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Abstract

The performance of two-phase collaborative communicatiwotocols is studied for wireless
networks. All the communication nodes in the cluster aremesl to share the same channel and transmit
or receive collaboratively in a quasi-static Rayleigh flding environment. In addition to small-scale
fading, the effect of large-scale path loss is also coneitledBased on a decode-and-forward approach, we
consider various variable-rate two-phase protocols thatachieve full diversity order and analyze the
effect of node geometrpn their performance in terms of the outage probability otumbinformation.

For the single relay node case, it is shown that if the collatoo node is close to the source node, a
protocol based on space-time coding (STC) can achieve gwetsity gain. Otherwise, a protocol based
on receiver diversity performs better. These protocolsase compared with one based on fixed-rate
repetition coding and their performance trade-offs witkdengeometry are studied. The second part deals
with multiple relays. It is known that witv relays an asymptotic diversity order 8f+ 1 is achievable
with STC-based protocols in the two-phase framework. Haren the framework of collaborative STC,
those relay nodes which fail to decode remain silent (thenevs referred to as aode erasurg We
show that this node erasure has the potential to consigeradiice the diversity order and point out the

importance of designing the STC to be robust against suck eoasure.

Index Terms

Collaborative (cooperative) communication, relay ch&nmspace-time coding, spatial diversity,

wireless networks.
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. INTRODUCTION

In many wireless networks, the power consumption of comupatitin nodes is a critical issue. In
addition, typical wireless channels suffer from signalifigdwhich, for a given average transmit power,
significantly reduces communication capacity and rangédfchannel is slow and flat fading, channel
coding does not help [1, 2] and spatial diversity may be thig effective option that can either reduce
the average transmit power or increase communication raRgsults on space-time coding (STC) [3,
4] have shown that the use of antenna arrays at the transraittk receiver can significantly reduce
transmit energy. However, for many applications with logsicdevices such as wireless sensor networks,
deployment of multiple antennas at each node is too costiynflement due to severe constraints on
both the size and power consumption of analog devices.

The recently proposed collaborative (or cooperative) mdityee approaches [5—14] demonstrate the
potential to achieve diversity or enhance the capacity otless systems without deploying multiple
antennas at the transmitter. Using nearby collaboratovértasl antennas, significant diversity gains can
be achieved. These schemes basically require that therretiss share the information data of the source
node, and this data sharing process is generally achievibeé abst of additional orthogonal channels (in
frequency or in time). In a companion paper [15], we have shtvat for a given fixed rate and under
suitable node geometry conditions, there are collabaatiwding schemes that can nearly achieve the
same diversity as if all the relay node antennas were coedé¢otthe source node, without any additional
orthogonal channels or bandwidth. The construction of sumdes, however, appears to be challenging.

Among many approaches in the literature, Laneman [5, 6]yaral several low-complexity relaying
protocols that can achieve full diversity, under realist&sumptions such as half-duplex constraint and
no channel state information (CSI) at the transmitting sodiehas been shown that in the low-spectral-
efficiency regime, the SNR loss relative to ideal transmitedity system with the same information
rate is 1.5dB[5]. Multiple-relay cases are also consideared6] and bandwidth-efficient STC-based
collaborative protocols are proposed.

Collaborative diversity protocols are largely classifiedoi amplify-and-forwardand decode-and-
forward schemes [5]. In the following, we will restrict our attemtidto decode-and-forward schemes
since these may provide some salient advantages. First, ifiro error propagation if the relay transmits
information only when it decodes correctly. Otherwise, tllay remains silent and thus an unnecessary
energy transmission can be sateSecond, the information rate per symbol does not need thésame
for each phase. In other words, the relative duration of gd@se can be changed according to node
geometry.

!Even though perfect detection of the codeword is not feasiblpractice, one can design a cyclic redundancy-check JCRC
or error detectable low-density parity-check (LDPC) codehsthat for a given system outage probability, the effecemwbr

propagation is negligible. Many existing communicatiotwaks have this structure.
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Fig. 1. Two-phase communication. (a) baseline system.wb)phase protocol.

It is the latter property that we shall focus on in this workipBose that we wish to transmit data with
information rateR* bits per second and is the frame period, also in seconds. Then the total infdonat
transmitted during this period i8*T bits (per frame). The baseline frame design that achievissigh
shown in Fig.1 (a). Alternatively, we may split the time int&l into two phases of duratioff; and
T, whereT = T1 + T> and each phase is operated with information f&teand Ry, respectively, as
depicted in Fig.1 (b). We assume that for both phases, the s@fiormation (but with different coding
rate) is transmitted. IfR; and R, are chosen such thd;T; = RyTy, = R*T, then in principle there
is no loss of total transmission rate compared to the basaystem. Let the fraction of the relative
time period for each phase be denoteddpye 71 /T = Ty /(T}y + T»), anddy = Tp/T = 1 — 6;. Then,
the information rate during each phaseHs = R*/§; and R, = R*/J,. Therefore, during each phase,
information should be transmitted employing larger cdietien sizes than the baseline system

For ideal AWGN and interleaved fading channels under anageesignal-to-noise power ratio (SNR)
constraint over the entire communication process, twa@hmotocols do not necessarily achieve a gain
and may even result in performance loss compared to theitassistem. However, for quasi-static or
block Rayleigh fading channels, it is not the constellatsire but diversity that is the dominant factor
for the outage behavior. Thus, if additional diversity candehieved by two-phase methods, the resulting
outage probability of the mutual information may more théfises any loss due to constellation size and
yield a reduction in required SNR. (This is somewhat analsgo coded modulation which increases the
signal constellation size in order to achieve coding gairour case, however, we shall achieve diversity
gain.)

In practical collaborative wireless communication netkgornode geometry is an important factor.
Intuitively, if the collaborative relay node is close to theurce node, it may be efficient for the relay

2The fractiond; andd., or equivalently, the coding rat8; and R, are determined based on the node location, not on each

realization of fading channel coefficient as done in [15, 16]
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to act as a transmit antenna. In this case, STC based prsteuch as [6] may be efficient. On the
other hand, if the relay is close to the destination, it stioyperate as a receive antenna. To capture
this geometrical effect, we model the wireless network dehmas an aggregate of large-scale path-loss
and small-scale fading [17]. The large-scale path-loskésdiecay of signal power due to the transmitter
receiver separation, and is a function of the distance teivilee two terminals. On the other hand, the
small-scale fading is a consequence of multipath which may vandomly according to any physical
change of surroundings. The overall system model is detaleSection Il.

In this paper, motivated by the rate-flexible nature of deecadd-forward protocols and the importance
of node geometry, we extend the work of Laneman [5, 6] to aatdeirate framework with particular em-
phasis orpath-loss gain effeadf relay nodes, achieved due to the relay’s proximity to seldestination
nodes. Several low-complexity protocols are considemdyding a simple multi-hopping protocol, the
bandwidth-efficient STC-based protocol of [6], as well asréceiver diversity counterpart (Section lll).
Their performances with a single relay node are theorédfi@alalyzed in terms o&chievable diversity
gain for a given information ratéased on outage probability of mutual information. For fhispose,
convenient simple analytical tools are developed in Sadto

The main objective of the paper is, for a given relative lawaof the relay node, to determine a suitable
protocol and minimize the total required power of the traittimg nodes. To that end, optimal power
control factors and relative phase durations for the relagenare derived for each protocol considered.
Associated with these protocols, closed-form expresdmmdiversity gain are derived in Section V, where
it is shown that by suitably choosing the protocol and cdliig the transmission rate, as a function
of node geometry, the achievable diversity gain can be fagmitly improved. Also, it will be shown
that under severe path-loss, even a simple multi-hop pobtmenefits relative to direct transmission. For
example, a significant gain is attained if the relay is lodatdway between the two communicating
nodes.

