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Abstract— We develop and analyze low-complexity cooperative
diversity protocols that combat fading induced by multipath
propagation in wireless networks. The underlying techniqes
exploit space diversity available through cooperating teminals’
relaying signals for one another. We outline several stragies
employed by the cooperating radios, including fixed relayig
schemes such as amplify-and-forward and decode-and-forwea,
selection relaying schemes that adapt based upon channel ae
surements between the cooperating terminals, and incremeal
relaying schemes that adapt based upon limited feedback fro
the destination terminal. We develop performance charactéza-
tions in terms of outage events and associated outage prohikb
ities, which measure robustness of the transmissions to faw,
focusing on the high signal-to-noise (SNR) ratio regime. Eept
for fixed decode-and-forward, all of our cooperative divergy
protocols are efficient in the sense that they achieve full gersity
(i.e., second-order diversity in the case of two terminals), and
moreover are close to optimum (within 1.5 decibels (dB)) in
certain regimes. Thus, using distributed antennas, we canrpvide
the powerful benefits of space diversity without need for phgical
arrays, though at a loss of spectral efficiency due to half-dpiex
operation and possibly additional receive hardware. Applicable
to any wireless setting, including cellular or ad-hoc netwtks—
wherever space constraints preclude the use of physical aays—
the performance characterizations reveal that large poweror
energy savings result from the use of these protocols.

Index Terms—diversity techniques, fading channels, outage
probability, relay channel, user cooperation, wireless nevorks

I. INTRODUCTION

A
N wireless networks, signal fading arising from multipath
propagation is a particularly severe channel impairme

;

that can be mitigated through the use of diversity [1]. Spa
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Fig. 1. [llustration of radio signal paths in an example Véss network
with terminals7; and 7> transmitting information to terminal$s and 7y,
respectively.

or multi-antenna, diversity techniques are particulatlyaa-
tive as they can be readily combined with other forms of
diversity, e.g., time and frequency diversity, and still offer
dramatic performance gains when other forms of diversity
are unavailable. In contrast to the more conventional forms
of space diversity with physical arrays [2]-[4], this work
builds upon the classical relay channel model [5] and examin
the problem of creating and exploiting space diversity gisin
a collection of distributed antennas belonging to multiple
terminals, each with its own information to transmit. Weeref
to this form of space diversity asooperative diversity (cf.,
user cooperation diversity of [6]) because the terminals share
their antennas and other resources to create a “virtuay"arra
through distributed transmission and signal processing.

. Motivating Example

tTo illustrate the main concepts, consider the example wire-
ss network in Fig. 1, in which terminalg and7; transmit

to terminals73 and T}, respectively. This example might
correspond to a snapshot of a wireless network in which a
higher-level network protocol has allocated bandwidthvio t
terminals for transmission to their intended destinatimmsext
hops. For example, in the context of a cellular netwdfk,
and Ty might correspond to handsets afi§ = T, might
correspond to the basestation [7]. As another example, in
the context of a wireless local-area network (LAN), the case
T5 #+ T, might correspond to an ad-hoc configuration among
the terminals, while the casgé; = T, might correspond to
an infrastructure configuration, with; serving as an access
point [8]. The broadcast nature of the wireless medium is the
key property that allows for cooperative diversity among th
transmitting terminals: transmitted signals can, in pphe

be received and processed by any of a number of terminals.
Thus, instead of transmitting independently to their ideoh
destinations]; andT, can listen to each other’s transmissions
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and jointly communicate their information. Although these  quantized version of its received signal, using ideas from
extra observations of the transmitted signals are availabl source coding with side information [14], [16], [17].

for free (except, possibly, for the cost of additional reeei | gposely speaking, cooperation yields highest achievadtiesr
hardware) wireless network protocols often ignore or didcayhen the source-relay channel quality is very high, and
them. observation yields highest achievable rates when the +elay
In the most general casé; andT; can pool their resources, gestination channel quality is very high. Various extensio
such as power and bandwidth, to cooperatively transmit thgh the case of multiple relays have appeared in the work of
information to their respective destinations, correspogido  Schein and Gallager [18], [19], Gupta and Kumar [20], [21],
a wireless multiple-access channel with relaying for = Gastparet. al [22]-[24], and Reznilet. al [25]. For channels
Ty, and to a wireless interference channel with relaying fQfith multiple information sources, Kramer and Wijngaarden
Ty # Ty At one extreme, corresponding to a wireless relgye) consider a multiple-access channel in which the saurce
channel, the transmitting terminals can focus all theioveses  communicate to a single destination and share a single. relay
on transmitting the information df}; in this caseI acts as 2) Multiple Access Channels with Generalized Feedback:
the “source” of the information, and; serves as a “relay”. \work by King [27], Carleial [28] and Willemst. al [29]—[32]
Such an approach might provide diversity in a wirelessr@tti oxamines multiple-access channels with generalized esdb
because, even if the fading is severe betw@gnand T3, Here the generalized feedback allows the sources to eatgnti
the information might be successfully transmitted throlgh ¢t as relays for one another. This model relates most glosel
Similarly, 7, andT; can focus their resources on transmitting, the wireless channels we have in mind. The constructions
the information ofl;, corresponding to another wireless relay, [28]-[30] can be viewed as two-terminal generalizations
channel. of the cooperation scheme in [5]; the construction [27] may
B. Related Work be viewed as a two-terminal generalization of the obserwati

. ) ~scheme in [5]. Sendonari. al introduce multipath fading
Relay channels and their extensions form the basis f@kg the model of [28], [30], calling their approaches foisth

our study of cooperative diversity. This section summasrizgystem modeLiser cooperation diversity [6], [33], [34]. For

some of the relevant literature in this area. Because mayigrgogic fading, they illustrate that the adapted codingsth
and cooperative diversity essentially create a virtuatana ¢ [30] enlarges the achievable rate region.

array, work on multiple-antenna systems, or multiple-inpu
multiple-output (MIMO) systems, is of course relevant, as
are different ways of characterizing fundamental perforoga C: Summary of Results
limits in wireless channels, in particular outage proligbil We now highlight the results of the present paper, many of
for non-ergodic settings. Throughout the rest of the paper, which were initially reported in [35], [36], and recently €x
assume that the reader is familiar with these latter areas, aended in [37]. This paper develops low-complexity coopera
refer the interested reader to [2]-[4], [9], [10], and refezes tive diversity protocols that explicitly take into accowmrtain
therein, for an introduction to the relevant concepts frooitim  implementation constraints in the cooperating radiosclipe
antenna systems and to [11] for an introduction to outagally, while previous work on relay and cooperative chasnel
capacity for fading channels. allows the terminals to transmit and receive simultangousl
1) Relay Channels. The classical relay channel models e, full-duplex, we constrain them to emplofalf-duplex
class of three terminal communication channels originedy transmission. Furthermore, although previous work engploy
amined by van der Meulen [12], [13]. Cover and EI Gamal [Sdhannel state information (CSI) at the transmitters in otde
treat certain discrete memoryless and additive white Ganissexploit coherent transmission, we utilize CSI at the resesv
noise relay channels, and they determine channel capacity énly. Finally, although previous work focuses primarily on
the class ofphysically degraded® relay channels. More gen-ergodic settings and characterizes performance via Shanno
erally, they develop lower bounds on capacitg,, achievable capacity or capacity regions, we focus on non-ergodic or
rates, via three structurally different random coding seé& delay-constrained scenarios and characterize perforeniayc
« facilitation [5, Theorem 2], in which the relay does nobutage probability [11].
actively help the source, but rather, facilitates the seurc We outline several cooperative protocols and demonstrate
transmission by inducing as little interference as possibkheir robustness to fairly general channel conditions. dn a
« cooperation [5, Theorem 1], in which the relay fully dition to direct transmission, we examine fixed relaying-pro
decodes the source message and retransmits, jointly witidols in which the relay either amplifies what it receives, o
the source, a bin index (in the sense of Slepian-Wdifilly decodes, re-encodes, and retransmits the sourceagess
coding [14], [15]) of the previous source message;  We call these optionamplify-and-forward and decode-and-
« observation? [5, Theorem 6], in which the relay encodes dorward, respectively. Obviously, these approaches are inspired
1At a high level, degradedness means that the destinatiogivesc a by the observation [5.]’ [18], [28] .and qooperafuo_n [5], [6],
corrupted version of what the relay receives, all condéibron the relay [30] schemes, respectively, but we intentionally limit twem-
transmit signal. While this class is mathematically coimeen none of the plexity of our protocols for ease of potential implemerdati
Wirzeless channels_ _fou_nd in practice a_re WeII-mgdeIed by dl_ﬁss. Furthermore, our analysis suggests that cooperatingsmﬁny
The namedacilitation and cooperation were introduced in [5], but the .
Cover and El Gamal did not give a name to their third approsidgh.use the also employ threshold tests on the measured channel qua“ty
nameobservation throughout the paper for convenience. between them, to obtain adaptive protocols, cabeldction
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relaying, that choose the strategy with best performance. I‘n Ty Tx+ T3 Tx
addition, adaptive protocols based upon limited feedbemtk f N
the destination terminal, callddcremental relaying, are also
developed. Selection and incremental relaying protoogps r @)
resent new directions for relay and cooperative transomissi
building upon existing ideas. | T, Tx T, Tx

