th
Notation Vectors and matrices are denoted by boldfaggumber of selected relay nodes. As a result, collaborative
letters. ||-|| represents the Euclidean norm of the enclosdégamforming improves the energy efficiency of reachback

vector and|-| denotes the amplitude of the enclosed complesommunications only if the received signal power at the
valued quantity. We us& {-}, (-)*, ()" and (-)” for ex- destination is increased with respect single-relay trassion.
pectation, complex conjugation, transposition and Heamit In the sequel, we first propose a suboptimal sector-based
transposition. Finally, for random variablesand y, var(z) opportunistic collaborative beamforming scheme with egith
and co\z, y) represent the variance efand the covariance perfect or imperfect CSI at the destination in Section IliteA

of = andy, respectively. that, we proceed to develop two opportunistic collaboeativ
beamforming schemes employing iterative selection rutes i

Il. SIGNAL MODEL Section IV.

We consider a network composed of one sour€esingle-
antenna relay nodes, and one destination as illustrated inl

. OPPORTUNISTICCOLLABORATIVE BEAMFORMING :
Figure 1.

PERFORMANCEANALYSIS

In the proposed opportunistic collaborative beamforming
scheme, the destination feeds back one-bit selectionnrgor
tion to turn on/off each relay node such that the transmitted
signals from all selected nodes can combine in a quasi-
coherent manner at the destination. Clearly, the mostatiti
design consideration in the proposed scheme is the seieditio

V V \ ~ 'l participating relay nodes. To shed light on the optimal giesi
\ R R lewrseon [ R ) of node selection crlterl_a, we first conS|d¢r the case in Wwhic
RS \|—1| |—2| -7 two relay nodes are available for cooperative transmissitin
I - perfect CSI available at the destination to facilitate it

) . ) ) o node selection.
Fig. 1. A collaborative beamforming system with one souote destination,

and N available relay nodes of whiclkk < N nodes correctly decode
the source transmission. The shaded relay nodes represdes rthat did g :
not correctly decode the source transmission and do nofcipate in A. Two relay network with perfect cs

beamforming. We assume without loss of generality that > as. Then

we can say
To facilitate the development of opportunistic collabasmt

beamforming schemes, we condition on the event fhat N

relay nodes have correctly decoded the source transmigsionherePy;, denotes the received power at the destination when

an earlier interval. To simplify our analysis, we assumd thanly node: transmits.

any carrier frequency offset and/or symbol timing offset at When both relay nodes transmit, the received power can be

each relay node is sufficiently small with respect to the syimbexpressed as

duration such that the resulting phase offsets are appaigisn

Py = af > a3 = Py, 3

constant over the transmission interval as in [15], [16]eTh Prgy = % \mem + a263¢2]2, (4)
complex channel gain between tlheth relay node and the a2 o
destination, denoted by, is modeled as &V (0, 1) random = 71 |1+ pel®|”, (5)
variable with
. where

hk:ake'j(bka k:1127 7K (1) pd:Cfag/al (6)
where ar, > 0 and ¢ € (—m, | are independent and and
identically distributed (i.i.d.) Rayleigh-distributett@nnel am- A def b2 — 1. )

plitudes and i.i.d. uniformly-distributed channel phases

spectively. The amplitude; and phasep; are assumed to Note that the factor%‘” in (4) normalizes the total transmis-
be statistically independent. sion power to unity.
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Clearly, simultaneous transmission is a better option dnlyOptimal selection of nodes that participate in the beamésrm
P12y > Py1y, which corresponds to the equivalent conditioentails an exhaustive search over all possidfe— 1 possible
selection vectors. Since it requires approxim&é2<+1)

1—p? ) . .
cos(A) > 5 L (8) operations to evaluate (10), the computational complexity
) _ P ) required to obtain the optimal selection is formidable, reve
The following special cases of (8) are of interest. for moderatek . To better understand the performance of the

« Whenp = 1, both relay nodes have identical channeptimal opportunistic collaborative beamformer, this tisec
amplitudes and the simultaneous transmission conditigevelops lower and upper bounds on its performance for the
in (8) reduces to]A| < 7. The gain with respect to |arge-network case, i.df — .

single-best-relay transmission can be expressed as We begin with a sector-based selection rule by choosing all