In the analysis of STC-based collaborative protocols, vespme two types of STC which we denote
as perfect and imperfect STC. A perfect STC refers to an STi@ partial decodability, i.e., the (full)
information can be retrieved from a subset of the transmgjittiodes, whereas an imperfect STC refers to
a system in which the receiving nodes fail to decode if any afnthie transmitting nodes that constitute
the STC fails to transmit. This partial erasure of an STC ramaebranch may happen if the relay nodes
fail to decode correctly. (This event will be referred to asagle erasurg In Section VI, we show that
the diversity order of an imperfect STC wifki collaborative relays is at most 2, whereas that of a perfect
STC can achieve diversity order &f + 1 as in [6].

Throughout this paper, our main focus is on the achievaersity gain for a given information rate.
The diversity-multiplexing trade-off [18] of the relay alzels is also of practical importance, but this is
beyond the scope of this paper. Some results in this direetie explored in [5, 6, 16]. As related work,
the effect of node geometry is also considered in [12,19,1a@]in a fixed-rate framework. Also, we do

DRAFT



Fig. 2. Two-phase communication.

not address specific design issue of coding as many exidiagne!l/STC techniques in the literature are
applicable to our framework without major modification. Bahat some practical design of collaborative
codes (with implicit variable-rate coding) is proposed2i] and its outage behavior is evaluated in [13].
The use of incremental redundancy such as [22] may be ofdupbtential in this framework. Finally,
we note that variable-rate coding forultiple-access channelsas been recently studied in [23].

Il. SYSTEM AND CHANNEL MODEL

Fig. 2 illustrates the basic model which is considered thhmut the paper. It is assumed that the three
nodes sourcé&(, relayR), and destinatiorf) are located in the two dimensional plane as in Fig. 2 where
6 is the angle of the lin& — R — D andd4 g denotes the Euclidean distance between nddesdB.

We suppose tha® wishes to transmit the messageoand thatR has agreed to collaborate witha
priori.

For simplicity, we assume that all the channel links are cosed of large-scale path loss and
statistically independent small-scale quasi-staticfesgy non-selective Rayleigh fading. Consequently,
the complex channel coefficientds p, Hsr, and Hr p in Fig.2 are uncorrelated and circularly
symmetric complex Gaussian random variables with zero namhunit variance. They are assumed
to be known perfectly to the receiver sides and unknown attrdwesmitter sides. Perfect timing and
frequency synchronization are also assumed, even thoumyitade acquisition of synchronization among
distributed nodes may be challenging in practice.

The path loss between two nodes, gagndB, is modeled by

PL(Av B) = K/d%,Bv (1)

where K is a constant that depends on the environmentaiglthe path-loss exponent. For free-space
path loss, we have = 2 and K = G;G,\?/(47)?, whereG; and G, are antenna gains at transmitter
and receiver, respectively, ands the wavelength [17]. Although the path-loss exponentthedconstant
factor K may vary for each channel link, throughout the paper it isiaesd thatoe and K are identical
for all channel links.
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For isotropic antennas, the received energy at the relaybearelated to the received energy at the

destination according to
PL(S, R)
E == 7E =
> PL(s, D) P (

where E4 g denotes the average received energy betweemthe B channel link, andGys is the

ds,p\“

d—> Esp £ GsEsp, 2)
S,R

geometrical gain achieved by the proximity advantage of rlay node over the destination node.
Likewise, the gain at the destination node in communicatirtp the relay over the source is given

by
Er D dsp\”
Gp 2 L :<_, ) | 3

b Esp dRr,p ®)

This gain implies that if the average power of the relay istagled in such a way that the relay transmits

its signal with the same average power as the source, thatesitmation node receives the relay’s signal
with a gain ofGp compared to that of th8 — D channel link. By the triangle equality, we have

dSR>2 <dRD>2 <dSR> <dRD>
— ) +| =] —2(—— )| 5= cosO=1. 4
(ds,D dsp ds,p dsp @
Let ¢ denote the ratio oflr p to dg g, i.€.,
d
(&2 (5)

dsr’
Then the gainzg can be expressed as a functioncgf¢, andg:

&
2

Gs = (1+¢*—2(cosb) (6)

Without loss of generality, we assume< 6 < . It is easy to observe that for a givén> 0, Gg is

a monotonically increasing function with respectdcandd. Note that if7/2 < § < 7, then the relay
node lies within the circle with diamet& — D, andf = = corresponds to the case where the relay lies
on the line betwees — D.

I11. TwoO-PHASE PROTOCOL

There are several variations that can be considered forptvese protocols. We consider the four
specific protocols summarized in Tablel. Performance a@malpf these protocols in a fixed-rate
framework can be found in [5,6,24]. For all protocols, it mbile assumed that all component codes
are designed to have error detection capability, i.e.,éfrilay fails to decode the information correctly,
it knows this and remains silent in the next phase. This mag k& power savings at the transmit side
and the resulting effect is incorporated into the calcataf the SNR. In the case that a relay node is
unable to collaborate during the second phase, we denagtevbit as aode erasuravhich corresponds
to an antenna erasure in a traditional STC scenario.
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TABLE |

TWO-PHASE PROTOCOLYe: TRANSMITTING, o: RECEIVING, -: SWITCHED OFR

TD STD RD MH
[ [ Il Il
e o S|e e S |e .

o e R|o e R|o e R|lo e
o o D o D|o o )

A. Descriptions

1) Transmit Diversity (TD) Protocolin the first protocol, during phase-3, broadcasts its information
at rate Ry and the relay nod® attempts to decode this information. NoBealso receives and then
attempts to decode the information during this phas® 1§ able to decode the message correctly, the
subsequent phase will be ignored.

During phase-Il, botl$ andR (re)encode the information using an STC with r&gsimilar to [6]. If
the decoding at nodP after phase-| failed, nodB reattempts to decode after phase-Il. This approach
is referred to as the Transmit Diversity (TD) protocol.

2) Simplified Transmit Diversity (STD) Protocorhis is a simplified alternative to the TD protocol.
In this case, the destination no@eis switched off during phase-I and thus ignores the sigrahfs.
The phase-I communication link serves only the rékaylhe second phase is identical to that of the TD
protocol. The STD protocol may result in a simple receivencttire but in some cases, a performance
loss is expected compared to the TD protocol.

3) Receiver Diversity (RD) ProtocolThe third scenario we consider is similar to receiver s@act
diversity. In this case, during phased,broadcasts information and the relay and destination decod
in the same way as the TD protocol. During phase-Il, the reéagncodes the data and transmits the
data at rateR, without STC. (The source remains silent in phase-I1.) Tipigraach is referred to as the
Receiver Diversity (RD) protocol.

Further strategies such as decoding based on a combindtiphase-l and phase-1l data can be
considered, analogous to maximum ratio combining for xexedliversity [5, 6,13, 24]. Only in such an
approach can optimal performance be achieved. In our Jerialte framework of decode-and-forward,
such techniques may require special coding structures laum impose additional complexity at the
receiver side. For comparison purpose, however, the pedioce of this approach is also studied in
Section V-H.

4) Multi-Hopping (MH) Protocol: The effectiveness of multi-hopping (MH) protocols has besdtely
studied. For comparison a simple multi-hopping protocol will alse tonsidered as a special case of
the RD protocol where the destination node only switches uing phase-1I. This approach does not

3For example, optimal MH distances from system energy copsiom efficiency perspective are discussed in [25].
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offer any diversity gain, and thus generally results in perfance loss rather than gain. However, as will
be shown later, if the signal decay due to path loss is severe 8), the MH protocoldoesoffer an
SNR gain compared to direct transmission, when the relagtiwden the two communicating nodes.

