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Abstract

We develop and analyze cooperative diversity protocols that combat fading induced by multipath
propagation in wireless networks. The underlying techniques exploit space diversity available through
cooperating terminals’ relaying signals for one another. We outline several low-complexity strategies
employed by the cooperating radios, including fixed relaying schemes such as amplify-and-forward and
decode-and-forward, selection relaying schemes that adapt based upon channel measurements between
the cooperating terminals, and incremental relaying schemes that adapt based upon limited feedback
from the destination terminal. We develop performance characterizations in terms of outage events and
associated outage probabilities, which measure robustness of the transmissions to fading, focusing on
the high signal-to-noise (SNR) ratio regime. Except for fixed decode-and-forward, all of our cooperative
diversity protocols achieve full diversity (i.e., second-order diversity in the case of two terminals), and
are close to optimum (within 1.5 decibels (dB)) in certain regimes. Thus, using distributed antennas, we
can provide the powerful benefits of space diversity without need for physical arrays, though at a loss of

spectral efficiency due to half-duplex operation and possibly additional receive hardware. Applicable to
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Fig. 1. Illustration of radio signal paths in an example wireless network with terminals 73 and 7% transmitting information to
terminals 75 and T4, respectively.

any wireless setting, including cellular or ad-hoc networks—wherever space constraints preclude the use
of physical arrays—the performance characterizations reveal that large power or energy savings result

from the use of these protocols.

Index Terms

diversity techniques, fading channels, outage probability, relay channel, user cooperation, wireless

networks

I. INTRODUCTION

In wireless networks, signal fading arising from multipath propagation is a particularly severe channel
impairment that can be mitigated through the use of diversity [1]. Space, or multi-antenna, diversity
techniques are particularly attractive as they can be readily combined with other forms of diversity, eg.,
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 examines the problem of creating and
exploiting space diversity using a collection of distributed antennas belonging to multiple terminals, each
with its own information to transmit. We refer to this form of space diversity as cooperative diversity
(cf., user cooperation diversity of [6]) because the terminals share their antennas and other resources to

create a “virtual array” through distributed transmission and signal processing.

A. Motivating Example

To illustrate the main concepts, consider the example wireless network in Fig. 1, in which terminals T3
and T>» transmit to terminals T3 and Ty, respectively. This example might correspond to a snapshot of a

wireless network in which a higher-level network protocol has allocated bandwidth to two terminals for
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transmission to their intended destinations or next hops. For example, in the context of a cellular network,
T, and T, might correspond to handsets and T3 = T might correspond to the basestation [7]. As another
example, in the context of a wireless local-area network (LAN), the case T35 # T, might correspond to an
ad-hoc configuration among the terminals, while the case T3 = T, might correspond to an infrastructure
configuration, with T3 serving as an access point [8]. The broadcast nature of the wireless medium is the
key property that allows for cooperative diversity among the transmitting terminals: transmitted signals
can, in principle, be received and processed by any of a number of terminals. Thus, instead of transmitting
independently to their intended destinations, 77 and 75 can listen to each other’s transmissions and jointly
communicate their information. Although these extra observations of the transmitted signals are available
for free (except, possibly, for the cost of additional receive hardware) wireless network protocols often
ignore or discard them.

In the most general case, 77 and T, can pool their resources, such as power and bandwidth, to
cooperatively transmit their information to their respective destinations, corresponding to a wireless
multiple-access channel with relaying for 75 = Ty, and to a wireless interference channel with relaying
for T3 # T,. At one extreme, corresponding to a wireless relay channel, the transmitting terminals can
focus all their resources on transmitting the information of 77; in this case, T; acts as the “source” of
the information, and 75 serves as a “relay”. Such an approach might provide diversity in a wireless
setting because, even if the fading is severe between Ty and T3, the information might be successfully
transmitted through T5. Similarly, 77 and 75 can focus their resources on transmitting the information

of Ty, corresponding to another wireless relay channel.

B. Related Work

Relay channels and their extensions form the basis for our study of cooperative diversity. Because
relaying and cooperative diversity essentially create a virtual antenna array, work on multiple-antenna or
multiple-input, multiple-output (MIMO) systems is also very relevant; we do not summarize that literature
here due to space considerations, but refer the reader to [2]-[4], [9], [10] and references therein.

1) Relay Channels: The classical relay channel models a class of three terminal communication
channels originally examined by van der Meulen [11], [12]. Cover and EI Gamal [5] treat certain discrete

memoryless and additive white Gaussian noise relay channels, and they determine channel capacity for
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the class of physically degraded® relay channels. More generally, they develop lower bounds on capacity,

i.e., achievable rates, via three structurally different random coding schemes:

« facilitation [5, Theorem 2], in which the relay does not actively help the source, but rather, facilitates
the source transmission by inducing as little interference as possible;

« cooperation [5, Theorem 1], in which the relay fully decodes the source message and re-transmits,
jointly with the source, a bin index (in the sense of Slepian-Wolf coding [13], [14]) of the previous
source message;

« observation? [5, Theorem 6], in which the relay encodes a quantized version of its received signal,

using ideas from source coding with side information [13], [15], [16].