For scenarios in which channel state information is un N/2 N/2
available to the transmitters, even full-duplex cooperati
cannot improve the sum capacity for ergodic fading [38]. (®)
Consequently, we focus on delay-limited or non-ergodic sce
narios, and evaluate performance of our protocols in '[EI’ITTIST1 Tx + Ty Rx Ty Relay T, TX + Ty Rx Ty Relay
of outage probability [11]. We show analytically that, egte N/4 N/4 N/4 N/4
for fixed decode-and-forward, each of our cooperative pro-
tocols achievedull diversity, i.e, outage probability decays (©)

proportional to1/SNR?, where SNR is signal-to-noise ratio
A i ; Fig. 2. Example time-division channel allocations for (apdt transmission
(SNR) of the channel, while it decays proportlonalli;tBNR with interference, (b) orthogonal direct transmissiond ag) orthogonal

without CO(?peration- At fixed low rates, amplify-and-fomdfa cooperative diversity. We focus on orthogonal transmissiof the form (b)
and selection decode-and-forward are at mb§tdB from and (c) throughout the paper.

optimal and offer large power or energy savings over direct

transmission. For sufficiently high rates, direct transiois

becomes preferable to fixed and selection relaying, becad@gninals, allowing our protocols to be readily integrabet
these protocols repeat information all the time. Incremien€Xisting networks. As a convenient by-product of this choic
relaying exploits limited feedback to overcome this barittvi We are able to treat the multiple-access (single received) a
inefficiency by repeating only rarely. More broadly, theatale  interference (multiple receivers) cases described in@eti
attractiveness of the various schemes can depend upon $#Rultaneously, as a pair of relay channels with signalieg b
network architecture and implementation considerations. tween the transmitters. Furthermore, removing the interfee
between the terminals at the destination radio(s) suhatignt

, simplifies the receiver algorithms and the outage analysis f
D. Outline purposes of exposition.

An outline of the remainder of the paper is as follows. Sec- For all of our cooperative protocols, transmitting ternigna
tion Il describes our system model for the wireless networksust also process their received signals; however, culirent
under consideration. Section Il outlines fixed, selectiand itations in radio implementation preclude the terminatsnfr
incremental relaying protocols at a high level. Section I¥uch full-duplex operationj.e., transmitting and receiving
characterizes the outage behavior of the various protocalsthe same time in the same frequency band. Because of
in terms of outage events and outage probabilities, usisgvere attenuation over the wireless channel, and insrffici
several results for exponential random variables develape electrical isolation between the transmit and receiveudtirg,
Appendix I. Section V compares the results from a number afterminal’s transmitted signal drowns out the signals beot
perspectives, and Section VI offers some concluding remarkerminals at its receiver inpdtThus, to ensure half-duplex

operation, we further divide each channel into orthogonal
Il. SYSTEM MODEL subchannels. Fig. 2 illustrates our channel allocationdior

. R %f(ample time-division approach with two terminals.
In our model for the wireless channel in Fig. 1, narrowban We expect that some level of svachronization between the
transmissions suffer the effects of frequency nonselectiy P y

fading and additive noise. Our analysis in Section IV fowsﬁsrtmalzs'fegegu"rfd f;) ;ﬁgiﬁzr?ntgge?:erj}gé tgsp:ne?ﬁllo
on the case of slow fading, to capture scenarios in whi 99 y . NG dISCUSSI W,

delay constraints are on the order of the channel coherent _conS|der the scenario in Wh'ch the terminals are block,
. ity Garrer, and symbol synchronous. Given some form of network
time, and measures performance by outage probability, P o . o

: . : . . .block synchronization, carrier and symbol synchronizafir
isolate the benefits of space diversity. While our coopegati network can build upon the same between the individual
protocols can be naturally extended to the kinds of Widebaﬁé\ensmitters and receiveprs Exactly how this svnchroitnat
and highly mobile scenarios in which frequency- and time- ) y Y .

selective fading, respectively, are encountered, thengiate is achieved, and the effects of small synchronization sroor

impact of our protocols becomes less substantial when Otﬁeerrformance, is beyond the scope of this paper.

forms of diversity can be exploited in the system.

B. Equivalent Channel Models

A. Medium Access Under the above orthogonality constraints, we can now

: . conveniently, and without loss of generality, characteigur
As in many current wireless networks, such as cellular aid y 9 y

wireless LANs, we divide the available bandwidth into Oghq . STypically a terminal’s transmit signal i500 — 150 dB above its received
onal channels and allocate these channels to the transgnitsignal.
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channel models using a time-division notation; frequency- If the transmitting terminals have an average power con-
division counterparts to this model are straightforwarde@o straint in the continuous-time channel model f Joules/s,
the symmetry of the channel allocations, we focus on the mege see that this translates into a discrete-time power cnst
sage of the “source” termindly, which potentially employs of P = 2P./W Joules/2D since each terminal transmits in half
terminal 7;. as a “relay”, in transmitting to the “destination”of the available degrees of freedom, under both direct {rans
terminal T;, wheres,r € {1,2} andd € {3,4}. We utilize mission and cooperative diversity. Thus, the channel misdel
a baseband-equivalent, discrete-time channel model fer fparameterized by the SNR random variatssg |a; ;|?, where
continuous-time channel, and we considéiconsecutive uses
of the channel, wherd/ is large. oy 2fe _ P )

For direct transmission, our baseline for comparison, we NoW Ny
model the channel as

is the common SNR without fading. Throughout our analysis,
ya[n] = as.a xs[n] + z4[n] (1) we varysNR, and allow for different (relative) received SNRs
through appropriate choice of the fading variances. As we

fqr, STy’ng L. :,]t\(]/2,dwhte.re>t<ls [n] is thg s((j)ur_ce trlar_:_im'ttfﬁwill see, increasing the source-relay SNR proportionadly t
signal, andyq[n] is the destination received signal. The o Shcreases in the source-destination SNR leads to the full

te”“'”‘?" transmits fon =N/2+1,....N as Fig. 2.(.b) depicts. d]iversity benefits of the cooperative protocols.
Thus, in the baseline system each terminal utilizes only hal . .
In addition to SNR, transmission schemes are further pa-

of the available degrees of freedom of the channel. rameterized by the rate b/s. or spectral efficienc
For cooperative diversity, we model the channel during the 1z y ' P iclency

first half of the block as R:= 2r/W bis/Hz (6)

el = Ba Xolel + 2l @ ttempted by the t itting terminals. Note that (6) & th
_ attempted by the transmitting terminals. Note tha B
valn] = as,a%s[n] + zaln] 3 rate normalized by the number of degrees of freedom utilized
for,say,n = 1,..., N/4, wherex,[n] is the source transmittedby each terminal, not by the total number of degrees of
signal andy,[n] and y4[n] are the relay and destinationfreedom in the channel.
received signals, respectively. For the second half of thekh Nominally, one could parameterize the system by the pair
we model the received signal as (SNR,R); however, our results lend more insight, and are
substantially more compact, when we parameterize therayste
ya[n] = ar.ax:[n] + za[n] @) by either ofythe pairs{Ser)%norm, R) or (SNF;, Rnorm ), Wheré ’
forn = N/4+41,..., N/2, wherex,[n] is the relay transmitted
signal andyy[n] is the destination received signal. A similar gyp . _SNR — R _
setup is employed in the second half of the block, with the 22 —1" T Jog (1 + SNR o2 d)
roles of the source and relay reversed, as Fig. 2(c) depicts. > @)
Note that, while again half the degrees of freedom are aiiica por an additive white Gaussian noise (AWGN) channel with
to each source terminal for transmission to its de.St'”at'%‘andwidth(W/Q) and SNR given bgNR o2 ;, SNRyrm > 1 iS
only a quarter of the degrees of freedom are available fgfe SNR normalized by the minimum SNR required to achieve
communication to its relay. __spectral efficiency [39]. Similarly, Ryorm < 1 is the spectral
In (1)-(4), 2 ; captures the effects of path-loss, shadowinggficiency normalized by the maximum achievable spectral
and frequency nonselective fading, aogln] captures the efficiency,i.e., channel capacity [9], [10]. In this sense, param-
effects of receiver noise and other forms of interference ferizations given bySNRyorm, R) and (SNR, Ryorm) are duals
the system, wheré € {s,r} andj € {r,d}. We consider of one another. For our setting with fading, as we will see, th
the scenario in which the fading coefficients are known @, narameterizations yield tradeoffs between differspeats
i.e., accurately measured by, the appropriate receivers, dut ge system performance: results und@NR,om,R) exhibit
fully known to, or not exploited by, the transmitters. Sati 5 tradeoff between the normalized SNR gain and spectral
tically, we modela; ; as zero-mean, independent, circularlyéfﬁciency of a protocol, while results und€sNR, Ryorm)
symmetric complex Gaussian random variables with varsncgnibit a tradeoff between the diversity order and norneliz

2 ..
0; ;- Furthermore, we modet;[n] as zero-mean mutually gpeciral efficiency of a protocol. The latter tradeoff hasoal

independent, _circula_irly-symmetric, complex Gaussiamoam peen called theliversity-multiplexing tradeoff in [9], [10].
sequences with varianc¥. Note that, although we have parameterized the transmit
powers and noise levels to be symmetric throughout the

C. Parameterizations network for purposes of exposition, asymmetries in average
Two important parameters of the system are the SNBNR and path-loss can be lumped into the fading variances

without fading and the spectral efficiency. We now define¢hes; ;. Furthermore, while the tools are powerful enough to

parameters in terms of standard parameters in the consaudiPnsider general rate paifB;, R2), we consider the equal rate

time channel. For a continuous-time channel with bandwidB®int, i.e., R1 = Rz = R, for purposes of exposition.