B. Optimization Issues

An interesting question one may ask regarding two-phastguts is how we should choose the
fractiond;. This depends on the geometrical location of the relay aadsgrecific protocol. Intuitively, if
the relay is located close to the source node, the path-loeahannel linkS — R is relatively small
compared to that of th®8 — D link. Therefore, the relay receives the data with high ager8NR and
thus decodes the message successfully with high prolyabithis case, even smafl (and thus high
R;) may be sufficient for successful decoding at the relay. lasghll, one may use the TD or STD
protocols to efficiently achieve full diversity without bdwmidth expansion.

On the other hand, if the relay is located close to the destimaode, the situation may be reversed.
In this case, the relay and destination receive the signtid equal average power. Since the relative
path loss of the linkR — D is small, the relay can transmit the received data witheliibwer (if it
is decoded correctly), and this may add additional divergitthe destination. The overall system is
thus similar to an ideal receiver diversity system and the gjR@tocol may be efficient, provided that
the relay appropriately controls its transmission potherefore, for practical design of relay systems,
it is important to consider the geometrical properties @& thlay location, together with the choice of
appropriate protocols, relative phase durations, and powetrol.

IV. ANALYTICAL ToOLS FOROUTAGE PROBABILITIES

In this section, we develop our performance criterion araldital tools for the design and evaluation
of the above protocols. Our design criterion is based on thauah information for a given realization
of the fading coefficientsi = {Hs p, Hs r, Hr p}. Specifically, we assume that communication is
successful if the mutual information (with Gaussian codeldoof the channel conditioned oK is
greater than the information rate [27]. Otherwise, an oaitagent follows. The probability of an outage
event defined in this way, which is commonly referred toakge probabilitynot only has an analytically
convenient form but also serves as a reasonable perfornvadicator for practical systems; with moderate
frame length and a well-designed STC [4], the frame-errte naay fall within a few dB of the Multiple-
Input Single-Output (MISO) channel outage probability,[28]. Also, the outage probability can be seen
as a Complementary Cumulative Distribution Function (CEbfthe non-ergodic capacity, which is a
random variable of{ [28].

4An alternative approach in this case may be a compressam@fd scheme, e.g., [26], which may result in potentially

better performance. Comparisons with this scheme are blefenscope of this paper.
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A. Asymptotic Diversity Order

Our main goal is to achieve a large diversity gain with minimtransmitted energy. We first define
the asymptotic diversity order in the high SNR regime [18].

Definition 1 (Asymptotic Diversity Order)tet Po«(SNR) denote an outage probability as a function
of the channel SNR. The asymptotic diversity order is defiagd18]

wcam@Nm>é—5¢gwE%§g§$Fﬁ

As an aIternate form, in this paper we consider outage pibtied as a function of the inverse
SNR, X & SNR, and let fou(X) = Pout(SNR)\SNRZI/X. It will also be mathematically convenient to
analytically extendfou(X ) in a neighborhood oK = 0. To that end, we introduce the notionarialytical
extendibility atX = 0 for a CCDF.

Definition 2 (Analytically Extendible CCDF)A CCDF f(X) is calledanalytically extendible a =
0 if all the following conditions are satisfied.

1) OnX >0, 0 < f(X) <1 and on this intervalf(X) is a non-decreasing function with(0) = 0.

2) f(X) is analytic atX = 0. Thus, in some open intervél-c, ¢), e > 0, f(X) can be expressed as

a power series centered &t= 0,

=3 X" an = —10(0), )
n=0

n!

where f(")(X) denotes theuth derivative of f(X). Since f(0) = 0, it follows thatay = 0. When
f(X) # 0, we refer to the minimum value of wherea,, # 0 as theorder of f(X). O
Since f(X) is non-decreasing oX > 0, it is easy to see that,, > 0 for a given minimum ordern.
In the rest of this paper, we do not explicitly mention &t= 0’ and simply refer to such functions
as analytically extendible CCDFs. With the above definitime have the following lemma.
Lemma 1 (Diversity Order)if a CCDF f(X) is analytically extendible with ordem, then the
asymptotic diversity order is. O
Proof: Form > 0, we havea,, > 0 and

f(X)=Xxm (am +> an+mX”> .

n=1

Thus, we obtain

In (am + > 02 GmgnX™)

(f(X)) = li 8
d*(f(X)) =m+ lim X (8)
Since the second term of (8) can be easily shown to be zerobtena* (f(X)) = m. [ |

Also, the following corollary may be immediately obtainerh the logarithmic property of the
diversity definition.

Corollary 1: Let g;(X), i = 1,2,..., and h;(X), j = 1,2,..., be analytically extendible CCDFs.
If f(X) = TLigi(X)II; (1 —hy(X ))- then d* (f(X)) = >;d" (g:(X)). Furthermore, if f(X) =
>~ 9i(X), thend” (f(X)) = min; {d* (g;(X))}. O
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B. Diversity Offset Gain
We note that for an analytically extendible CCOk(X) of orderm,

for(X) ] am for n=m

I
Xlglo Xn 9)
0 for n<m.
Therefore, as SNR- o (X — 0), the asymptotic outage probability is given by
wherec,, = a,,™. Thus,
In Pout(SNR) ~ In(a,,) — mIn SNR (11)

As addressed in [30], the asymptotic diversity ordedetermines the slope in a plot of the log-outage
probability versus SNR in decibels, wheregs (or ¢,,,) determines the intercept. Therefore, our design
criterion is to choose the offset term, as small as possible, thereby maximizing the gain Note that

in [30], the terme,, is referred to as a coding gain, but since this gain is a refu#patial diversity
rather than code structure, we refer to this relative gaidiasrsity offset gair(or simply, offset gain)

in the following.

C. Ildeal MISO Case

We begin by considering an ideal MISO system withtransmit antennas and let SNR denote the
total received SNR. From the literature of MIMO communioat systems [28, 29] the following theorem
holds.

Theorem 1 (MISO Channel Diversity Order and Offsefonsider a MISO channel witim transmit
antennas and suppose that we transmit the data with an iafemrate R*. Under the assumption that
the transmitter does not know the channel coefficients anth@ln» channel coefficients are circularly
symmetric Gaussian random variables with zero mean andvaridince, the achievable diversity order
is m, and the offset term, denoted ly,, is given by

1
am = — (mAg)™, (12)
m!
where 4y, = 21" — 1. . O
Proof: Let them channel coefficients be denoted hy= [ Hy H, ... H,_; | ,»wherethe

H; are independent and identically distributed (i.i.d.) glegly symmetric complex Gaussian random
variables with zero mean and unit variance by assumptionakvenm x m diagonal power allocation
matrix with non-negative entries, denoted By that satisfies tra¢®) < 1, the mutual information
conditioned onh is defined as [29]

C(SNR P, h) £ log, (1 + SNRh*Ph). (13)
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10

ChoosingP = %I, wherel is anm x m identity matrix, we obtain
SNR
C(SNR P,h) = log, (1 + —Z> , (14)
m

whereZ is a random variable which follows a central chi-squareritistion with 2m degrees of freedom,
each of variancé /2. The outage probability is given by
. SNR
Poy=Pr[C < R*]=Pr [7Z<AO} =Pr[Z <mApX], (15)
where 4 £ 2f" — 1 and X £ J~. We thus have the outage probability as a functionXof

A v (m,mAyX)

fOUt(X) = P(m,onX) = W, (16)
whereI'(m) is the (complete) Gamma function andm, x) is the lower incomplete Gamma function
~v(m, ) 2 / ettt a7
0

Clearly, the integrand in (17) is analytic inand hence, so is(m,x) in x. Therefore, fou(X) is an
analytically extendible CCDF and sind&(m,z) = e=* > 2> 2*/k!, one can show that

n 0 n<<m
O"P(m, k) _ (18)
ozx" 20 n B
K n=m.
Hence, the asymptotic diversity ordersis from Lemma 1, and we thus obtain (12). ]

The coefficienta,, in (12) may serve as a reference offset for an ideal MISO syshe the following,
we define a diversity offset gain with respect to an equivaideal MISO (or SISO) performance as
follows.