Loosely speaking, cooperation yields highest achievable rates when the source-relay channel quality is
very high, and observation yields highest achievable rates when the relay-destination channel quality is
very high. Various extensions to the case of multiple relays have appeared in the work of Schein and
Gallager [17], [18], Gupta and Kumar [19], [20], Gastpar et. al [21]-[23], and Reznik et. al [24]. For
channels with multiple information sources, Kramer and Wijngaarden [25] consider a multiple-access
channel in which the sources communicate to a single destination and share a single relay.

2) Multiple Access Channels with Generalized Feedback: Work by Carleial [26] and Willems et. al
[27]-[30] examines multiple-access channels with generalized feedback. Here the generalized feedback
allows the sources to essentially act as relays for one another. This model relates most closely to
the wireless channels we have in mind. Willems’ construction [28] can be viewed as a two-terminal
generalization of the cooperation scheme in [5]; Carleial’s construction [26] may be viewed as a two-
terminal generalization of the observation scheme in [5]. Sendonaris et. al introduce multipath fading
into the model of [26], [28], calling their approaches for this system model user cooperation diversity
[6], [31], [32]. For ergodic fading, they illustrate that the adapted coding scheme of [28] enlarges the

achievable rate region, and they briefly illustrate how cooperation reduces outage probability.

At a high level, degradedness means that the destination receives a corrupted version of what the relay receives, all conditioned
on the relay transmit signal. While this class is mathematically convenient, none of the wireless channels found in practice are
well-modeled by this class.

The names facilitation and cooperation were introduced in [5], but the Cover and El Gamal did not give a name to their

third approach. We use the name observation throughout the paper for convenience.
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C. Summary of Results

We now highlight the results of the present paper, many of which were initially reported in [33], [34],
and recently extended in [35]. This paper develops low-complexity cooperative diversity protocols that
explicitly take into account certain implementation constraints in the cooperating radios. Specifically,
while previous work on relay and cooperative channels allows the terminals to transmit and receive
simultaneously, i.e., full-duplex, we constrain them to employ half-duplex transmission. Furthermore,
although previous work employs channel state information (CSI) at the transmitters in order to exploit
coherent transmission, we utilize CSI at the receivers only. Finally, although previous work focuses
primarily on ergodic settings and characterizes performance via Shannon capacity or capacity regions, we
focus on non-ergodic or delay-constrained scenarios and characterize performance by outage probability.

We outline several cooperative protocols and demonstrate their robustness to fairly general channel
conditions. In addition to direct transmission, we examine fixed relaying protocols in which the relay
either amplifies what it receives, or fully decodes, re-encodes, and re-transmits the source message. We
call these options amplify-and-forward and decode-and-forward, respectively. Obviously, these approaches
are inspired by the observation [5], [17], [26] and cooperation [5], [6], [28] schemes, respectively, but
we intentionally limit the complexity of our protocols for ease of potential implementation. Furthermore,
our analysis suggests that cooperating radios may also employ threshold tests on the measured channel
quality between them, to obtain adaptive protocols, called selection relaying, that choose the strategy
with best performance. In addition, adaptive protocols based upon limited feedback from the destination
terminal, called incremental relaying, are also developed. Selection and incremental relaying protocols
represent new directions for relay and cooperative transmission, building upon existing ideas.

For scenarios in which channel state information is unavailable to the transmitters, even full-duplex
cooperation cannot improve the sum capacity for ergodic fading [36]. Consequently, we focus on delay-
limited or non-ergodic scenarios, and evaluate performance of our protocols in terms of outage probability
[37]. We show analytically that, except for fixed decode-and-forward, each of our cooperative protocols
achieves full diversity, i.e., outage probability decays proportional to 1/SNR2, where SNR is signal-to-
noise ratio (SNR) of the channel, while it decays proportional to 1/SNR without cooperation. At fixed
low rates, amplify-and-forward and selection decode-and-forward are at most 1.5 dB from optimal and
offer large power or energy savings over direct transmission. For sufficiently high rates, direct transmission
becomes preferable to fixed and selection relaying, because these protocols repeat information all the time.

Incremental relaying exploits limited feedback to overcome this bandwidth inefficiency by repeating only

August 6, 2003 DRAFT



IEEE TRANS. INFORM. THEORY 6

rarely. The degree to which these protocols are optimal among all cooperative schemes remains an open
question, especially for high rates. More broadly, the relative attractiveness of the various schemes can

depend upon the network architecture and implementation considerations.

D. Outline

An outline of the paper is as follows. Section 1l describes our system model for the wireless networks
under consideration. Section Il outlines fixed, selection, and incremental relaying protocols at a high
level. Section IV characterizes the outage behavior of the various protocols in terms of outage events
and outage probabilities, using several results for exponential random variables developed in Appendix I.
Section V compares the results from a number of perspectives, and Section VI offers some concluding

remarks.