W Hz available for transmission, the discrete-time model

containsWW two-dimensional symbols per second (2D/s). 4Unless otherwise indicated, logarithms in this paper akertao base.
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[1l. COOPERATIVEDIVERSITY PROTOCOLS Decoding at the relay can take on a variety of forms. For

In this section, we describe a variety of low-complexitfX@mple, the relay might fully decodee., estimate without
cooperative diversity protocols that can be utilized in th&/Tor: the entire source codeword, or it might employ symbol
network of Fig. 1, including fixed, selection, and increnagnt PY-Symbol decoding and allow the destination to perfornh ful
relaying. These protocols employ different types of preires decodmg. These options aIonv for trading off performance a
by the relay terminals, as well as different types of comigni complt_exny at the relay terminal. Note that we fc_>cus on full
at the destination terminals. For fixed relaying, we allow thd€coding in the sequel; symbol-by-symbol decoding of lyinar
relays to either amplify their received signals subjectheirt ransmissions has been treated from an uncoded perspective
power constraint, or to decode, re-encode, and retrankmit $40]- Again, the destination can employ a variety of comibgni.
messages. Among many possible adaptive strategies,isaled€chniques; we focus in the sequel on a suitably modified
relaying builds upon fixed relaying by allowing transmigin Matched filter.
terminals to select a suitable cooperative (or non-codpeda
action based upon the measured SNR between them. Inde-Selection Relaying
mental relaying improves upon the spectral efficiency ohbot As we might expect, and the analysis in Section IV con-
fixed and selection relaying by exploiting limited feedbackrms, fixed decode-and-forward is limited by direct transmi
from the destination and relaying only when necessary.  sjon between the source and relay. However, since the fading

In any of these cases, the radios may employ repetition gefficients are known to the appropriate receivers, can
more powerful codes. We focus on repetition coding throughe measured to high accuracy by the cooperating terminals;
out the sequel, for its low implementation complexity andeeathus, they can adapt their transmission format accordirigeto
of exposition. Destination radios can appropriately cambi realized value ob ..

their received signals by exploiting control informationthe  This observation suggests the following class of selection

protocol headers. relaying algorithms. If the measured, .|> falls below a
certain threshold, the source simply continues its tragsiomn
A. Fixed Relaying to the destination, in the form of repetition or more powerfu

. ) . codes. If the measuref; .|> lies above the threshold, the
1) Amplify-and-Forward: For amplify-and-forward trans- relay forwards what it received from the source, using eithe

mission, the app_roprmtg channgl model is (2)~(4). Thecsf’uramplify—and—forward or decode-and-forward, in an attemopt
terminal transmits its information as;[n|, say, forn =

N/4. Duri his i | th I achieve diversity gain.
L...,N/4. urng t IS Interval, the relay processesir, Informally speaking, selection relaying of this form shabul
and relays the information by transmitting

offer diversity because, in either case, two of the fading

xe[n] = Byr[n—N/4] , (8) coefficients must be small in order for the information to be
lost. Specifically, if|a; -|? is small, then|as 4> must also be
forn = N/4 +1,...,N/2. To remain within its power small for the information to be lost when the source continue
constraint (with high probability), an amplifying relay stu its transmission. Similarly, ifas .|? is large, then bothas 4|2
use gain and |a, 4> must be small for the information to be lost
< P ©) when the relay employs amplify-and-forward or decode-and-
“\las PP+ Ny’ forward. We formalize this notion when we consider outage

-~ . performance of selection relaying in Section IV.
where we allow the amplifier gain to depend upon the

fading coefficienta, , between the source and relay, whic
the relay estimates to high accuracy. This scheme can ) ) _ )
viewed as repetition coding from two separate transmitters AS We will see, fixed and selection relaying can make
except that the relay transmitter amplifies its own receivétefficient use of the degrees of freedom of the channel,
noise. The destination can decode its received siggfal for €Specially for high rates, because the relays repeat afirttes
n =1,...,N/2 by first appropriately combining the signal§” this se(_:tl(_)n,_ we describe incremental re_zlay_lng prols_)col
from the two subblocks using one of a variety of combining!at exploit limited feedback from the destination terniina
techniques; in the sequel we focus on a suitably designed- @ single bit indicating the success or failure of the
matched filter, or maximum-ratio combiner. direct transmission, that we will see can dramatically iover

2) Decode-and-Forward: For decode-and-forward trans-SPectral efficiency over fixed and selection relaying. These
mission, the appropriate channel model is again (2)—(4¢ T'ch_remental relaying protocols can be viewe_d as extensions
source terminal transmits its information asln], say, for ©f incremental redundancy, or hybrid automatic-repequest
n=0,...,N/4. During this interval, the relay processesgn] (ARQ), to t_he .relay cor_ltext. In ARQ., the source retransmlt.s
by decoding an estimate [n] of the source transmitted signal.'f the destination provides a negative acknowledgment via

Under a repetition-coded scheme, the relay transmits tifgdPack; in incremental relaying, the relay retransnmitan
signal attempt to exploit spatial diversity.

_ e As one example, consider the following protocol utilizing
xr[n] = xs[n — N/4| ) P :
feedback and amplify-and-forward transmission. We nomi-
forn=N/4+1,...,N/2. nally allocate the channels according to Fig. 2(b). Filsg t

}%.elncremental Relaying



IEEE TRANS. INFORM. THEORY (ACCEPTED FOR PUBLICATION) 6

source transmits its information to the destination at spec with parametehs_j, the outage probability satisffes
efficiency R. The destination indicates success or failure by N
broadcasting a single bit of feedback to the source and,relay jout (SNR R) := Pr[/p < R] = pr{|as a? < 2" - 1]
which we assume is detected reliably by at least the felfy. ’ SNR
the source-destination SNR is sufficiently high, the fee#tba R _ 1
indicates success of the direct transmission, and the relay =1—exp T SNRoZ .
does nothing. If the source-destination SNR is not suffityen N s.d
high for successful direct transmission, the feedbackestu ~ L2l
that the relay amplify-and-forward what it received frone th o2, SNR
source. In t_hellatter case, the_ destination tries to comltbiee where we have utilized the results of Fact 1 in Appendix |
two transmissions. As we will see, protocols of this formy., \ _ 1/02,, t = SNR, andg(t) = (2% — 1) /t.
make more efficient use of the degrees of freedom of the ®
channel, because they repeat only rarely. Incrementaldéeco
and-forward is also possible, but the analysis is more irasbl B. Fixed Relaying
and its performance is slightly worse than the above prdtoco 1) Amplify-and-Forward: The amplify-and-forward proto-
col produces an equivalent one-input, two-output complex
Gaussian noise channel with different noise levels in the
IV. OUTAGE BEHAVIOR outputs. As Appendix Il details, the maximum average mutual
information between the input and the two outputs, achieved
In this section, we characterize performance of the prdsocdy i.i.d. complex Gaussian inputs, is given by
of Section Il in terms of outage events and outage probabili 1
ties [11]. To facilitate their comparison in the sequel, ueoa [ar = 3 log (1 + SNR|asal* + f (SNR |a, |, SNR|a,.al?) )

)

derive high SNR approximations of the outage probabilities (12)
using results from Appendix I. For fixed fading realizatipnsas a function of the fading coefficients, where

the effective channel models induced by the protocols are Ty

variants of well-known channels with additive white Gaassi fla,y) = m : (13)

noise. As a function of the fading coefficients viewed as . _ .
random variables, the mutual information for a protocol /e note that the amplifier gaif does not appear in (12),

a random variable denoted by in turn, for a target rat@, Pecause the constraint (9) is met with equality.
I < R denotes the outage event, aRd/ < R] denotes the  1he outage event for spectral efficierieys given bylar <
outage probability. R and is equivalent to the event

|a |2+Lf(SNR|a %, SNR|a,a|?) < 2" (14)
s,d SNR s,r| r,d SNR .
A. Direct Transmission For Rayleigh fadingi.e,, |a; ;|* independent and exponen-

To establish baseline performance, under direct transmtlli‘-”y distributed with parameters, ;;, analytic calculation of

sion, the source terminal transmits over the channel (i e outage probability becomes involved, but we can approx-

. . . ) Imate its high SNR behavior as
The maximum average mutual information between input an

output in this case, achieved by independent and identicall ~ p9'% (SNR,R) := Pr[/ar < R]
distributed (i.i.d.) zero-mean, circularly-symmetricngplex ( 1 o2 +o2 ) 92R _ 1\ 2
~ s,r r,d ( - >

Gaussian inputs, is given by

203 d 0?770037 d SNR
Ip = log (1 + SNR |a,,a|*) (10) where we have utilized the results of Claim 1 in Appendix I,
with

as a function of the fading coefficieat ;. The outage event ) ) )
for spectral efficiency is given by/p < R and is equivalent u=lasal”, v=las.[" w=lardl
to the event Ao=0,5 AN=0s7 Iw=0,,

R _1 — (92F _ - —1/t.
2 al? < L 1) gle) = (2% —1)e, t=SNR, h(t)=1/t

2) Decode-and-Forward: To analyze decode-and-forward
g transmission, we examine a particular decoding structtre a
the relay. Specifically, we require the relay to fully decdloe
source message; examination of symbol-by-symbol decoding
5Such an assumption is reasonable if the destination endtbddsedback at the re|ay becomes involved because it depends upon the

bit with a very low-rate code. Even if the relay cannot rdijattecode, useful ticul di d dulati hoi Th .
protocols can be developed and analyzed. For example, amsmatige protocol particular coding and modulation choices. € maximum

might have the relay amplify-and-forward what it receivesnf the source in
all cases except when the destination reliably receiveslitieet transmission 6As we develop more formally in Appendix |, the approximatif(BNR) ~
and the relay reliably decodes the feedback bit. g(SNR) for SNR large is in the sense of(SNR)/g(SNR) — 1 asSNR — oo.