Definition 3: For a system with diversity order of. and offseta,,, the diversity offset gain with
respect to an equivalent ideal MISO (or SISO) performanadefined as

A(m) 2 ¢ /Em = (am/am) ™ = mAg (m!am) ™ . (19)
Thus, the diversity offset gain(m) serves as a measure of the relative performance of a scheime wi
respect to an ideal MISO system as given by the asymptotic §Rfor a small outage probability. If
A(m) < 1, there is a relative loss in asymptotic SNR required to aghtbe same outage probability as
a MISO system.

V. PERFORMANCEANALYSIS WITH SINGLE RELAY

In the following, we analyze the outage probability and aghble diversity offset gain of the protocols
outlined in Section I, assuming an independent Rayleggtirfg plus path loss channel model. We assume
that the Gaussian noise power is identical &irthe channel linksconsidered. Extensions to the cases
with variable noise power may be tedious but straightfodwvar
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A. Transmit SNR

For further analysis, an appropriate measure of SNR shaultefined. In this paper, we shall evaluate
the system in terms of the totalansmittedpower (for a given noise power). Consequently, the SNR is
defined as a ratio of totdtansmittedsignal power, which is the sum of the source and relay transmi
power, to the Gaussian noise variance, which is assumed twobstant. We will refer to this ratio
as transmit SNRand denote it by SNR throughout the paper. Since, in the absence of relay nodes,
the received SNR is given by SNR PL(S, D)SNR,, by taking the path loss between the source and
destination nodes RIS, D) to be unity, the transmit and received SNRs become iden#isabpposed to
the more conventional notion of received SNR, transmit SBIR more appropriate measure of wireless
network performance in terms of total power consumption.

1) RD and MH Protocols:Let SNR denote theeceivedSNR dedicated for the communication link
of phase-I, and let SNRdenote that of phase-II, conditioned that the relay is tritig.

The transmit SNR can be expressed as

. SNR SNRF 1 s
SNR, = 51m + 526PL(R, ) = PLE.D) {513NR§+ 52G—DSNR§} , (20)

where 8 is an average energy consumption factor that accounts @ompthbability that the relay is

transmitting and thug < 1.

Now, we suppose that the relay transmits its signal with ayempowerA i times that of the source.
Then we may write SNR/PL(R, D) = Ar SNRY/PL(S, D), or, SN} = GpAr SNR. Thus, setting
PL(S, D) =1, (20) reduces to

SNR, = (6; + 028AR) SNR 2 [gpSNR?, lrp = 01 + 628AR. (21)

2) TD and STD Protocolsin this case, we assume that the source node employs the sanmrgea
power through phases | and Il for simplicity. The extensidroor results to variable power cases is
straightforward. Let SNRdenote the received SNR of phase-Il due to the channelSink D. Then
we have SNR = SNR? by assumption. The corresponding transmit SNR by the nduesigh phases
| and Il with PL(S, D) = 1 is given by

SNR = (1+028A5) SNRY 2 [1pSNRP,  Irp = 1 + 62845, (22)

B. Error Events

In order to derive the outage probability and associatedrdity offset gain of various protocols, we
first define the following event€; = Event [ Decoding at destination after phase-1 failg }, = Event [
Decoding at relay after phase-I fails ], aid = Event [ Decoding at destination after phase-Il fails ]. If
the destination receives during two phases, we have thgewi@bability P, = Pr[E; NE;]. Otherwise,
Pout = Pr[Es]. Also, in the following,A denotes the complement of the evént
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C. Multi-Hopping (MH) Protocol
We begin with the analysis of the MH protocol. In this prothcgince the destination listens only
during phase-Il, the outage probability is given by
Pout = Pr[Es] = 1 — Pr[Eg| Pr[E2|ER]. (23)
Let C(SNR H) denote the mutual information of the channel conditionectloannel coefficienf{ and

received SNR, defined aS(SNR H) £ log, (1 + SNR|H|2> . With this notation, we have

2R1—1} 4

Pr[Eg] = Pr [C(GsSNRE, Hs,r) < R1] = Pr {]HS,RF < =1—¢ G (24)

A _
where A; £ 281 — 1, andPr[Eg] = e 9sS"%. The conditional probabilityPr[E2|Eg] is calculated as

Ag

Pr[Es|Ex] = Pr[C(SNR}, Hr p) > Ry| = e o2, (25)
where A, £ 2%z _ 1, Consequently, we have
Pout=Pr[Es] =1 — (i) s (26)

Let X £ ﬁ, and from (21) we obtairﬁ = lrpX. Since the relay transmits only if the relay

successfully decodeg, in (20) is given by

A

B8=PrlEg] = 1 — Pr[Eg] = ¢ o9% = ¢ a:®¥ 2 g(x) (27)

which is also a function ofX. From (21), we may then relaigp and X by

A1 Jep (X)X

lRD(X) = (51 + 52AR€_G_S (28)
The outage probability can then be expressed as an andllyiséendible CCDF ofX:
fou(X) = 1 — e~ (235 ) Iro(0X (29)
With careful manipulation of the analytic functiofy,(X), we obtainay = 0 and
Aq r A Ay Gg Ay o /(1=81) _q
=—(14+— A £ =2 =—=(%=——(" 30
“= G ( +AR>(51+52 R), "= A, Gp A1< SR 6 1 ¢ (30)

Hence, the asymptotic diversity orderrs = 1.

In order to improve the achievable diversity offset gain,wish to minimizea; in (30) by judiciously
choosingA i andd;. The optimization can be performed in a two step manner; firedl A for a given
01, and then numerically optimizé,.

By fixing 0 < §; < 1 (and thus0 < d2 < 1), the parameter that minimizesa; can be found by
standard calculus adqp = +/701/d2, which is a function of¢, &, R*, anda from r in (30) . The
overall offset gain can be given from (19) by

-2
_(JEE, B
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Using ¢ notation of (5), we can write
Ao (1 +¢% - QCCOSH)%
(VO + ¢35 Vo Ay)”

whered; should be numerically chosen, for givétl, ¢, and«, according to

01 = argoggril\/&l (28 /0 —1) + s \/(1 —by) (28/(=01) — 1), (33)

1) Geometric Effect of the Relayf the relay is located close to the source, i€s- 0, the optimal

(32)

Amn (1)

value of 5; approaches 1, which should be equivalent to direct trarsonisrom source to destination,
and we have

li Ay (1) = 52 = 1. (34)
Likewise, if the relay is located close to the destinatioa,, { ~ oo, the optimal value ob; approaches
0, and we have

A

Jim Awn (1) = A_;] =1, (35)
which is identical to (34). Thus, for these asymptotic casies path-loss exponemnt does not appear
in the gain expression and essentially no gain is achievetthibyprotocol. However, this is not the case
if the relay is located between the two nodes. For examplthefrelay is located midway on the line
between the source and destination, e 1, then since a function(d,) = /6141 = /&1 (28/% — 1)
is a convexU function with respect t@);, the above gain is maximized & = d, = 1/2 and thus we
have

R 2 _ 2

Al = E 22(,3 _21(;059) - ¢ = ?) | (36)

Now, in this case, we observe that the offset gain is a funatibpath-loss exponent, and this gain,

measured in dB, increases linearly withprovidedd > %. We shall refer to this type of gain achieved
by increasing the path-loss exponent allld gain in the following.