Py 1 PNE relay nodes whose channels belong to a pre-defined selection
I'= Py 9 1+ e2 ©) region. Exploiting the following inequality in (10),
: . . B 9
which attains a maximum of two wheA = 0 and ’hTs’ _ |aT¢S‘2 < ‘aTS‘Q, (1)

a minimum of one whenA = +7. Note that even
relatively large phase offsets between the relay nodes Ggpere
lead to significant gains with respect to single-best-relay -
transmission. For example, whek = Z, the resulting a = [a,a2, - ,ak] , (12)
gain can be computed to de= 1.76 dB. ® = diag{e’®, e/, ’ejqbK}T’ (13)
« When A = 0, the transmissions from both relay nodes
arrive in perfect phase alignment at the destination. lan upper bound foP(fg) can be derived by considering the
terestingly, (8) implies that simultaneous transmiss®dn case when all of the transmissions are received coherently a
preferred only ifp > v/2 — 1 ~ 0.4142. In other words, the zero phase, i.é, = a; >0 forall ke {1,...,K}.
even though both nodes have perfect phase alignmentAs discussed in Section Ill-A, even though signals from
simultaneous transmission is better than single-beattrethe relay nodes combine constructively at the destinathom,
transmission only if the ratio of the second node’s channgptimal beamforming selection rule should not selectzll
amplitude to that of the first node is at le@st142. nodes for simultaneous transmission. Instead, only nodtas w
While the relay selection schemes described in [2], [3ufficiently large amplitude should be selected such that th
can be thought of as “single-best-relay” selection schemessultingnormalized received power is maximized. Denoting
it is important to note that the notion of “single-best-géla the selection threshold ag we can write
described here is not directly comparable to that in [2], [3] )
{1 if ap >~

0 otherwise

Under our assumption that the common message has already
been disseminated among the available relays, the choice of

the single best relay in this paper is based only on the gualit . . _
of the relay-destination link. The choice of single-besay Recall that the{a,} are i.i.d. Rayleigh distributed channel

(14)

in [2], [3] is based on the quality of the composite sourc@Mplitudes with means [&;] = 4 By the law of large
relay-destination link. numbers, we can say that

It should also be emphasized here that no additional infor- sTs )
mation beyond theK bit relay node selection vector needs Am = Pr(ay>7)=e". (15)

to be fed back from the destination to the relays in order to ) ) )
implement an opportunistic collaborative beamformer. FEaé'S Shown in Appendix A, we can express the received power
relay node determines whether it should transmit or not B{PPer bound normalized bi as

the presence of a one or a zero in the appropriate index of P(K)( )
the relay node selection vector. Power control is also iaitpli lim —ub V)
in the Hamming weight of the relay selection vector. In the Koo K - 9
K = 2 scenario, relay node 1 transmits with unit power if = lim LS [/ 2726~ da:] , (16)
s = [1,0]T; both relay nodes transmit with half power if K—oo sTs ],
s = [1,1]7. For generaK > 2, each relay node can determine _ Ef(v) (17)
its transmit power directly from the inverse of the Hamming 4 ’
weight of the relay selection vector. where
2
B. Large network with perfect CSl upper bound fiy) & 7 [erfcw) + 2\/_7_ 6_72] 7 (18)
™

We now consider the more general case wih > 2
available relay nodes. The received power df anode oppor- with erfc(z) being the complementary error function defined
tunistic collaborative beamformer with the optimal setect as erfo(x) = 2 [~ et dt.
rule can be written as Note that received power upper bound grows linearly with

) .
pU) _ hTs‘ . (10) K, as would be expected of an ideal coherent beamformer.

opt max Numerical maximization off (y) can be performed to show

sc{o,1}x sTs ‘
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that max f(v) ~ 1.0849 andy* = argmax f(v) = 0.5316.
Hence, we can write
(K) (K) ¢, %
. Py ()
opt ub
< —= = 0. .
Khigo < Klgl(l)o e 0.8521 (29)

C. Large network with perfect CS lower bound

To develop a lower bound o t), we propose a sub-

optimal selection rule using the sector—based selectigiomne
shown in Figure 2.

m(hy)
7’
7’
4
’
4
’
/7
’
4
PR
- v .
2 AN selection
rejectlon 4 " \ region
region - y N
«
1 II \ “ r thk)
1 1 N
1 T L
\ \\ !
\ a 1

Fig. 2. Sector-based selection region for channel coefiisiéhy } used to
derive the received power lower bound (25) whereas thetritition is also

applicable to (31) in which the selection is based on thenedéd CSI,{Bk}.