For Rayleigh fadingij.e., |as4|? exponentially distribute
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average mutual information for repetition-coded decoadé-a C. Selection Relaying

forward can be readily shown to be )
y To overcome the shortcomings of decode-and-forward trans-

mission, we described selection relaying corresponding to
(15) adaptive versions of amplify-and-forward and decode-and-
log (1 + SNR|aS,d|2 + SNR|ar,d|2)} forward, both of which fall back to direct transmission if
the relay cannot decode. We cannot conclude whether or not
as a function of the fading random variables. The first terthese protocols are optimal, because the capacities ofajene
in (15) represents the maximum rate at which the relay caglay and related channels are long-standing open problems
reliably decode the source message, while the second térowever, as we will see, selection decode-and-forwardlesab
in (15) represents the maximum rate at which the destinatithe cooperating terminals to exploit full spatial diveysind
can reliably decode the source message given repeated tranercome the limitations of fixed decode-and-forward.
missions from the source and destination. Requiring bath th As an example analysis, we determine the performance
relay and destination to decode the entire codeword withasft selection decode-and-forward. Its mutual informatien i
error results in the minimum of the two mutual informationgomewhat involved to write down in general; however, in the
in (15). We note that such forms are typical of relay channedgse of repetition coding at the relay, using (10) and (15), i

1
Ipp = 5 min{log (1 + SNR|a.,|*) .

with full decoding at the relay [5]. can be readily shown to be
The outage event for spectral efficierkis given by/pr <
R and is equivalent to the event o 1log (14 2 SNR|a, q/?) |las,»|> < g(SNR)
n TP Llog (1 + SNR[|awaf? + [aral?]) sl > g(SNR)

min{|asm|27 |as,al” + |ar,d|2} < (16) (19)
whereg(SNR) = [22% —1]/SNR. This threshold is motivated by
For Rayleigh fading, the outage probability for repetitionour discussion of direct transmission, and is analogou$ (
coded decode-and-forward can be computed according to The first case in (19) corresponds to the relay’s not being abl

to decode and the source’s repeating its transmission; here

SNR

PP (SNR,R) the maximum average mutual information is that of repetitio
:= Pr[lpr < R coding from the source to the destination, hence the extra
— Pr[|a 2 < g(SIR)] factor of 2 in the SNR. The second case in (19) corresponds
- s,T

) ) ) to the relay’s being able to decode and repeating the source
+ Prflas,[* > g(SNR)] Pr|asa|* + |aral* < g(SNR)] transmission; here, the maximum average mutual informatio
(17) s that of repetition coding from the source and relay to the

destination.
_ [92R _ .
where g(SNR) = [2 1]/SNR. Although we may readily The outage event for spectral efficien@yis given by
compute a closed form expression for (17), for compactnelss

. . . R and is equivalent to the event
we examine the largeNR behavior of (17) by computing the SDF < g

limit
| ({12012 < g(sMR)} () {212l <g(sNR)} )
g(eum) PoF (SNR-F) U ({202 > o(80R)} () {Jaaf>+ar.a < g(suR)}
B Q(SlNR) Pr(|a,,[* < g(SNR)] (20)

The first (resp. second) event of the union in (20) correspond
to the first (resp. second) case in (19). We observe that
Pr|as.a|*+]a.qa|* <g(SNR)] adapting to the realized fading coefficient ensures that the
protocol performs no worse than direct transmission, eixcep
-0 for the fact that it potentially suffers the bandwidth ineitfincy
—1/02, of repetition coding.
Because the events in the union of (20) are mutually

asSNR — oo, using the results of Facts 1 and 2 in Appendix exclusive, the outage probability becomes a sum,
Thus, we conclude that

ﬂl/agy,‘

+ Pr[|as,|* > g(SNR)]

g(SNR)

—1

9% _ | PSHr (SNR,R)
P (SNR,R) ~ = o (18) = Pr[lspr <R]
oz, SNR
’ = Pr[|as»|* < g(SNR)] Pr[2[a, 4|* < g(SNR)]

The1/SNR behavior in (18) indicates that fixed decode-and-  + Pf[|as,r|2 Zg(SNR)} Pr[las,d|2+ |,;,T,Ul|2 <g(SNR)} ,
forward does not offer diversity gains for lar§a&R, because (21)
requiring the relay to fully decode the source information
limits the performance of decode-and-forward to that ofclir and we may readily compute a closed form expression for
transmission between the source and relay. (21). For comparison to our other protocols, we compute the
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large SNR behavior of (21) by computing the limit The outage eventy < R is equivalent to the event
#p%%F (SNR,R) las.al® + |aral® < ?7_1 (25)
9*(SNR) > " (SNR/2)

1

= Pr(|as|* < g(SNR)] Pr([2|a,,q/> < g(SNR)] For |a; ;|> exponentially distributed with parametess ?,

SNR SNR . .
9(SNR) g(SNR) the outage probability satisfies
Hl/dgm ‘?1/(20’? )
) a P (SNR,R) := Pr[ly < R]
+ Prf|as|* > g(SNR)| ———Pr[|as.a|*+|ar.q|* <g(SNR) R 2
[ } 92(SNR) [ } N 2 (2 — 1) (26)
-1 o2 02 SNR ’
_)1/(205@‘7?@) s,d”r,d
1 o2 +02 where we have applied the results of Fact 2 in Appendix I.
( 53 e M) 2) Orthogonal Transmit Diversity Bound: The transmit
9sd 95r9rd diversity bound (26) does not take into account the halfleup

constraint. To capture this effect, we constrain the transm

assNR — oo, using the results of Facts 1 and 2 of Appendix diversity scheme to be orthogonal.
Thus, we conclude that the largsR performance of selection When the source and relay can cooperate perfectly, an
decode-and-forward is identical to that of fixed amplifidan eduivalent model to (23), incorporating the relay orthcgjin
forward. constraint, consists of parallel channels

Analysis of more general selection relaying becomes in- . _
volved because there are additional degrees of freedom ?r/ii[n] = 2saxs[nl + zdln); n=0,..,N/4 27
choosing the thresholds for switching between the variougaln] = ar.ax-[n] + za[n], n=N/4+1,...,N/2 (28)

options such as direct, amplify-and-forward, and decodepis pair of parallel channels is utilized half as many tirass
and-forward. While a potentially useful direction for futu the corresponding direct transmission channel, so thecsour
research, a detailed analysis of such protocols is beyomd st transmit at twice spectral efficiency in order to achiev

scope of this paper. the same spectral efficiency as direct transmission.
For each fading realization, the maximum average mutual
D. Bounds for Cooperative Diversity information can be obtained using independent complex Gaus

We now develop performance limits for fixed and selectiofia” inputs. Allocating a fraction of the power tox;, and
the remaining fractiov := (1 — «) of the power tox,, the

relaying. If we suppose that the source and relay know ea X S
other’'s messages priori, then instead of direct transmission@verage mutual information is given by
each would benefit from using a space-time code for two

— 1 2 — 2
transmit antennas. In this sense, the outage probability 0/1P - §IOg [(1+2O‘SNR|3”| )(1+2O‘SNR|3T=CI| )] » (29)

conventional transmit diversity [2]-[4] represents anmmgtic  The outage event < R is equivalent to the outage region

lower bound on the outage probability of cooperative diver- on

sity. The following sections develop two such bounds: an, , 12\ w5 12 4 2awSNR|a, 4[2]anal? < 2”1 (30)

unconstrained transmit diversity bound, and an orthogonal ' ’ ' 2 SNR

transmit diversity bound that takes into account the hafftex As in the case of amplify-and-forward, analytical calcidat

constraint. of the outage probability becomes involved; however, we can
1) Transmit Diversity Bound: To utilize a space-time code approximate its high SNR behavior for Rayleigh fading as

for each terminal, we allocate the channel as in Fig. 2(b)hBo

terminals transmit in all the degrees of freedom of the cegnn PP

“(SNR,R) := Pr[/p < R]

so their transmitted power 8/2 Joules/2D, half that of direct N 1 ' 228 [2RIn(2) — 1] + 1 (31)
transmission. The spectral efficiency for each terminakies 4aao? jo? SNR? ’
R.