2) Numerical ResultsFig. 3(a) and (b) show the optimal and corresponding achievable offset gain
Amn (1), respectively, with respect to the relay positior= dr p/ds r and different values of the path-
loss exponent.. The information rate isR* = 2, and the relay is located @& = , i.e., on the line
between the source and destination nodes. From Fig. 3 (is)pltserved that if the path-loss exponent
is less than 4, the MH protocol always results in loss contp&oen traditional SISO system and thus no
benefit is obtained. However, df is at least 4, the MH protocol can offer some gain. (In facinfr(36),
Awn(1) > 1if a > 1+1log, 5.) Therefore, in our scenario, a positive MH gain is possibthe path-loss
exponent is sufficiently large and the relay is appropnyaletated.We also observe that the maximum

%It is interesting to point out that the observation of suliroplity of multi-hopping agrees with that of [31] in terms o

system energy-efficiency perspective, though the underlperformance criterion is considerably different.
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Fig. 3. Optimal values for the MH protocol as a function of éayenode position{ and different value ofx. Parameters:
R* =2, 0 = 7. (a) Relative duratiord,. (b) Diversity offset gainAmn(1).

gain is achieved if the relay is located in the midway betwten source and destination nodes with
91 = 1/2 and thus routing data with the same information rate on eaghThis agrees with intuition
and common observation in the literature on the MH protosek(e.g., [25]).

D. Receiver Diversity (RD) Protocol

In the RD protocol, the destination listens during both plsasThe outage probability of the RD
protocol can then be expressed as

Pout == PI‘[El N EQ] = PI‘[El] PI‘[E2|E1] = PI‘[El] PI‘[EQ] (37)

For phase-I, we have

Ry _ _ A1
Pr[E;] = Pr [C(SNR, Hsp) < Ri| = Pr [|HS,D|2 < 2SNRS1] =1—¢ &, (38)
1

Also, from the result of the MH protocol, we har[E;| in (26). Thus, the outage probability is given
by

fou(X) = (1 — e~ Hil0X) <1 - e‘(ﬁ“RéD)lRD(X)X> - (39)
Similar to the MH case, one can show thgt= 0, a; = 0, and
A2 T
as = G—; <1 + A—R> ((51 + 52AR)2, (40)

wherer is given in (30). The asymptotic diversity order is thus= 2. The value ofAy that minimizes

o / 841
Aopt-z( 1+;$—1> (41)
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and the overall offset gain is given by

2Gs Ay 1
Arp(2) = | 20— 42
Ro(2) T+ o AL 01+ 6l “42)

We now consider the following three specific cases of nodengdy.
1) Relay Close to DestinationAs the relay is moved near the destination, i@..— 0, we have
Gs — 1, r, Agpt — 0. However, sincéim, .o r/Aqp = 0, we have
2 -1 1
e — <2 43
2R*/51—1(51_\/7 ( )
where the upper bound is achieved by settbag— 1. Therefore, the asymptotic offset gain achieved

%in%) ARD(Q) = \/5

by this protocol, with respect to the transmit diversity bduis 1.5 dB. Alternatively, since the receiver
diversity outperforms the transmit diversity (without G8Ithe transmitter) by 3 dB for the same transmit
power constraint [3], the RD protocol is asymptotically dBinferior to the two-branch receiver diversity.
It is interesting to note that this is analogous to the resulb], where the loss of collaborative diversity
with respect to the ideal two-branch transmit diversityhiswn to be 1.5dB. Since the geometrical gain
of the relayGy is unity, no MH gain is achieved in this case.

2) Relay Close to Sourcdf ¢ is large, we have\g, ~ d1/02 and

Ap
Arp(2) ¥~ ——/Gp. 44
rD(2) 555, 14 Y O (44)

SinceGp — 1 as the relay is moved near the destination, the maximumtagfsia is achieved when
91 = d, = 1/2, and the corresponding gain is given by
: V2
i Avo(2) = gy
Therefore, if the rate?* is small, the loss relative to the MISO bound is small evemdf telay is much

(45)

closer to source. Again, no MH gain can be achieved in thig.cas
3) Relay Located Midway Between the Two Nodesthis case, lef ~ 1, and we have

2 Ap a 4
Aro(2)[c=1 =4/ . 5 (2—2cosf)*, n= ) (46)
147 51A1+;2A2 1—1—8%—1

Therefore, in this case, the offset gain (in dB) increasesalily with o as a consequence of the MH

gain, regardless of the choice &f and ds.

E. Transmit Diversity (TD) Protocol
Using the notation in the previous subsections, the outageability can be expressed as
Pout = Pr[E; N Ey] = Pr[Eg] Pr[E; N E3|ER] + Pr[Eg] Pr[E; N E2|ER]. (47)
The mutual information of phase-Il is expressed using (E3) a

C(SNRS*R P, h) = log, (1 + SNRZ**h"'Ph), (48)
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whereh = [Hg p, Hg p|7, SNRS*R is the total received power (from the source and the relayindu

phase-Il provided the relay is transmitting, aRdis a diagonal matrix with tra¢®) < 1. The total
received power with a relay power control factfwr; is given by

SNRS*™R = SNRS + SNR} = (1 + AgGp)SNR.

(49)
Since the transmitter does not know the channel coeffictaptmatrix P is given by
. SNRS  SNR} _ 1 ArGp
P =dia , = dia , . 50
g SNRS*R SNR§+R] g[1+ARGD 1+ AgGp (50)
Consequently, (48) is rewritten as
C(SNR*R P, h) = log, (1 + SNR (|Hs,p|* + ArGp|Hr.p|?)) - (51)
The termPr[E; N E3|ER] in (47) is given by
Pr[E; N Eg|Eg] = Pr[C(SNR, Hs p) < Ry N C(SNRS'R P h) < Ry]
A1 A2
= Pr ||Hgpl? < N |Hs.p|> + ArGp|Hp.p|* < ] 52
r [| sp|” < SNRS |Hs.p rGp|HR p|* < SNRS (52)
Letz & ’HS,DP andy = ARGD‘HR,DP- Then,
e N = T S
Pr[E, N Eo|E :/ S / T et~ e Fnondyda
[Ex N E2|ER] ; ; AnCo y
_ Amin ARGD _ Ao _ARGp-—1 Aniiy
-1— SNRS ARG pSNRS 1— ARGp SNRS 53
where Ay, = min (A1, A2). The termPr[E; N Eo|ER] in (47) is given by
Pr[Ey N Ea|E] = Pr[C(SNRS, Hs.p) < Ry N C(SNRS, Hsp) < Ra] =1—¢ %,  (54)

The final expression fof,u(X) can be easily found by substituting (53), (54), and (24) Vﬁlﬁ% =
Itp(X)X into (47). We then obtaiag = 0,a; = 0, and

AlAmin r 1 Amin 2
az—TS<1+A—R<1—§A2 >>(1+52AR) . (55)

An asymptotic diversity order ofh = 2 is guaranteed, and the optimum valueff, can be found as

T 1 Anin 8 1
Agpi=-11—= 14— —1
opt 4< 2 A4, > \l +

(56)
r 52 (1 o %Ag;m)
The overall offset gain can be obtained from (19) as
2Gg Ao 1
Ap(2) = . : . (57)
1+ 5 ( — %AAL;) VA1 Apin 1+ 6280pt

We now consider the following three specific cases of nodengdy.
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1) Relay Close to DestinationAs the relay approaches destination, we have

Ao
lim A1p(2) = V2——. 58
lim, (2) = V2 T (58)
By choosingd; > d2, we haveA,,;, = A; and thus
lim Arp(2) = Vo <V?2 (59)
¢—0 A1

where the upper bound is achieved by settthg— 1. Thus, the asymptotic offset gain in this case is
identical to that of the RD protocol and no MH gain is achieved
2) Relay Close to the Sourcéf ( is large, we have