The selection region is characterized by two parameters:

corresponding to a minimum amplitude andcorresponding

to a maximum angle. Nodes must satisfy both the minimum

amplitude and maximum angle requirements to be selected
transmission, i.e.,

N

Given i.i.d. channel coefficients, = axe’?* with a; being
Rayleigh-distributed ang;, uniformly distributed on—m, x|,
the probability thath;, falls in the selection regiof;;, can be
expressed as

if ap >~ and|¢x| <

. (20)
otherwise

Pr(h € ) = Pr(l¢i| <a)Pr(a; >7v), (21)
= % exp (—72) . (22)

where f(v) is given in (18).

From (24), it is important to observe that the teﬁ@i—o‘
is not a function ofy and attains its maximum when
cosa = % The optimum valuex* ~ 1.1656 radians can
be found numerically. Sincg(y) achieves its maximum at
~* = 0.5316, the received power lower bound can be written
as

(K)
opt

Py (6 a) (25)

lim
K—oo

=0.1965 < lim
K—o0

asymptotically in K. In the sequel, the selection rule em-
ploying the optimal thresholdéy*, o*} is referred to as the
“sector-based selection rule”.

Summarizing (19) and (25), the upper and lower bounds on
the normalized received power of opportunistic collahiveat
beamforming with the optimum selection rule can be written
as

(K)
opt

0.1965 < lim < 0.8521. (26)

Two implications of this result merit further discussion:

1) WhenK is large, the ratio of the upper and lower bounds
implies thatP, Opt) is no worse thar6.37 dB below the
power of an ideal coherent phase-aligned beamformer.
When K is large, even simple sub-optimal selection
rules for opportunistic collaborative beamforming can
result in a normalized received power that scales linearly
with K. This is the same scaling rule by which the
received power of the ideal beamformer is governed.
Since both the upper and lower power bounds are linear
in K, the normalized received power of the optimum
opportunistic collaborative beamformer must also scale
linearly with K. This represents a significant improve-
ment over the single-best-relay selection rule whose
for received power scales &sg (K) [10].

Finally, it is worth noting that the asymptotic result dexiv
in (26) is, in general, only accurate for largé. Computer
simulations are provided in Section V to confirm the perfor-
mance of the proposed scheme for snill

2)

D. Large network with imperfect CS lower bound

In the previous analysis, it has been assumed that the
destination has access to perfect CSl, {&}, in order to
facilitate node selection for the proposed collaboratigarh-
former. However, CSI must be estimated by some means in
practice, which is inevitably susceptible to channel eation

Asymptotically in K, the lower bound can be expressed agrors. Clearly, the upper bound derived in the previout@ec
shown in (24) following procedures similar to those emptbyds a valid upper bound for the case with imperfect CSI. In

in deriving (17):

K
I )(% a)
K—oo
° cos R
= lim — dxd@ , (23)
K—o0 ST —ady
sin? o

(24)

this section, we develop a lower bound on the normalized
received power of the proposed collaborative beamformer in
the presence of channel estimation errors and subsequently
derive the optimal thresholds for the sector-based selecti
rule.

The noisy channel estimate af,, denoted byfzk, can be
modeled as

]A”L;vC = hg + &k, (27)
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where¢;, is the estimation error modeled as circularly symeomputational complexity. Clearly, the success of these se
metric complex Gaussian noise with zero-mean and variarleetion rules hinges on effectively determining the numdfer
a?. selected relay nodes and identifying the suitable nodes. Th
Exploiting the fact thath, and &, in (27) are statistically proposed iterative selection rules successfully addresset
independent and Gaussian-distributed, we can then show two issues by capitalizing on our previous analysis on the
CN (0, 0;21) with two-node case. In each iteration, the proposed selecti@s ru
either add one new or remove one existing relay node to/from
(28) . i o
the selection subset based on well-defined cost functiotils un
In practical systems, only the noisy channel estimate® further beamforming gain can be achieved with further

. A ooaT N
h = [hl,hQ, e ,hK} . rather thanh, are available to the 't€rations.

destination. Thus, for given noisk, a robust selection rule _ _
selects relay nodes whose signals actually distortedt lsan A. Iterative greedy selection rule
combine in a quasi-coherent manner at the destination. We denote by™ € {1,2,---, K} the node index chosen

We consider a suboptimal selection characterized by tW@the N-th iteration,l < N < K. To facilitate our subsequent

parametersy’ corresponding to a minimum amplitude antl  derivation, we first define the following two quantities:
corresponding to a maximum angle. Note that the superscript

2 _ 2

(-)" is employed to differentiate the mathematical notations (V) 1 & b m
with imperfect CSI from their counterparts with perfect CSI == \/—N Z Apm € (32)
discussed in the previous section. Then, only nodes whese es =t
timated channel gaink, = a,e?* satisfy both the minimum and )
amplitude and maximum angle requirements are selected for pW) = z(N)‘ , (33)
transmission, i.e.,
. , 5 , where (V) is the composite channel gain between tNe
s, = {1 it ay, 2_7 and|¢u| < o (29) selected relay nodes and the destination, wiftlé") is the
0 otherwise corresponding received signal power.