For transmit diversity, we model the channel as using the resuits of Claim 2 in Appendix |, with

2 = 2
— Xs[n] U= a|aS-,d| , V= a|ar,d|
yd[n] a [aS7d ar,d] |:XT[n]:| * Zd[n] ’ (23) Au = 1/(040'27d)a Av = 1/(a03,d)
for, say,n = 0,..., N/2. As developed in Appendix IIl, an e=[2"—1]/(2SNR), t=2%"—1.

optimal signaling strategy, in terms of minimizing outagelp
ability in the largesNR regime, is to encode information using
[x; x|  iid. complex Gaussian, each with powey/2. PO (SR, R) ~ 1 2%[2RIn(2)-1]+1 (32)
Using this result, the maximum average mutual information ’ 02 4024 SNR? ’

as a function of the fading coefficients is given by

Clearly (31) is minimized forx = 1/2, yielding

so that i.i.d. complex Gaussian inputs again minimize caitag
probability for largeSNR. Note that forR — 0, (32) converges

_ SNR 2 2
Ir = log (1 T [las.al® + laral }) : 24 4o (26), the transmit diversity bound without orthogonalit
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constraints. Thus, the orthogonality constraint haseligtifect where we have combined the results of Claims 1 and 3 in
for smallR, but induces a loss i8NR proportional to Appendix I.
Bounds for incremental relaying can be obtained by suitably
Rln(2) normalizing the results developed Section IV-D; however,
with respect to the unconstrained transmit diversity boiamd We stress that treating protocols that exploit more general
largeR. feedback, along with their associated performance linigs,
beyond the scope of this paper.

E. Incremental Relaying

Outage analysis of incremental relaying is complicated by V. DISCUSSION

its variable-rate nature. Specifically, the protocols epert I this section, we compare the outage results developed
spectral efficienc when the source-destination transmissiofft Section 1V in various regimes. To partition the discussio

is successful, and spectral efficien@y2 when the relay and make it clear in which context certain observations hold
repeats the source transmission. Thus, we examine out#{fe divide the exposition into two sections. Section V-A
probability as a function oBNR and theexpected spectral considers general asymmetric networks in which the fading

efficiencyR. varlance5cr2- may be distinct. The primary observations of
For incremental amplify-and-forward, the outage prokigpil this section are comparing the performance of the cooperati
as a function o6NR andR is given by protocols to the transmit diversity bound and examining how

spectral efficiency and network asymmetry affect that campa

out
PTAr (SNR,R) ison. Section V-B focuses on the special case of symmetric

= Pr[lp <R|Pr[lar <R|lp <R| networks in which the fading variances are identicag.,

= Pr[lar <R] UZJ» = 1, without loss of generality. Focusing on this special
case allows us to substantially simplify the exposition for

—Pr |as,d|2+ﬁf(SNR|as,r|25 SNR|a;q4|%) SQ(SNR)} ,  comparison of performance under different parametednati

(33) €.0., (SNRyorm,R) and (SNR, Ryorm )-

where Ip and /4 are given by (10) and (12), respectively,
g(SNR) = [28—1]/SNR, and f(-,-) is given in (13). The secondA Asymmetric Networks

equality follows from the fact that the intersection of tieedt ~ As the results in Section IV indicate, for fixed rates,
and amplify-and-forward outage events is exactly the ayypli Simple protocols such as fixed amplify-and-forward, se-
and-forward outage event. Furthermore, the expectedrspedection decode-and-forward, and incremental amplify-and
efficiency can be computed as forward each achieve fulli.e., second-order) diversity: their
outage probability decays proportional tgSNR? (cf. (15),

R = RPr[|as 4 > 2" 1} 4= pr[|aS 4? < 2" — 1} (22), and (35)). We now compare these protocols to the trans-
SNR 2 SNR mit diversity bound, discuss the impacts of spectral efficje
R eXp( ) R [1 ~exp (_2 - 1)] and network geometry on performance, and examine their
SNR SNR outage events.
R R _ 1) Comparison to Transmit Diversity Bound: Equating per-
D) [1 +eXp( SNR )} = hw(R) , (34)  formance of amplify-and-forward (15) or selection decode-

and-forward (22) to the transmit diversity bound (26), we ca

4determine the relative SNR losses of cooperative diversity
In the low spectral efficiency regime, the protocols without
feedback are within a factor of

where the second equality follows from substituting stadd
exponential results fofas 4|%.

An important question is the value afto employ in (33)
for a given expected spectral efficienkyA fixed value ofR

can arise from several possilig depending upon the value 92 _ o2, 02d
+ T, ~ 1 + T
2 ) a.g,r GS,T

of SNR,; thus, we see that the pre|mag§NR( ) can contain 27— 1)
several points. We define a functidg,. (R) := min hgy (R)

to capture a useful mapping fromto R; for a given value 5 SNR from the transmit diversity bound, suggesting that
of R, it seems clear from the outage expression (33) that W powerful benefits of multi-antenna systems can indeed be
want the smallesk possible. obtained without the need for phy3|cal arrays. For statgi
For fair comparison to protocols without feedback, we Chaéymmetnc networkse.g., o2 2. =1, the loss is onlyy/2 or
acterize a modified outage expression in the large SNR regime; 4B; more generally the loss decreases as the source-relay
Specifically, we compare outage of fixed and selection re@yipath improves relative to the relay-destination path.
protocols to the modified outage}'ys (SNR hawm (R )) For For larger spectral efficiencies, fixed and selection relgyi
large SNR, we have lose an additiona8 dB per transmitted bit/s/Hz with respect
) ) . 2 to the transmit diversity bound. This _additional Ioss_ is_due
pous (SNR ol (—)) - 1 05r+00a (21 to two factors: the half-duplex constraint, and the rejmatit
TAF SR 202, 02,07, SNR " coded nature of the protocols. As Fig. 3 suggests, of the two,
(35) repetition coding appears to be the more significant soufrce o
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Fig. 3. SNR loss for cooperative diversity protocols (Spbehd orthogonal SNRuorm [a@s,a|®

transmit diversity bound (dashed) relative to the (unaairstd) transmit
diversity bound.
Fig. 4. Outage event boundaries for amplify-and-forwadi@$ and selection
decode-and-forward (dashed and dash-dotted) as functibrike realized
fading coefficient|as,-|2 between the cooperating terminals. Outage events
inefficiency in our protocols. In Fig. 3, the SNR loss of Olgho are to the left and below the respective outage event boigsd&uccessively
L . . . . lower solid curves correspond to amplify-and-forward wiithreasing values
Ohal tr.angm_lt diversity W!th .reSpeCt to unconstrained srait of |as,-|2. The dashed curve corresponds to the outage event forieslect
diversity is intended to indicate the cost of the half-dupledecode-and-forward when the relay can fully decode andeflag repeatsi,e.,
constraint, and the loss of our cooperative diversity prot® SNRnorm|as,T\2_ > 2, while the dash-dotted curve corresponds to the outage
. - . R event of selection decode-and-forward when the relay dafitp decode and
with respect to the transmit diversity bound indicates thst C o source repeatse, SNRnorm|as,r|2 < 2. Note that the dash-dotted curve
of both imposing the half-duplex constraint and employingso corresponds to the outage event for direct transmissio
repetition-like codes. The figure suggests that, although t
half-duplex constraint contributes, “repetition” in therin
j i,

of amplification or repetition coding is the major cause the dist betw terminaland.i. andais th ih
SNR loss for high rates. By contrast, incremental ampli s the distance between termina'and j, anda 1S the pain-

and-forward overcomes these additional losses by rep_lpatﬂss exponent [7]. Under this model, comparing (12) with)(35
only when necessary assuming both approximations are good forgha of interest,

. , i we prefer incremental amplify-and-forward whenever

2) Outage Events: Itis interesting that amplify-and-forward o o
and selection decode-and-forward have the same high SNR <d5=7‘) + <dhd) < 2SNRyorm - (36)
performance, especially considering the different shapfes ds,d ds,d
their outage eventgf (14), (20)), which are shown in the low Thus, incremental amplify-and-forward is useful whenever
spectral-efficiency regime in Fig. 4. When the relay canyfullthe relay lies within a certain normalized ellipse having th
decode the source message and repeat itSNR,om |as,-|> > source and destination as its foci, with the size of the sdlip
2, the outage event for selection decode-and-forward isircreasing inSNR,...,. What is most interesting about the
strict subset of the outage event of amplify-and-forwarithw structure of this “utilization region” for incremental atifp-
amplify-and-forward approaching that of selection decodand-forward is that it is symmetric with respect to the seurc
and-forward asla,,,|> — oo. On the other hand, whenand destination. By comparison, a certain circle about only
the relay cannot fully decode the source message and the source gives the utilization region for fixed decode-and
source repeats,e., SNRyorm|as-|> < 2, the outage event of forward.
amplify-and-forward is neither a subset nor a superset ®f th Utilization regions of the form (36) may be useful in devel-
outage event for selection decode-and-forward. Apparentbping higher layer network protocols that select betweegctli
averaging over the Rayleigh fading coefficients eliminategansmission and cooperative diversity using one of a numbe
the differences between amplify-and-forward and selactiof potential relays. Such algorithms and their performance
decode-and-forward, at least in the high SNR regime. represent an interesting area of further research, and a key

3) Effects of Geometry: To isolate the effect of network ge-ingredient for fully incorporating cooperative diversityto
ometry on performance, we compare the high SNR behaviorireless networks.
direct transmission (12) with that of incremental ampifiyd- _
forward (35). Comparison with fixed and selection relaying- Symmetric Networks
is similar, except for the additional impact of SNR loss with We now specialize all of our results to the case of sta-
increasing spectral efficiency. Using a common model for thistically symmetric networkse.g., aﬁj = 1 without loss of

cﬁath-loss (fading variances), we set. « d; &, whered, ;
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Protocol | p°U" (SNRnorm, B), high SNRnorm p°"* (SNR, Rnorm ), high SNR
Direct 1/SNRnorm 1/SNR(IBnorm)
Amplify-and-Forward (2} +1)2/SNR2, |10 1/SNR2(T=2Rnorm)
Decode-and-Forward (2% + 1) /SNRnorm 1/SNR(1=2Rnorm)
Selection Decode-and-Forward (2% + 1)2/SNRZ .10 1/SNR2(1~2Rnorm)
Incremental Amplify-and-Forward 1/SNR2 .1 1/8NR2(1~Rnorm)
Transmit Diversity Bound 2/SNR2_ . 2/SNR2(1—Rnorm)
2R
Orthogonal Transmit Diversity Bound (%) /SNR2, .. 2[Rnorm In(SNR) + 1] /SNR2(1—Rnorm)
TABLE |