Ag
lim Atp(2) = ) 60
Jim_ Aro(2) V(242 = Apin) Aminda (60)
By choosingd, > 61, we haveA,,;, = As and thus
Aoy 2f" 1
lim A <1 61
T’igolo TD( ) \/5—214 \/5—2(2}2*/52_1) = ( )

where the upper bound is achieved by settlag— 1. Therefore, the TD protocol can approach the
performance of the ideal transmit diversity bound as thayrelpproaches the source. However, no MH

gain can be achieved in this case.
3) Relay Located in the Middle of the Two Nodds:this case, let ~ 1, and if we set, > 41, then
we haveA,,;, = A, and

(o3 4
A (2—2cosf)%, = .
o@le-rao0 =y 1+n1 V4, Az A1 + & ) it 1

Alternatively, if we assumé; > 2, then we have

2 Ao % 1
A (2)lez15,56, = \/7 (2—2cosb)r, 1= '
=1,01>02 1 A,
+1l Ay + 25 (24; — Ay) \/1+16m_1

Therefore, in this case, the offset gain, measured in dBrapgrtional toa and the slope does not

depend on the choice @f andds.

Note that the above two equations become identic& i o = 1/2. However, numerical calculation
in the following shows that af = 1, the parameted, that maximizes the above gain is not equal to 1/2.
Therefore, there is a discontinuity in the optimal valuespfaround¢( = 1 (see Section V-G).

F. Simplified Transmit Diversity (STD) Protocol
In this case, we have
Pout = Pr[Es] = Pr[Eg] Pr[Es|ER] + Pr[Er] Pr[E2|ER]

= Pr[Eg] Pr[C(SNRS, Hs p) < Rs] + Pr[Eg] Pr[C(SNRS™R P h) < Ry (62)
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which can be calculated as

A " a2 lm(X)X Ayl (X)X
fOUt(X) = <1—6_G_SlTD(X)X> <1_€_A21TD(X)X)_|_ e_G_SlTD(X)X (1 _ ARGDG e )

ARGD —1

We thus obtaimg = 0, a; = 0 and
A1A2 1 r 2
= 14+ =-— | (1+6AR)". 63
ag GS<+2AR>(+2 R) (63)
Note that (63) is identical to (55) wheA,,;, = A,. Therefore, whend, < Ay, ie., 6 < % the
performance of the TD and STD protocols will be identicaleTdsymptotic diversity order isr = 2,

and the optimum value oA r and the corresponding offset gain are given by

r 16 2Gs Ay 1
Agpt= = (/14— —1 Aso(2) = . . 64
o 8(,/ + ) o =\ e T ©

which are again identical to (56) and (57), respectivelyewdy < 1/2. Therefore, if the relay is closer

to the source than the destination, there is no loss by iggdkie phase-I signal (unless these two signals
are combined upon making a decision, as will be discusseckatidh V-H). The offset gain achieved
by the STD and TD protocols are identical. On the other hainthe relay is close to destination, the
performance of STD becomes inferior to that of the TD protods an asymptote, we have

V24 for 6, > 1
— AD
\/EA—1 for 6, <1
The above gain is maximized & = 1/2 and we have

2f" 1 V2
lim Asto(2) < V2 - .
Jimy Asto(2) < V20— = o

It is interesting to note that this asymptotic offset gainidentical to that of RD protocol (i.e., (45))

where the relay is close to the source.

G. Numerical Comparison of the Three Protocols

In the following, we numerically evaluate the performandédéhe three protocols of diversity order 2,
in terms of achievable offset gains. The information ratedsto beR* = 2.

1) Achievable Offset Gains for the RD, TD, and STD Protoc#lig. 4(a) shows the optimal, with
respect to the relay positiof for the three protocols of diversity order 2, with the paikd exponent
a = 2 and the relay location & = 7. Changinga does not significantly affect the curves. As observed,
the optimal fractions; for the RD protocol ranges from 0.5 near the source node arr@ases as the
relay approaches the destination. Contrastingly, thar@dtvalue ofs, for the STD protocol ranges from
0.5 near the destination node and decreases as the relayaappes the source node.

Fig. 4 (b) shows the corresponding optimal offset g&i2) with « = 2 and4. It can be seen that the
offset gain of the TD protocol is identical to that of the STB®{ocol when{ > 0 dB, and approximates
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(@) (b)

Fig. 4. Optimal values for the three protocols as a functibm oelay node positiorf. ParametersR™ = 2, a = 2, § = .

(a) Relative duratior. (b) Diversity offset gainA(2). Note that the gains of the TD and STD protocols are identical thus

their curves overlap whedy, < 1/2.

that of the RD protocol wheg < 0 dB. It is also observed that as the relay approaches thendésti,
the offset gain of the RD and TD protocols can approach theigedd 1.5 dB bound. On the other
hand, if the relay approaches the source, the offset gaiheoD and STD protocols can approach the
predicted 0dB bound.

Consequently, in terms of minimizing complexity withoutcgficing performance, the suggested
strategy is that if the relay is close to the sour¢gex 0 dB), it should employ the STD protocol
and otherwise use the RD protocol. Although the TD protocay mesult in stable performance results
for both cases (which may be suitable if the exact node gagnietunknown), if the protocols are
switched appropriately, it outperforms neither.

2) Effect of Node AngleSo far, we have evaluated the performance with= 7, which may be
optimal in the sense of the achievable diversity offset daima given¢. Changingd for a given{ may
be expected to result in a performance loss. The SNR lossdWith m, relative to the case with = ,
can be expressed from (6) as

A(m) Gs %_ ! 1+¢?—2Ccost , «
10 loglo m =10 loglo <7_7r = % x 10 lOglO 1 —|—C = %L(Q)

The relative losd.(#) [dB] defined above is plotted in Fig.5 for several instancethe geometric ratio
(. As observed, ag deviates from 1, the loss becomes small. Therefore, in masgscof interest, the
performance is not sensitive to the valuefo€ompared to that of.

H. Comparison with Two-Phase Combining Approach

In the previous analysis, we have not exploited the facttti@information transmitted during phase-|
and phase-ll are the same, and thus combining the signalsedfmo phases may potentially improve
performance.
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Fig. 5. Relative losd.(0) in achievable offset gain with respect to the case with relege positiord = .

Therefore, in the following, we first derive an upper bound tlee achievable diversity offset gain
for such a case based on the sum of mutual information metingithsto [6, 15] for the RD protocol.
(Similar analysis for the TD protocol may be possible, bus i8 not considered here for simplicity.) It
should be noted that in contrast to the previous protocoistwtan make use of existing channel coding
or STC and thus are attractive from a practical viewpoinsjgleing codes that allow combining received
codewords with different codes in an optimal manner (as ieshod suggests) may be challenging.

Another approach that can combine the two signals and thatich easier to implement is the use of
repetition coding [6]. In this case, the same encoding Wwithgame information rate should be transmitted
from the relay in phase-Il. In our scenario, this is possitlend; = d; = 1/2. We also analyze the
repetition coding in terms of diversity offset gain and thismive a bound for the variable-rate case using
parallel channel coding argument.

Note that if the decision is made after combining the two pbathe decision after phase-Il will be
better than that at phase-1. Hence the event that phasésligaa subset of the event that phase-Il fails.
Hence, the outage probability is expressed as

Pyt = PI‘[EQ] = Pr[EQ‘ER] PI‘[ER] + PI‘[El] PI‘[ER]

wherePr[Eg], Pr[Eg], and Pr[E;] are identical to those of the MH protocol.