. Nl .
It is shown in Appendix B that the normalized received power NOW: We consider?""") by adding one new relay node
lower bound is given by into the subset of selected relay nodes:

2

. Pl/b(K)(O‘Ia’Y/) 1 sin® o v (N+1) 1 phsy Jo_(n)
e S A -9 RN = DB (34
For the pe_rfgct CSl case wherx%: 1, (30) is equivalent -1 ‘\/Np(zv) +ap<N+1>ejAN“ 27(35)
to (24). Similar to (24), the optimah/* and o’* can be N+1

found separagely. Interestingly, the optimél ~ 1.1656 that where Ay, is the relative phase offset between the newly
maximizes -2 is identical toa*, i.e. the optimal phase added channel gain and™).

threshold for the perfect CSI case, regardless of the channeNext, we can rewrite (35) as

estimation error variance. Furthermore, exploiting theuteof

1
v* = 0.5316, we havey’* = 0.5316 x 0;. Recall thatr; > 1, pNFD = ] [NP(N) + @i+
we havey* > ~*. Thus, if perfect CSl is not available to T
the destination, the optimal selection rule should inaehs 2a,v+1)V NP cos (AN-H)} . (36)

amplitude threshold according to the variance of the chlanne

estimation errors. Finally, summarizing (17) and (30), weeh  Clearly, the conditionP¥*+1) > P(") has to hold in order
to incorporate the(N+1-th relay node into the collaborative
transmission. After straightforward mathematical matapu

2ol (o PE) r ) o : _
f (—) < lim <—f(). (31) tion, the condition can be equivalently rewritten as

1 sin
2

o2 4o/ o; K—oo K — 4
" " POV _ g2
For any giveno;, the lower and upper bounds of the cos (An41) > pNHD (37)
inequality above are constant. As a result, even in the pres- 2a,v+1) VNP

ence of imperfect CSI, the received power of the proposed

_ . ! . Finally, we are ready to propose the following iterative
collaborative beamformer still scales linearly with. y y brop 9

greedy selection rule. Denote ¥ the node index set con-
taining relay nodes selected for collaborative beamfogmin

IV. LOW-COMPLEXITY ITERATIVE SELECTION RULES Furthermore, letZ be the complementary set of over

Despite its simplicity and insightful analytical resultse {1,2,---, K'}. The proposed greedy selection rule is initial-
sector-based selection rule does not fully exploit the C&ed withZ = {1}, i.e. the best relay node, which is justified
available to the destination. In this section, two itemtivby the high likelihood of the best relay node being included
selection rules are proposed to select a sub-optimal subisethe optimal selection. The proposed greedy selectioa rul
of relay nodes for collaborative beamforming with afforlab is summarized in Algorithm 1.
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Algorithm 1 Iterative greedy selection rule Algorithm 2 Iterative pruning selection rule
States: Initialize N = 1,7 = {1},Z = {2,3,--- ,K},2() = States: Initialize N = 1,7 = {1,2,3,--- ,K},ZT =0, z() =
are’®t and P = a?; K _ 9
Procedure: # Zakemk and P = 2]
_ k=1
for N =1to K do Procedure:
Find for N=1to K do
. PW) — g2 Find
i* = argmax|cos (A;) - ————|,
i€z 2a;VNPWN) PW) 4 42
. . i* = argmax d —cos (A) |,
whereA; is the r?limve phase betweén and z(); ez | 2a;\/(K — N +1)P()
. pWN —af*
if cos (Ai-) > 2o VNP then where A, is the relative phase betweén and z(V);
1. Update . pIN) 142,
if cos(A+) < L then
1 ) 2a;+/(K—N+1)P(Y)
1 )
and ) LN © (\/K N+ 12— ai*emi*)
PN+ — ‘Z(NH)‘ : K-=N
7 and ,
2. SetZ = Z U4* while excludingi* from Z; PN+ — ‘z(N“)‘ ;
else -
Terminate the a|gorithm; 2. SetZ =7 U+* while excludingz’* from Z;
end if else
end for Terminate the algorithm;
end if
end for