SUMMARY OF OUTAGE PROBABILITY APPROXIMATIONS FOR STATISTIGALLY SYMMETRIC NETWORKS.

generality. We develop the results, summarized in Tabled, u 10’ yes=x,
der the two parameterizatiofiSNRyorm, R) and (SNR, Ryorm ), R
respectively. 107
1) Results under Different Parameterizations. Parameteriz-
ing the outage results from Section IV in termg8fR,,0rm, R)
is straightforward becauseremains fixed; we simply substi-
tute SNR = SNR,,,,m (2% — 1) to obtain the results listed in the
second column of Table I. Parameterizing the outage resu
from Section IV in terms ofSNR, Ry,orm ) IS @ bit more involved
because = R, log(1 + SNR) increases witlSNR.

msR)
i
N

Outage Probability®"* (SNRy,or

10

The results in Appendix | are all general enough to allov X

. . . . . e 'ecode-anda-Forwar
this particular parameterization. To demonstrate thepliap Sl * o
cation, we consider amplify-and-forward. The outage evel O Amplity-and-Forward
under this alternative parameterization is given by 8 Setection Decodean-Forvard

6 Incremental Amplify-and-Forward
10 : . . s
1 1+ SNR)%Rnorm — 1 0 5 10 15 20 25 30 35

|as,d|2+ f (SNRlas,r|27 SNR|ar,d|2) < ( ) . Rate-Normalized SNBNR, o, (dB)

SNR SNR

For Ruorm < 1/2, the outage probability is approximately

) Fig. 5. Outage probabilities VSNR,orm, SmallR regime, for statistically

SNR symmetric networksi.e., of . = 1. The outage probability curve for amplify-

pj“; (SNR, Rporm) ~ o and-forward was obtained via Monte-Carlo simulation, wlhiie other curves
(1 + SNR)2Rnorm — ] are computed from analytical expressions. Solid curvesespond to exact

-~ I/SNR2(172Rnorm) , outage probabilities, while dash-dotted curves corregpionthe high-SNR

approximations from Table I. The dashed curve correspoadbfe transmit
where we have utilized the results of Claim 1 in Appendix giversity bounds in this low spectral efficiency regime.
with
u=lasal’, v=la,l w=laal A=Ao=A =1 of incremental amplify-and-forward is unchanged at highiRSN

g(e) =€e[(1+1/e)*fem — 1], ¢t =SNR, h(t)=1/t.  forincreasingk. Note that, at outage probabilities on the order
The other results listed in the third column of Table | can b%f 10__3’ cooperatiye .diversity achieves large energy savings
obtained in similar fashion using the appropriate resuttsnf °OVer direct transmission—on the order 615 dB.

Appendix |. 3) Fixed Ry, Families of Systems: Another way to exam-

2) Fixed R Systems. Fig. 5 shows outage probabilities forine the high spectral efficiency regime as SNR becomes large
the various protocols as functions 8fiR,o.m in the small, IS to allowR to grow with increasingNR. In particular, the
fixed R regime. Both exact and high-SNR approximations af0ice ofR = Ryorm log(1 + SNR) is a natural one: for slower
displayed, demonstrating the wide range over which the-higerowth, the outage results essentially behave like fiked
SNR approximations are useful. The diversity gains of ogystems for sufficiently largeNR, while for faster growth, the
protocols appear as steeper slopes in Fig. 5, from a factorasftage probabilities all tend th These observations motivate
10 decrease in outage probability for each additiohaldB our parameterization in terms G$NR, Ruorm)-
of SNR in the case of direct transmission, to a factod @ Parameterizing performance in terms(6fiR, Ry,o,m ) leads
decrease in outage probability for each additioh@ldB of to interesting tradeoffs between the diversity order andnad-
SNR in the case of cooperative diversity. The relative Idss ed spectral efficiency of a protocol. Because these tifégleo
1.5 dB for fixed amplify-and-forward and selection decodearise naturally in the context of multi-antenna systems [9]
and-forward with respective to the transmit diversity bduis [10], it is not surprising that they show up in the context of
also apparent. The curves for fixed and selection relayiifty sttooperative diversity. Diversity order can be viewed as the
to the right by3 dB for each additional bit/s/Hz of spectralpower to whichSNR~! is raised in our outage expressions
efficiency in the highr regime. By contrast, the performanceén the third column of Table I. To be precise, we can define
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2 T relaying) as well as exploiting limited feedback from thesde
: tination terminal (incremental relaying). For delay-lted and
EA\ R R non-ergodic environments, we analyze the outage probabili
: performance, in many cases exactly, and in all cases using
oy N\ Decode-and-Forward accurate, high-SNR approximations.
: There are costs associated with our cooperative protocols.
: - Amplity-and-Forward qu one thing, co_operatior_w with half-dl_JpI_ex operation ieegI
\ o ‘ twice the bandwidth of direct transmission for a given rate,
\ : Incremental Amplify-and-Forward . . .
........ v\ g and leads to larger effective SNR losses for increasing-spec
\ : tral efficiency. Furthermore, depending upon the applicati
“““““ additional receive hardware may be required in order for the
s g sources to relay for one another. Although this may not be
ISR SN the case in emerging ad hoc or multihop cellular networks,
PR : it would be the case in the uplink of current cellular systems
N that employ frequency division duplexing. Finally, altiybu
‘< our analysis has not explicitly taken it into account, there
. : may be additional power costs of relays operating instead of
v, powering down. Despite these costs, our analysis demdestra
fj,‘ N RN W significant performance enhancements, particularly inldie
v AR spectral-efficiency regime (up to roughly 1 b/s/Hz) oftearfd
0 A i in practice. Like other forms of diversity, these perforroan
0 0.5 1 enhancements take the form of decreased transmit power for
Ruorm the same reliability, increased reliability for the sanmansmit
power, or some combination of the two.
Fig. 6. Diversity order— log p°®* (SNR, Rnorm) / log SNR VS. Ruorm for . The observations in Section V-B sug_gest thaF, among other
direct transmission and cooperative diversity. issues, a key area of further research is exploring coaperat
diversity protocols in the high spectral efficiency reginfte.
remains unclear at this point whether our simple protocdds a
diversity order as close to optimal in this regime, among all possible cooperat
— log p°"t (SNR, Ruorm ) d.iversity protocols, yet our results indicate that diregnSrr!is-
(37) sion eventually becomes preferable. Useful work in thisare
o . would develop tighter lower bounds on performance, which
Larger A(Rnorm) implies more robustness to fading (fastefs akin to developing tighter converses for the relay channe
decay in the outage probability with increasing SNR)g] or demonstrating other protocols that are more efficien
but A(Rnorm) generally decreases with increasigorm. for high spectral efficiencies. Some of our own work in this
For example, the diversity order of amplify-and-forward igjjrection appears in [37].
Aar(Rnorm) = 2(1 = 2Rnorm); thus, it's maximum diversity  pore broadly, there are a number of channel circumstances
order2 is achieved a8nom — 0, and maximum normalized i, aqdition to those considered here that warrant further
spectral efficiencyl/2 is achieved asAap — 0. Fig. 6 inyestigation. In particular, for scenarios in which thars-
compares the tradeoffs for direct transmission and cotipera mititers obtain accurate knowledge of the channel reatinati
diversity. As we might expect from our previous disCUssiORj5 feedback or other means, beamforming and power and

among the protocols developed in this paper, incremenfndwidth allocation become possible. These options ahew
amplify-and-forward yields the highesh(Ruom) for each cogperating terminals to adapt to their specific channet con
Ruorm; this curve also corresponds to the transmit diversityitions and geometry and select appropriate coding schemes

bound in the high SNR regime. What is most interesting yarious regimes. Again, better understanding of thayrel
about the results in Fig. 6 is the sharp transitiolRakm =  channel will continue to yield insight on these problems.

1/3 betwgen our preference for amplify-and-forward (as well \we note that we have focused on the case of a pair of
as selection decode-and-forward) o < 1/3 and our terminals cooperating; extension to more than two terrsinal
preference for direct transmission fBom > 1/3. is straightforward except for the fact that comparativelyren
options arise. For example, in the case of three cooperating
terminals, one of the relays might amplify-and-forward the
We develop in this paper a variety of low-complexityinformation, while the other relay might decode-and-famva
cooperative protocols that enable a pair of wireless teaitajn the information, or vise versa. Moreover, as the number of
each with a single antenna, to fully exploit spatial divigrsi terminals forming a network grows, higher layer protocols
in the channel. These protocols blend different fixed relajer organizing terminals into cooperating groups become in
ing modes, specifically amplify-and-forward and decodd-ancreasingly important. Some preliminary work in this difent
forward, with strategies based upon adapting to channed sts reported in [38]. Finally, because cooperative divgrsit
information between cooperating source terminals (select inherently a network problem, it could be fruitful to takean

\ ;| '='= Direct

Diversity Order— log p°"* (SNR, Rnorm) / log SNR
[EEN
s’
-

A(Rnorm) = SNlRim o
—00 g SNR

V1. CONCLUDING REMARKS AND FUTURE DIRECTIONS
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account additional higher layer network issues such asiggeu

of bursty data, link layer retransmissions, and routing.