1) Parallel Channel Coding:Assuming that independent channel codes are employed dgoithse-I
and phase-Il, the probability of the event that the dedtinafiails to decode conditioned that the relay
successfully decodes is given by

Pr[Es|Ex] = Pr [51 log, (1 + SNR%\HS,DP) + 8y log, (1 + SNR} yHR,DF) < R*} . (65)
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By Jensen’s inequality, we obtain

Pr[Es|Ex] = Pr [log, (14 01SNRE | Hi p|” + 0:SNRE [ o) < R'| (66)
Sre PO — G pApe 7onAE
51 — 0,GpAg low (67)

Note that this bound becomes tight @s— 1 or §; — 0. The outage probability is lower bounded as
Pout > Pow PI‘[ER] + Pr[EQ‘ER] PI‘[ER] = Pow PI‘[ER] + PI‘[El] PI‘[ER].

We then have for this lower bound; = 0, and

2 2
a A (1 + L) (01 + 62AR)?, q= L 4 GCs (68)

7 Gs AR 20102 A_%G—D
Therefore, the optimum value &t is given by (41) withr replaced byg of (68). The corresponding
offset gain is given by (42) withr replaced byy. Note that since this gain is that of the lower bound of
the outage probability, it serves as an upper bound in terfntiseodiversity offset gain.
Again, if { — 0, then we havezgs — 1 and the upper bound of the gain is expressed as

R*
2 1 \/iéigx/i (69)
1

1

& 2R 1
which is the same asymptotic bound of the RD protocol. On tteerohand, if( — oo, we obtain
Agpt = 01/62 and

Ag
lim A(2 = —V2
Clil(l) (2)us Al\/_

lim A(2)yg = 1 (70)

(=00
regardless of the value aof;. The reason that this upper bound does not depend on the ghldie
is as follows. As the relay is located close to the source,réhay is likely to decode correctly with
high probability, and the channel links between the sour @lay to the destination also becomes
equally reliable. Therefore, if we chooskr = Agy = 01/62, the receivedenergyfor each phase
becomes identical, regardless of the choicé,0énd this equal-energy assignment should maximize the
mutual information for a given total received energy. Henhes asymptotic performance should be also
equivalent to that o x 1 MISO system.

Some Remarkdlt is interesting to note that for the case with— 0, the upper bound is 1.5 dB inferior
to that of the receiver diversity bound as in (69), whereasdhise with( — oo can achieve that of the
transmitter diversity bound as in (70). This is because liierlatter case, due to the broadcasting nature
of the channel, the communication link betweenr- R is free in terms of energy and bringing — 0
cancels the loss of bandwidth efficiency required for thespHacommunication. Therefore, a virtual
transmit diversity system can be achieved without loss fi€iehcy. On the other hand, for the former
case, additional energy is required for the communicatiok between the relay and the destination,
whereas this is not required in the receiver diversity syst€his accounts for the 1.5dB loss in terms
of SNR that holds regardless of the information rate.
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Fig. 6. Diversity offset gain of the repetition codes andaflat channel coding, as a function of a relay node positjon
ParametersR* =2, a =2, 0 =7. (@) a = 2. (b) a = 4.

2) Repetition Coding:In this case, we sef; = d; = 1/2, and the received SNR is the sum of the
two phases. Thus from [6]

_22R" 4 __22RY
e SNRY —GDARﬁ GpARSNRY
1 -GpAr

Pr[Es|Eg] = Pr [logz (1 + SNRS |Hs,p|> + SNR} |HR7D|2) < 2R*] _

Consequently, we havwe, = 0 and

_2r 2 (L 1 1 2
ag = (2 1) <GS+2ARGD>4(1+AR) : (71)

The optimal factorAr and corresponding diversity offset gain is given by

1 24/2G 1
Bop=5¢" (VIFI6C= 1), Arep= ™

R 1
2 + 1 (1 —|— Aopt) 1 + 2Alopt<04

Note that as the relay node is moved closer to the source astohation, we have, respectively,

2 i A V2
2R*_|_17 ) REP_2R*+1-

Therefore, unlike the parallel channel coding upper boimdepetition coding the diversity offset gain

lim AREp =
(—o0

decreases rapidly as the information rate increases. Hseraation agrees with that in [6].

3) Numerical ResultsFig. 6(a) and (b) show the diversity offset gain of the repmii codes as well
as upper bound of the parallel channel coding for path-lapementsa = 2 and4, respectively. Along
with these, those of the STD and RD protocols are also showiedmparison. As we can observe, if
the relay is close to the source or destination, the STD angRiEdcols can approach the upper bound
of parallel channel coding. On the other hand, if the relapdsited midway between the source and the
destination, the repetition coding is better. Therefoe¢ecting between the STD/RD/repetition protocols,
depending on the relay’s location, is an inexpensive yetgsfw approach in practical design.
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VI. MULTIPLE RELAYS AND THE EFFECT OFIMPERFECTSTCS ONDIVERSITY PERFORMANCE

One can extend the above ideas to the multiple relay node $appose that we havg relays. For the
RD protocol, each relay must forward its data using deditateannels, andv additional channels may
be required. On the other hand, for the TD and STD protocalgiscussed in [6], a single additional
channel suffices. For this reason, the TD and STD protocelsatiractive especially wheN is large.

In this section, we focus on the performance of the TD and Sfdopols. In the previous analysis
of these protocaols, it was assumed that even if only a sulfsteatransmitting nodes during phase-I|
actually transmit, the destination can decode correcibyiged the mutual information given this fact is
above the required rate. This implicitly assumes that thetinlgtion always knows which relay nodes are
transmitting and which are not, or equivalently, which anis are undergoing an erasure on a frame by
frame basis. (In our scenario, a node erasure is a proldab#éigent that depends on the channel link(s)
of phase-1. However, this model is also applicable to a sndifenge of node status, such as a battery
failure, node failure or a change in shadowing state.) Tloeze in a practical STC system, unless the
STC is appropriately designed, the destination node madytdatorrectly identify a node erasure and
thus cause a decoding effoiThe effect of the node erasure may become salient, esiyesiaén the
number of relay nodes increases. Therefore, we considexdievable diversity order of these protocols
when the STC is perfect and imperfect. Note that conventiooberent STCs such as [3, 4] require the
knowledge of CSI at the receiver and thus are not necesgaifigct. On the other hand, it is easy to
see that non-coherent versions of STCs that do not requyreC&h, such as [32], are perfect by nature.

A. System Model and Outage Probability

Fig. 7 summarizes the system model with two relays and thecaded notation. The case of three or
more relays is analogous. Following the single relay casherprevious sections, we assume thatr,
and Hg, p, which denote the complex channel coefficients of each aiadmk, are uncorrelated and
circularly symmetric complex Gaussian random variables &ero mean and unit variance. L@&g; and
Gp,; denote the corresponding geometrical gains achieved bytitheodeR;, wherei = 1,2,..., N.
Also, letEg; denote the event that the noBgfails to decode after phase-I. For brevity we use notation
as FZ(.I) = Eg,; and FEO) = Eg; (whereF; stands for the failure ofth relay).

®In practice, if channel estimation is performed on a framefiayne basis, a node erasure can be easily detected at the
destination. If the relay ceases transmitting a signal fyrr@ason then the destination will simply assume that tieesponding
channel link suffers severe fading. Conventional STCs bas be used without modification. However, since channehfais
slow by assumption and this generally precludes the use @t gfiterval channel estimation, per frame channel estonat

expensive. Furthermore, the additional overhead becontestamtial as the number of relay nodes increases.
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Fig. 7. Two-phase communication with multiple relays.