B. Iterative pruning selection rule

Clearly, the initialization step plays an important role in . , ) .
determining the performance of the proposed iterativecg[ees'mpIy replace{a; } and {¢y.} with {a,} and {‘bk} respec-

selection rule summarized in Algorithm 1. However, initial tively. Upon the completion of the iterative selection pess,
ing with the best relay node is not necessarily always optima/«} andZ are employed to evaluate the corresponding actual
This can be easily understood by an extreme example "gfeived signal power.
which the best relay node with the largest amplitude has
a zero channel phase whereas all other relay nodes have a V. NUMERICAL RESULTS
180° channel phase. For the iterative greedy selection rule, This section presents numerical examples of the achievable
the initialization of the best relay node results in the Bng performance of the proposed opportunistic collaborataamt-
best-relay selection while the optimal selection may mesith forming with respect to the bounds developed in Section IlI
a combination of the phase-aligning nodes. and single-best-relay selection. Unless otherwise spegifill

To circumvent the initialization obstacle, an iterativeipr  of the results in this section assume i.i.d. channel coeffisi
ing selection rule is developed in this section. Rather than = a,e’?*, k € {1,..., K}, with amplitudesa;, Rayleigh
adding one new node in each iteration, the pruning selectigistriouted with mean [g;] = ¥E and phasegy, uniformly
rule first includes all relay nodes in its initial selectidrhen, distributed on(—, 7.
one existing node is removed from the current selection iNTo obtain numerical results for finite values &f, minor
each iteration such that the remaining nodes provide ag#fonmodifications were made to the ideal coherent upper bound
received signal power than that of the current selections Thand sector-based lower bound selection rules. These iselect
pruning process continues until no further improvement cagles were developed for the case wh&nh — oo and are
be achieved by removing any one of the existing nodes. Fiyased on the statistics of the channel coefficients, not the
thermore, it is straightforward to show the selection cide current channel realization. Hence, whén is finite, it is
for the proposed iterative pruning selection rule is givgn b possible that no nodes meet the selection criteria. It is als

pW) 4 a2 i) possible that one or more nodes meet the selecti_on criteria
cos (An41) < L . (38) but the resulting power is less than that of the single best
2ap<N+1)\/(K - N +1)PW) relay. The modified ideal coherent upper bound and sector-
Finally, the proposed iterative pruning selection rule igased lower bound selection rules check for these cases and
summarized in Algorithm 2. select the single best relay if either case occurs.
C. Remarks A. Performance with perfect CS

In Algorithms 1 and 2, perfect CSI is assumed to be Figure 3 shows the average received power as a function
available to the destination. For the imperfect CSI case;ave of the total number of node&™. The optimum opportunistic
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Fig. 3. Mean received power versus the total number of nddewith  Fig. 4. Average fraction of nodes selected for participatin the collab-
perfect CSI available to the destination. orative beamformer versus the total number of nodéswith perfect CSI
available to the destination.

to about75%, which agrees well with our analytical result
collaborative beamformer performance is plotted only for
K < 18 due to the computational complexity of the exhaustive
search over2® — 1 possible selection vectors. The uppeThis can be further explained by the fact that the nodes a# ha
and lower bounds confirm that the received power scaling jefentical phase and only nodes with insufficient amplitude
opportunistic collaborative beamforming is linear # and, are rejected. Inspection of Figure 4 suggests that the pguni
as predicted in (26), their performance gap is approximiatedelection rule is more inclusive than the optimum exhaastiv
6.37 dB for large K. These results also demonstrate that thesarch selection rule, the iterative greedy selectionamtethe
iterative greedy and pruning selection rules outperfor@ tRector-based selection rule. For larfe the iterative greedy
sector-based selection rule and exhibit an average reteigelection rule, the iterative pruning selection rule and th
power performance very close to the optimum exhaustiéector-based selection rule tend to select similar frastiof
search, at least fok' < 18, with much lower computational nodes for beamforming, i.e.
complexity. Furthermore, Figure 3 indicates that the tfeea
pruning selection rule provides some marginal performand& (|¢x| < o) Pr(ar > ") =
improvement compared to the iterative greedy selectioe. rul ) _ _ | ) )
For comparison purposes, the performancénobherent col- ywth the iterative pruning selection rule being slightly rao
laborative beamforming withandomly selected relay nodes isinclusive in this scenario.
also depicted in Figure 3. Since the effective channel gain
generated by the normalized sum of Gaussian distributBd Performance with imperfect CSl

ii.d. {h} remainsCA’(0,1), such incoherent collaborative In this section, we evaluate the performance of the proposed

beamformmg cannot render any_beamformmg gain [17] arE)‘?)portunistic collaborative beamformer under noisy clegnn
only results in unity average received power, regardless of estimation. Unless otherwise specified, we Ket 100 in the