APPENDIX |
ASYMPTOTIC CDF APPROXIMATIONS

The following lemma will be useful in the proof of Claim 1.
Lemma 1: Let § be positive, and lets := ¢ f (v/d, w/9),

wherev andw are independent exponential random variables

with parameters\, and \,,, respectively. Leth(5) > 0 be

ntinuous withi(6) — 0 andd/h(d) — d < co asd — 0.

To keep the presentation in the main part of the papg
P P o | mp P pTﬁen the probabilityPr[r; < §] satisfies

concise, we collect in this appendix several results fodithe
iting behavior of the cumulative distribution function (Ep
of certain combinations of exponential random variable$. A
our results are of the form

Py (91(1))
g2(t)
where:t is a parameter of interesE,;(g:1(t)) is the CDF
of a certain random variablg(t) that can, in general, depend
upont; ¢1(t) and g»(t) are two (continuous) functions; and
to andc are constants. Among other things, for example, (38)
implies the approximatiorP,(g1(t)) ~ cga(t) is accurate =
for ¢t close toty.

lim 1 Prirs < h(8)] = Ay + M.

7 (38) Proof: (Of Lemma 1) We begin with a lower bound,
=t Prlrs < h(d)]

Pr[l/v+1/w+6/(vw) > 1/h(0)]
Pr[l/v+1/w > 1/h(0)]
Pr[max(1/v,1/w) > 1/h()]

1= Pr[v > h(d)] Pr[w > h(d)]

(AVARAYS

: _ _ 1 = exp[=(Av + Aw)R(3)] , (46)
Fact 1: Let v be an exponential random variable with o
parameter)\,. Then, for a functiong(¢) continuous about SO, utilizing Fact 1,
t =ty and satisfyingy(t) — 0 ast — to, 1
liminf —— Pr[rs < h(6)] > Ay + Aw - 47)

6—0 h,(5)

lim —— P,(g(t)) = A, (39)
t=to g(1) To prove the other direction, lét> 1 be a fixed constant.
Fact 2. Let w = u + v, whereu and v are independent Pr[rs < h(4)]
exponential random variables with parameteys and )\, = Pr[l/v+1/w+6/(vw) > 1/h(6)]
respectively. Then the CDF oo 1/h(5) — 1/w
= / Pr|{l/v> +————"— | py(w)dw
v v < P 1h(8
- [(Rw) e () e ] s e 1/h(8)—1/w
1— (14 dw)e v Au=A =\ —|—/ Pr [l/vz ﬁ} pw(w)dw (48)
(40) 1h(6) +d/w
satisfies But
ot 1 Y Prlw < 1h(8)] /h(5) < Al , (49)
211% = P,(e) = 5 - (41)

which takes care of the first term of (48). To bound the second

Moreover, if a functiong(t) is continuous about = ¢y and term of (48), letk > I be another fixed constant, and note that

satisfiesg(t) — 0 ast — to, then
y 1 Audy

1M —— = .

t=to g*(t)

(42)

/loo Pr1/v > (1/h(0) — 1/w)/(1 + 8 /w)] pu(w)duw

(&)

= / Pr [l/v > W} pw(w)dw
Claim1: Let u, v, and w be independent exponential kh(8) +o/w
random variables with parametexs, A,, and\,,, respectively. n kh(é)P 1y 1/h(6)—1/w )
Let f(z,y) = (zy)/(z +y + 1) as in (13). Let be positive, e A ww e ECOL
and letg(e) > 0 be continuous withy(e) — 0 ande/g(e) — < pefijes 1-1/k
c<ooase— 0. Then ) s br V—h(6)+6/k:
. 1 u (Av + Ay kh(6)
- — vy Tw) 1/h(6)—1
g et oS e wlg <g@]= T N I I L P
43) h(8) 1+6/w
Moreover, if a functioni(t) is continuous about = o and \here the first term in the bound of (50) follows from the fact
satisfiesh(t) — 0 ast — to, then that

Pr(l/v > (1/h(6) = 1/w)/(1 + 6/w)]

is non-increasing inv, and the second term in the bound of
(50) follows from the fact thap, (w) = A\, exp(—Ayw) <
Aw-

Prlu+n(t) f (v/h(t), w/h(t)) < g(h(t))]

= M . (44)

[ p———
=t g2 (h(D))
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Now, the first term of (50) satisfies
1-1/k 14+ 6/(kh(9))
Pr [1/V 2 m] /h(6) < )\VW (51)

and, by a change of variable’ = w/h(d), the second term
of (50) satisfies

1) 1/h(0) = 1/w
h0) /W) bl J o

1+d/w

<1-_eXp {_

ko
"0 [ 5 0 1/w)
14 6/(w'h(5))
1-1/w

k
h(6)/ Av ( )dw’ ,
l
B(5,h(5),k,1)

where B(4, h(9), k,1) remains finite for anyk > [ > 1 as
0 — 0.

Av(h(9) +6/w')

|) o

(52)

IN

Pr[rs < h(4)]

1
o)
1+ 6/(kh(5))

Combining (49), (51), and (52), we have
<
_)\Wl+/\v( T—1/k
+ h(8)B(6,h(3), k,1) ,

and furthermore

Prlrs < h(6)] < Awl + A\, <

(53)

1 1+d/k
s—0  h(0) 1- 1//€> ’
since lims_ B(d,h(d),k,1) < oo and, by assumption,
h(6) — 0 andd/h(6) — d aséd — 0.
The constant& > [ > 1 are arbitrary. In particular; can
be chosen arbitrarily large, aridarbitrarily close tol. Hence,

lim sup

limsup ——= Prlrs < h(0)] < Aw + A. (54)
s—0  h(d)
Combining (47) with (54), the lemma is proved. [ ]

Proof: (Of Claim 1)
Prlu+ef(v/e, w/e) < g(e)]
Pr[u+ re < g(e€)]

g(e)
/0 Prlr, < g(e) — u] pu(u)du

g(e) ,
g(e)/ Prlr. < g(e)(1 —u')] Ay 9w go/
0

s [y o [Pl < (01— w)
7€) [ 1= [ T — )

’
X Age~ M9 gy

(55)

14

To fully verify (56), we must utilize the lower and upper
bounds developed in Lemma 1.
Using the lower bound (47), (55) satisfies

. 1
lnen_)%lf —92(6) Priu+r. < g(€)]
[P 1=exp[=(A\ + Aw)g(e)(1 — )]
= [ e )

X )\uef)‘”g(é)“ldu/

Au(Av +Aw)
2

/(57)

1
(A + )\W)/ (1 —u)du' =
0
where the first equality results from the Dominated Conver-
gence Theorem [41] after noting that the integrand is both
bounded by and converges to the functigih, + A, ) (1 —u’).
Using the upper bound (54), (55) satisfies
1

limsup —— P <

msup 5 rlu+ re < g(e)]

1
< limsup(x\v/(l—l/k)—i-)\wl)/ (1—u")Aye 9O g/
e—0 0

1
+ lim sup e/g(e)/ Ay Age 9O /(] — 1) du/
e—0 0
+ limsup g(€) D(e, g(€), k, 1),

e—0

(58)

where the last equality results from the fagy(e) — ¢ and
the fact that

D(e, g(e), k1)
1

= / (1 — ul)zB(Evg(E)(l — u/)7 I{, Z))\ue_k“g(e)u/du/
0

remains finite for allt > [ > 1 even ax — 0.

Again, the constants > [ > 1 are arbitrary. In particular,
k can be chosen arbitrarily large, aharbitrarily close tol.
Hence,

. 1 (A + Aw)
[ < — "7
hrin S(l)lp 720 Priu+ r. < g(e)] 5 (59)
Combining (57) and (59) completes the proof. [ ]

Claim 2: Let u andv be independent exponential random
variables with parameters, and \,, respectively. Let be
positive and letg(e) > 0 be continuous withy(e) — 0 as
e — 0. Define
¢® [(g(e)/e +1)In(g(e)/e +1) — g(e) /e]

h(e) : (60)

where in the second equality we have used the change of

variablesu’ = wu/g(e). But by Lemma 1 with§ = € and

h(6) = ¢g(0)(1 — «’), the quantity in brackets approaches

Av + Ay @se — 0, SO we expect

lim 200 Prlu+re < g(e)]

=AMy + ) /1(1 —u)du
0

(A + )
— 5 -

(56)

Then

1
lim —Prlu+ v+ uv/e < gle)] = Ay .

e—0 h(e) (61)

Moreover, ife(t) is continuous about = ¢, with €(¢) — 0 as
t — to, then

Priu+ v+ uv/e(t) < g(e(t))] = AuA, . (62)

. 1
22 T
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Proof:

First, we write CDF in the form:

Priu+ v+ uv/e < g(e)]

where the last equality follows from the change of variables
w=wv/g(e).