In the case of the TD protocol, the outage probability is egped as

N
Pout= > <H Pr [FE"”‘)D Pr [El n EQ]ngn)’Féx2)7...7F§$N)] . (72)

(z1,22,...,zn)€{0,1}V \i=1

4B

The above summation is the sum ¥ terms of the product oV + 1 probability events. Consider the
specific term in which exactly. out of N relay nodes have correctly decoded the message and suppose

that their indices aré = 1,2,...,n. Then this term can be expressed as
n Ay N _ A

B(O)n(l)an = H 6_ Gs,ilTD(X)X H <1 — € GS,ilTD(X)X> Pr |:E1 N E2‘F§O)7 ceey FgLO)7 Fgll_,)_la vy Fg\ll) 9
i=1 i=n-+1

wherelrp = 1+ 6 Ef\il BilAR,, Bi = Pr[FZ(-O)], and Ag; is the power control factor of théth relay
node. Note thatrp(X) is analytic aboutX = 0 with I1p(0) = 149, ZiNzl Ap;. The outage probability
for the STD protocol can be expressed in a similar form.

B. Diversity Order for Multiple Relays with Perfect and Innfeet Constituent STC

We first assume that there alé collaborating relays and the STC used in the TD or STD prdtsco
perfect. In this case, we have the following lemma [6].

Lemma 2 (Asymptotic Diversity Order with Multiple Relay Wsd For the N relay node TD and
STD protocols with perfect constituent STCs, the asymptditversity order isd* = N + 1. ]

The proof is omitted as it can be inferred from [6]. Now, as ast@ase scenario, we assume that
an outage event occurs even if a single relay fails to dedodether words, unless all the relay nodes
correctly decode the message, the phase-Il link fails. iSpaity, we assume that

Pr [Eg\ e FZ(.l), . ] =1 for any . (73)
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In the following discussion, the STC having this propertyl We referred to as aimperfect STCThe
outage performance based on this assumption may serve apanhound for the TD and STD protocols.
In this case we have the following theorem:
Theorem 2:For the N relay node TD and STD protocols with imperfect constituencs, i.e., (73)
holds, the asymptotic diversity orders are 2 and 1, respsyti ]
Proof: Considering the outage probability expression in (72)sieasy to see that the worst-case
terms are those with, = N — 1. Then, we have for the TD protocol

N-1 .
By ¢ T <1 e GSNSNRS> Pr(E N EsfF,. PO FY|
i=1

N-—1 A _ Aq _ A
ot (o) (1), o

i=1

where the last equality is froRr [El N E2|F§0), ce FES)_l, Fﬁ)] =Pr [E2|E1, F§°>, e FES)_l, Fg\lf)] =
1. Therefore, by Corollary 1 we obtaitt (Pou) = d* (B),_,(1),) = 2.
For the STD protocol, we have

N-1 . 4
e (1 . @s> | 75)

i=1

and thusd* (Pou) = d* (Bg)x_,(1),) = 1. |
Therefore, in the high SNR regime, the asymptotic diversigers of the TD and STD protocols with

imperfect STC arel* = 2 andd* = 1, respectively. This suggests that in the high SNR regimés it

important that collaborative STCs for distributed nodesdesigned such that the information can be

decoded with only a partial subset of the code (i.e., rolsstragainst transmit antenna erasures in the

traditional multiple-antenna STC scenario). Practicaigie issues in this direction are addressed in [33].

C. Outage Probabilities and Diversity Offset Gains for $énBelay Node Case

In the case of a single relay with imperfect STC, it is stréfigihward to obtain the outage probabilities
and their associated diversity offset gain expressionasethe approach outlined in SectionV.

1) TD Protocol: From Theorem 2, it follows that the diversity order is 2. Theresponding outage
probability is given by

Pout = Pr[Eg] Pr[E;] + Pr[Eg] Pr[E; N Es|ER]. (76)

The closed-form expression can be found by using (38), @4d, (53). It follows thatg,a; = 0 and

44% r 114nun 14nnn 2
ia= gt (14 (1- 522 ) 2 (1 s 77)
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It is observed that is similar to (55). In fact, if5; > 1/2 and thusA,,;, = A;, the offset gain of the
TD protocol with imperfect STC, denoted byiv-1p (2), is equivalent toArp(2). On the other hand, if
Amin = Ao, the gap becomes (assuming the salng; is applied)

Atp(2)/AmTD (2) = \/A1 <1 + %ﬁ) /A2 (1 + 2Aropt>7 (78)

which is significantly large ifA; > A, (and thusy; < %).

2) STD Protocol: In this case, we have
Pou=1—Pr[Eg N Eo] =1 —Pr [C(G¢SNRY, Hs.g) > Ri] Pr [C(SNRS*R P, h) > R,],  (79)

Ao

A ~ ey (X)X Ayl (X)X
_ 1 _ —2nx)x |ArGpe 2z e
fou(X) =1—e¢ AnGy 1 (80)
Consequently, we obtaim, = 0,
A A A r A 1
a = G—; (14 0,AR) and  ay = 2252 (A_R - A—;G—S> (1+0,AR)%. (81)

Therefore, the asymptotic diversity order is 1, which agnegh Theorem 2. However, it should be noted
that the offset gain with respect to the SISO system is giyen b
AoGs

T A (14 5AR)

and this indicates that if/s is large, one may still achieve significant gain over the l@sesystem. In
particular, for the SNR region where SNR Ajw.sto(1) (X > 1/Am-stp(1)), the outage probability
has alocal slope of order 2 since the term X in fo(X) is dominated byi; X2. The following section

Amsto(1) (82)

elucidates this effect numerically.

3) Numerical ResultsWe numerically compare the performance of the two protoadtls imperfect
and perfect STC in terms of outage probability. Fig. 8 (a) é5dshow the outage probabilities of these
protocols with relay node locatiorgs= 20 and -20dB, respectively. The performance of the RD jpaito
is also shown as a reference. In these results, it is assuma¢dhie relay performs the optimal power
control algorithm.

From Fig. 8 (a), it is observed that the two protocols with @rfpct STC are almost identical in the
low SNR region with alocal slope of (diversity) order 2, but for high SNR, the bound fbe tSTD
protocol shows a slope of order 1, whereas that of the TD pobtmaintains a slope of diversity order
2. The gap between the two bounds becomes noticeable in R, 8vhere the outage probability of
the TD protocol with an imperfect STC is identical to that bétideal TD, whereas the STD protocol
with an imperfect STC is much worse than the ideal SISO bodirefore, if the STC is designed
imperfectly, then the use of the TD protocol can offer stgideformance and is thus preferable.
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Fig. 8. Outage probability of the TD and STD protocols wittrfpet or imperfect STC. The result of the RD protocol and
associated MISO/SIMO bounds are also shown. Parame®érs: 2, « = 2, § = 7. (a) ( = 20 dB. (b) ¢ = —20 dB.

40

VIlI. CONCLUSION

We have analyzed the performance of various variable-vatephase collaborative diversity protocols
for wireless networks. These protocols can be implementea straightforward manner using standard
variable-rate channel coding and STC. Theoretical amalg§ithe outage probability has shown that
these protocols, if properly designed based on the node gfegnecan achieve full diversity order and
considerable offset gains. Our conclusion is that if thaydé close to the source and destination, the
STD and RD protocols, respectively, achieve good perfoomaff the relay is midway between the
source and the destination, fixed-rate repetition codirtf) wignal combining at the destination [6] is a
good candidate considering its simplicity of implemertati

It is also shown that for a system withi relays, a diversity order oV + 1 is achievable for the TD
based protocol using STC as in [6]. However, if the STC fadldbé decoded whenever node erasure
occurs, their diversity order is considerably reduced amdte STD protocol with an imperfect STC, no
diversity offset gain can be achieved. Therefore, the aesigSTCs that are robust against node erasures
is an important area of future research.

Finally, even though perfect synchronizations are assutmexighout the paper, accurate timing and
frequency acquisitions among distributed nodes are difficuachieve in practice. Further research in
this direction is of critical importance for implementatiof these protocols.
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