Finally, all four proposed opportunistic collaborativeape following experiments. Furthermore, we define the estiomati
formers with different selection schemes substantialliper: SNR as

form the single-best-relay scheme, particularly for lafge SNR — 1 (39)

For smallerK, the coherent beamformer exhibits significant o gg'

power gains with respect to the proposed schemes. For in- o ) )

stance, atk’ = 10, the coherent beamformer outperforms the We first |nyest|gate the oppmal threshold; for the s_ector-
proposed beamformer with exhaustive searcheliydB and based selection rule .Wlth noisy channel gstlmates. Figure 5
the single-best-relay scheme by dB at the price of increased shows the mean received power as a function of phase thresh-

synchronization and feedback overhead. old o for a few SNR values. ,
Inspection of Figure 5 suggests that the optimal phase

Figure 4 shows the average fraction of nodes selected thresholda’* remains approximately.1656, irrespective of
participation in the opportunistic collaborative beamfier the SNR values, which agrees well with our analytical result
versus the total number of nodés. In the case of the ideal shown in (30). Therefore, we set™* = 1.1656 in the
coherent upper bound, the fraction of nodes selected cgaserremaining experiments.

Pr(ar >~v%) = e~0-5316% ~ 07538,

11656 g sa16
—_— e
Y

~ 0.2797,
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Fig. 5. Mean received power versus the phase threshd|dn the presence Fig. 7. Mean received power as a function of SNR in the presesfc

of imperfect CSI withK' = 100. imperfect CSI withK = 10.
1 the proposed collaborative beamformer remains very robust
T T . . . .
even under noisy channel estimation. Furthermore, Figure 7
Perfect CSI SNR =20 dB . . . . .
indicates that CSI estimates obtained with SNR16fdB or
larger are sufficiently accurate for the proposed collafd@a
beamformer to achieve good performance on par with that
O T T L Lt S N S --_ | obtained with perfect CSI.
E’ """ SNR =10 dB S~
2
2 20
- —¥— Proposed (Exhaustive search)
.% 11- 8 15| —EB— Proposed (Sector-based) |
3 —O— Proposed (lterative greedy) b
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Fig. 6. Mean received power versus the amplitude threshgld,n the
presence of imperfect CSI witkl = 100.

Figure 6 depicts the mean received power as a function 10 10 erof nodesk 1
amplitude thresholdy’ parameterized by SNR. Clearly, the
optimal amplitude thresholdy’* increases as SNR decreasesjg. 8. Mean received power versus the total number of nddewith
which is in accord with our analysis. Furthermore, it ignperfect CSl and SNR 5 dB at the destination.
interesting to observe that the mean received power curie no
only degrades significantly but also becomes “flatter” as SNRFinally, we repeat the experiments shown in Figures 3
decreases. In other words, as SNR decreases, the perf@mamng@ 4 but in the presence of noisy channel estimation at
of the sector-based selection rule becomes less sensitthet SNR of 5 dB. Comparison of Figures 3 and 8 confirms the
choice of amplitude threshold. robustness of the proposed beamformer with imperfect CSI
Next, Figure 7 shows the mean received power obtaineden for smallerk. The proposed collaborative beamformer
with the proposed collaborative beamformer with differerignificantly outperforms the single-best relay schemeneve
selection rules and the single-best-relay schemé., +'*} are  with noisy channel estimates.
employed in the proposed collaborative beamforming schemeSimilar to Figure 4, Figure 9 shows the average fraction of
with the sector-based selection rule. Figure 7 verifies theg¢lected nodes as a function of the total number of nédées
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Fig. 9. Average fraction of nodes selected for participaiio the collabora- Fig. 10. Mean received power versus the total number of nddewith
tive beamformer versus the total number of nodésvith imperfect CSl and heterogeneous relay-destination links.
SNR =5 dB at the destination.