To upper bound (63), we use the identities e=* < « for
all z >0ande ¥ <1 forall y > 0, so that (63) becomes

/0 Prlu+ v+ uv/e < g(e)|v=v]p,(v)dv

/0“” pr[u <
[ - (o ] e

gle) —v
1+v/e

v = v} Ave M do

o) [ 1 [1 ~ oxp (—Au [%D]

X )\Ve_kvg(e)w dw

3

Priu+ v+ uv/e < g(e)]

15

Thus,

1
liminf — Pr[u+ v + uv/e < g(€)]

e—0 h( )
1 — e—ugle)
(i) =)

AuAy lim
e—0
AuAy

Since the bounds in (64) and (65) are equal, the claim is
proved. ]

Claim 3: Supposef;(s) — g(s) pointwise ast — ty, and
that f;(s) is monotone increasing in for eacht. Let h(s)
be such thath;(s) < s, hi(s) — s pointwise ast — to,
and ht(s)/s is monotone decreasing in for eacht. Define
(63)  7-1(+) := min Ay 1(r). Then
lim f,(h;

t—to

Y

(65)

() (66)

g(r) .

Proof: Sinceh(s) g s
and consequently,(r) < f,(h;
tone increasing. Thus,

for all t, we haver < h ( ),
'(r)) becausef;(-) is mono-

1 _ liminf f,(h; () > g(r) . (67)
< ROrA / U =t

o 1+ )u{/e ! The upper bound is a bit more involved. Fix > 0.
= Mg Z (g(e)/e +1)In(gle)/e+ 1) — gle)/e Lemma 2 shows that for each there existst* such that

(9(e)/€)? hi'(r) < /(1 —6) for all ¢ such that|t — to| < [t* — to|.
= AAh(e), Then we have
whence fe(hi M () < fi(r/(1=6)) .

. 1 Thus,
P g vl atol = Aty 68 i sup i (1) < /(1 - )

To lower bound (63), we use the concavitylof e~ %, i.e,
foranyt > 0,1 —¢e* > z for all x < ¢, and the

identity e=¥ > 1 —y for all y > 0, so that (63) becomes

l—e”
t

Priu+ v+ uv/e < g(e)]

>

Y

oo [/ [(Sae) e
X Ay (1= Avg(e)w) dw

w0 (552)

S, [t 0 - v

A (©) (“T;;()) (1= Ag())
1—w

1
<,
0 1—|—wg
_ ug(é)
Aoy (1 c )

><( gle )/e—l—l)ln g(e)/e+1)—
g(e)/e)?

_ uq(e)
AN, (1 c )

|

and sincej can be made arbitrarily small,
F(r) <g(r)

Combining (67) with (68), we obtain the desired result.m

The following Lemma is used in the proof of the upper
bound of Claim 3.

Lemma 2: Let h:(s) be such thathi(s) < s, hi(s) — s
pointwise ast — to, and hi(s)/s is monotone decreasing in
s for eacht. Defineh; ! (r) := min h; ! (r). For eachry > 0
and anyo > 0, there eX|stsf* such that

hi (ro) <ro/(1=10)

for all ¢ such thatjt — o] < [t* — o]
Proof: Fix ro > 0 andé > 0, and selectsy; such that
So > 7‘0/(1 — 5)
Becauséh,(s)/s — 1 point-wise as — t, for eachs > 0
and anyo > 0, there exists &* such that

hi(s) > s(1 —4),

lim sup ft(il (68)

t—to

all t: |t —to] < |t™ —tol.

Moreover, sinceh.(s)/s is monotone decreasing if if t*

is sufficient for convergence afy, then it is sufficient for
convergence at ak < sg. Thus, for anysy > 0 and§ > 0

there exists &* such that

hi(s) > s(1=19), all s <sg,t:|t—to| <[t*—tof .
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Throughout the rest of the proof, we only considet so and It is apparent that (70) is increasing i so the amplifier

t such thatlt — to| < |t* — to|. power constraint (69) should be active, yielding, afterssiub
Consider the interval = [rq,r/(1 — §)], and note that tutions and algebraic manipulations,

s € I impliess < sg. Sinceh(s) < s, we haveh:(rg) < ro. _ 2

Also, sinceh,(s) > s(1 — &) by the above construction, we lar = log(1+ (a4 SQNRS’”I ,

have h:(ro/(1 — 6)) > ro. By continuity, h;(s) assumes all +f(las.r["SNRs., |ar.a|"SNRy ) ,

intermediate values betweén (ro) and h:(ro/(1 — 6)) on  with f(,-) given by (13).

the interval(ro, ro /(1 — §)) [42, Theorem 4.23]; in particular,

there exists an; € (ro,70/(1 — 6)) such thath(z1) = 7o. APPENDIXIII

—1
-Lhef.resqlt follo;/_vs ;”I)Imht f(TO) thlde_TQ_/(l ;{i)f Wherj INPUT DISTRIBUTIONS FORTRANSMIT DIVERSITY BOUND
the first inequality follows from the definition of, () an In this appendix, we derive the input distributions that

the second inequality follows from the fact thatc /. m minimize outage probability for transmit diversity schesme
the high SNR regime. Our derivation is a slight extension of
the results in [2], [3] dealing with asymmetric fading vartas.
An equivalent channel model for the two-antenna case can
2 summarized as

APPENDIXII
AMPLIFY-AND-FORWARD MUTUAL INFORMATION

For completeness, in this appendix we compute the m
imum average mutual information for amplify-and-forwar

transmission (12). The result borrows substantially frdma t y[n] = [31 32] {x1 [n]] +z[n] , (71)
vector results in [2], [3], aside from taking into accouneth — (7]
amplifier power constraint in the relay as well as simplifyin @ x[n]

manipulations.
We write the equivalent channel (2)—(4), with relay proees
ing (8), in vector form as

gvherea represents the fading coefficients atjd] the transmit
Signals from the two transmit antennas, ar{d] is a zero-
mean, white complex Gaussian process with variaigehat
valn] as.d captures the effects of noise and interference @ et E [xx]
|:}/d[n+ N/4J - Lr,dﬁas,r] ] be the covariance matrix for the transmit signals. Then the
power constraint on the inputs may be written in the form

yaln] 4 tr(Q) < P.
0 1 0 zr[n] We are interested in determining a distribution on the input
Lvr 4B 0 } z4[n] vectorx, subject to the power constraint, that minimizes outage
< 2 |zan+ N/4] probability, i.e.,
B _\,_/
zn] min Pr[I(x;yla=a) <R| . (72)
where the source signal has power constrift;] < P, and Petr(Q)<P
relay amplifier has constraint As [2], [3] develops, the optimization (72) can be restricte
optimization over zero-mean, circularly symmetric comple
g < Pr (69) Gaussian inputs, because Gaussian codebooks maximize the
~\|as 2 Ps+ N’ mutual information for each value of the fading coefficients

a. Thus, (72) is equivalent to maximizing over the covariance

and the noise has covariange|zz'| = diag(N,, Na, Na). ; LA X
: . . . matrix of the complex Gaussian inputs subject to the power
Note that we determine the mutual information for arbltrargonstrainti e

transmit powers, relay amplification, and noise levels,neve

though we ut|_I|ze the result only for the symmetric c.asecSm. min  Pr|log [ 1+ aRa <R| . (73)
the channel is memoryless, the average mutual information Q:tr(Q)<P 0
satisfies

We now argue thaf) diagonal is sufficient, even if the com-

Iap < I(xs;yq) < log det (I + (PSAAT)(BE [ZZT} BT)—l) , ponents ofa are independent but not identically distributed.
, . ) . We note that this argument is a slight extension of [2], [3],
with equality forx, zero-mean, circularly symmetric compleXp, \yhich i.i.d. fading coefficients are treated. Although we

Gaussian [2], [3]. Noting that treat the case of two transmit antennas, the argument extend

AT — ENI as,d(ar,qfasr)* naturally to more than two antennas.
T |k 4araBasy |a,.aBas.r|? We write a = a)}, wherea is a zero mean, i.i.d. complex
N, 0 Gaussian vector with unit variances abd= diag(oy, 02).
BE [zzT] Bt = { 0 |a.aB2N, + Ny ] Thus, the outage probability in (73) may be written as
' 5 i3t
we have Pr [1og <1 + m#) < R} .
0
det (I + (P,AA")(BE [2zz] B~} _ _ . .
¢ ( 2+ I [zz ] ) ) ) Now consider an eigen-decomposition of the makig: =
14 Pslas 4l Pslar afas r| (70) UDU', whereU is unitary andD is diagonal. Using the

Na (lar,aBI? Ny + Na) - fact that the distribution of is rotationally invariant,i.e,
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aU has the same distribution asfor any unitaryU [2], [3], [20]
we observe that the outage probability for covariance matri
Y.QX' is the same as the outage probability for the diagon@h]
matrix D.

For D = diag(d;, d3), the outage probability can be written

in the form [22]

-1

: [23]
SNR

Pr d1|31|2 —+ d2|32|2 S

which, using Fact 2, decays proportional t¢(SNR? det D)
for large SNR if di,d> # 0. Thus, minimizing the outage
probability for largeSNR is equivalent to maximizing

det D = det 2QXT = 0702(Q1,1Q2,2 — |Q1.2]%)

such thatQ; 1 + Q22 < P. Clearly, (74) is maximized for [26]
Q11 =Q22=P/2andQ;2 = Q2,1 = 0. Thus, zero-mean,
i.i.d. complex Gaussian inputs minimize the outage prdtgbi [27]
in the high SNR regime.

[24]

[25]
(74)
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