the presence of imperfect CSI. Inspection of Figure 9 SLIggegommence or halt t.ransmlssmn. Th|s is in contrast to f_uIIy-
that the average fraction of participating nodes selected Bohgrent coIIabo_ratlve beamforming sche_mes that tygicall
the sector-based selection rule slightly increases undisyn require several bits of feedback per node in order to perform

channel estimation whereas the corresponding impact on {ig&l Phase precompensation (and perhaps additional dits t

exhaustive search, iterative greedy and pruning selectites exclude nodes with weak channels from transmitting) or sev-
is rather marginal eral iterations of single-bit feedback to converge to a cefie

state. The rate at which the source selection vectors must be
sent in an opportunistic collaborative beamformer depemds
the channel coherence time as well as any frequency offsets
The analytical and simulation results presented so far caind/or phase noise of the nodes’ local oscillators. In syste
centrate on homogenous relay-destination links by modeliqiith channels that exhibit long coherence times, feedbaittk w
{hr} asCN (0,07 ) with o7 = 1. Such a model is valid pe required at a rate proportional to the maximum carrier
and accurate for wireless ad hoc networks characterized fyquency offset among the nodes. Outlier nodes with large
closely clustered relay nodes, while the effectivenesshef tcarrier offsets could be permanently excluded from the pool
proposed collaborative beamformer in networks composedgif available nodes to reduce the feedback rate requirement.
heterogeneous relay-destination links has to be confirmed.More detailed studies on the feedback rate requirement for
In this experiment, rather than fixing;, = 1, we model opportunistic collaborative beamforming under generaineh
o—,%k as a random variable uniformly distributed ovr,2). nel conditions are of importance.
Repeating the experiment depicted in Figure 3, we show thein addition to a study of the feedback rate requirements,
resulting received power as a function Bfin Figure 10.  there are several extensions of this work that may also be
Comparison of Figures 3 and 10 reveals the followingyitful directions for further investigation. One unaneed
interesting observations. First, since the average chajaiie qyestion is whether there exists a polynomial-time algarit
is kept at unity, i.eE {0}, } = 1, the performance of the co-for computing the optimal relay node selection vector. Qa th
herent beamformer remains unchanged. In contrast, thiesingne hand, the great similarity between this problem and the
best-relay scheme exploits the increased maximum changgksical subset-sum problem hints that the problem may be
gain provided by the relay nodes with largef, , which leads Np-complete [18]. On the other hand, if the optimal relayeod
to noticeable performance improvement. More specificallyejection problem can be shown to be solvable in polynomial
nearly 1 dB improvement is observed for the single-bestime, more efficient selection algorithms should be devised
relay scheme at’ = 10. Finally, Figure 10 confirms that  another potentially valuable extension to the ideas pregos
the p_erformance of t.he proposed collaborative beamformgr ipis paper would be the development of decentralized
remains robust even in heterogeneous networks. relay node selection algorithms. Throughout our previous
discussions, we have concentrated on centralized salectio
V1. DISCUSSION ANDCONCLUSIONS in which the destination feeds the selection decision back
One of the appeals of the opportunistic collaborative beatio- the relay nodes. It is possible, however, to envision a
forming scheme described in this paper is that each notkeeshold-based selection rule that could be implemented i
in the system requires only one bit of feedback in order ®distributed manner. Assuming that each node has only local

C. Performance with heterogeneous relay-destination links



TW-APR-08-0512: OPPORTUNISTIC COLLABORATIVE BEAMFORMIG WITH ONE-BIT FEEDBACK 11

CSl, obtained perhaps from a pilot signal transmitted fronequirements of opportunistic collaborative beamforméang

the destination, we can consider a system in which eaatatively low with respect to prior approaches.

node sets a timer inversely proportional to its channel gainThe main contributions of this work are the development

similar to the procedure described in [2]. Upon its timeoutf an opportunistic collaborative beamformer with one Hit o

the node with the strongest channel gain first broadcasts fagedback per relay node and a unification of the ideas of

own channel information (amplitude and phase) to its peeollaborative beamforming and opportunistic relay sébect

nodes. This is in contrast to [2] in which the best node simplynlike conventional collaborative beamforming, opporstio

starts sending data to the destination. Exploiting theivede collaborative beamforming is applicable in networks with

information about the strongest channel gain, each node caues that may not be able to control their carrier frequency

compare its own channel amplitude and phase against soonghase. While optimal node selection for opportunistie co

pre-designed thresholds. In the next time slot, the nod#s wiaborative beamforming is exponentially complex in the rum

channel conditions exceeding the thresholds start tratisgni ber of available nodes, we have shown that low-complexity

data simultaneously with the best node. selection rules can provide near-optimum beamforming gain
Finally, comprehensive studies on the energy efficieneyith performance within6.37 dB of an ideal fully-coherent

improvement achieved by the proposed opportunistic collatollaborative beamformer with perfect CSI available to the

orative beamforming schemes deserve further investigatioelay nodes. We have also shown, in contrast to single-

Despite the fact that relay nodes in the proposed schentbest-relay selection, that the received power of oppaostimi

are exempted from local channel estimation, pilot signads acollaborative beamforming scales linearly with the numdfer

required to be transmitted from these nodes to the degimatavailable nodes.

node to facilitate global CSI estimation. Furthermore, the

energy required for other coordination aspects of the pato APPENDICES

e.g. spreading code assignment to the relay nodes, should be

also taken into consideration. As a result, it appears more A. PROOF OF(17)

appropriate to evaluate the energy efficiency of the pragpose Denote by2,;, andx the node index set of the selected relay

schemes from a holistic prospective by taking into accounbdes and its cardinality, respectively. Thus, we can espre

the energy consumption for both global CSI estimation antle received power upper bound normalized Ayas

data transmission. However, such a holistic approach is a (K) 9

non-trivial task since the overall system energy efficiency lim Py () - lim — (40)

is also determined by other design aspects such as energy K—o K K—oo K 8Ts ’

allocation between global CSI estimation and data transmis

sion. On the one hand, allocating more available energy to

global CSI estimation will clearly result in more accurate K

channel estimates at the price of less energy availablediar d K—oco K sTs

transmission. On the _othe_r ha_nd, noisy CSI estimates dug ton recalling thats = sTs, we can rewrite (41) in the

!OW-SNR channel estlm_atlon incur performance degrgdau%“owing form -

in terms of mean received signal power as shown in Sec.

(41)

V. Thus, sophisticated channel estimation techniques such , quf)(v)
as the successive refinement technique [19], are desirable t Klgnoo K
reduce energy consumption required for accurate global CSI - §Ts 5
estimation and subsequently, to improve the system energy =~ Klﬂnoo K [E{sk |k € Qup}]™, (42)
efficiency. o _ . &7 1 © 2
The opportunistic collaborative beamforming scheme de- = Klgnoo % [Pr(k = Qub)A 22%e dx} ,(43)

scribed in this paper fills a gap between the opportunistic )
relaying schemes proposed in [2] and [3] and the fully cohtere —  lim K [/00 92— d:c} (44)
collaborative beamforming schemes described in [4]-[8 T K—oo sTs |/, ’

appeal of the opportunistic relaying schemes proposed]in [2 .

and [3] is simplicity: global CSI does not need to be known bythere we have used the fact thBt (k € Q) = 22 in
any entity in the network and no feedback is required to sele@btaining the last equality. Finally, upon substitutingXinto
the best relay. This simplicity comes at the cost of ineffitie (44) and invoking integration by parts, we can have (17).
undirected transmission in the relay-destination linkebied

transmission is achieved by the fully coherent collabuoeati B. PROOF OF(30)

beamforming schemes described in [4]-[9], but at the cost of

potentially prohibitive complexity and/or feedback oves, For presentational simplicity, we first define the following

While the proposed opportunistic collaborative beamfogni quantities :
scheme described in this paper does require the destination x, % ¢, (45)
to estimate the CSI of alk available relay nodes, the relay dof o

nodes incur very little additional cost/complexity sindlepao- Yo = h (46)
cessing is handled at the destination. Moreover, the feddba Zry = hg. (47)
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When K is large, the average number of relay nodeddence, the second conditional expectation can be computed
belonging to the selection regid®f, can be computed by  as

ko= K-Pr(Y,eQ))), (48) E[X|Y € Q)
KO/ 12 _ 1 _
- Lepl{-L %, (49) PrY €] /S L BXTY =gy (y)dy, - (61)
™ Ufz b
Ksina ~
where the last equality is obtained by exploiting the faett th = T TeeyE <U_h> : (62)
Pr(hy € ) = Pr (|03k| < O/) Pr(ay >~'). (50) Finally, substituting (57) and (62) into (54) followed byrse

straightforward mathematical manipulations, we obtaid)(3
Next, we proceed to evaluate the normalized received power
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