Il. SYSTEM MODEL

In our model for the wireless channel in Fig. 1, narrowband transmissions suffer the effects of frequency
nonselective fading and additive noise. Our analysis in Section 1V focuses on the case of slow fading, to
capture scenarios in which delay constraints are on the order of the channel coherence time, and measures
performance by outage probability, to isolate the benefits of space diversity. While our cooperative
protocols can be naturally extended to the kinds of wideband and highly mobile scenarios in which
frequency- and time-selective fading, respectively, are encountered, the potential impact of our protocols

becomes less substantial as other forms of diversity can be exploited in the system.

A. Medium Access

As in many current wireless networks, such as cellular and wireless LANs, we divide the available
bandwidth into orthogonal channels and allocate these channels to the transmitting terminals, allowing our
protocols to be readily integrated into existing networks. As a convenient by-product of this choice, we are
able to treat the multiple-access (single receiver) and interference (multiple receivers) cases described in
Section I-A simultaneously, as a pair of point-to-point channels with signaling between the transmitters.
Furthermore, removing the interference between the terminals at the destination radio(s) substantially
simplifies the receiver algorithms and the outage analysis for purposes of exposition.

For all of our cooperative protocols, transmitting terminals must also process their received signals;
however, current limitations in radio implementation preclude the terminals from full-duplex operation,

i.e, transmitting and receiving at the same time in the same frequency band. Because of severe attenuation
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T, Tx+T5 TX

N channel uses

(@)
T) TX T5 Tx
N/2 N/2
(b)
T, Tx+T5 Rx T> Relay Ty Tx+T} RXx T; Relay
N/4 N/4 N/4 N/4
(c)

Fig. 2. Example time-division channel allocations for (a) direct transmission with interference, (b) orthogonal direct transmission,

and (c) orthogonal cooperative diversity. We focus on orthogonal transmissions of the form (b) and (c) throughout the paper.

over the wireless channel, and insufficient electrical isolation between the transmit and receive circuitry,
a terminal’s transmitted signal drowns out the signals of other terminals at its receiver input.3 Thus, to
ensure half-duplex operation, we further divide each channel into orthogonal subchannels. Fig. 2 illustrates

our channel allocation for an example time-division approach with two terminals.

B. Equivalent Channel Models

Under the above orthogonality constraints, we can now conveniently, and without loss of generality,
characterize our channel models using a time-division notation; frequency-division counterparts to this
model are straightforward. Due to the symmetry of the channel allocations, we focus on the message
of the “source” terminal T, which potentially employs terminal 7.. as a “relay”, in transmitting to the
“destination” terminal 7};, where s, € {1,2} and d € {3,4}. We utilize a baseband-equivalent, discrete-
time channel model for the continuous-time channel, and we consider N consecutive uses of the channel,

where N is large.

Typically a terminal’s transmit signal is 100 — 150 dB above its received signal.
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For direct transmission, our baseline for comparison, we model the channel as
yaln] = as.q xs[n] + za[n] D

for,say, n = 1,..., N/2, where x4[n] is the source transmitted signal, and y4[n] is the destination received
signal. The other terminal transmits for n = N/2 4+ 1,..., N as Fig. 2(b) depicts. Thus, in the baseline
system each terminal utilizes only half of the available degrees of freedom of the channel.

For cooperative diversity, we model the channel during the first half of the block as

Yr [n] = as,r Xs[n] + Zr[n] (2)
ya[n] = as axs[n] + zq[n] (3)
for, say, n = 1,..., N/4, where x,[n] is the source transmitted signal and y,.[n] and y,[n] are the relay

and destination received signals, respectively. For the second half of the block, we model the received
signal as

valn| = arqx-[n] + z4n] 4)

forn = N/4+41,...,N/2, where x,[n] is the relay transmitted signal and y,[n] is the destination received
signal. A similar setup is employed in the second half of the block, with the roles of the source and relay
reversed, as Fig. 2(c) depicts. Note that, while again half the degrees of freedom are allocated to each
source terminal for transmission to its destination, only a quarter of the degrees of freedom are available
for communication to its relay.

In (1)-(4), a; ; captures the effects of path-loss, shadowing, and frequency nonselective fading, and z;[n]
captures the effects of receiver noise and other forms of interference in the system, where i € {s,r}
and j € {r,d}. We consider the scenario in which the fading coefficients are known to, i.e., accurately
measured by, the appropriate receivers, but not fully known to, or not exploited by, the transmitters.
Statistically, we model a; ; as zero-mean, independent, circularly-symmetric complex Gaussian random
variables with variances ai ;- Furthermore, we model z; [n] as zero-mean mutually independent, circularly-

symmetric, complex Gaussian random sequences with variance N.

C. Parameterizations

Two important parameters of the system are the SNR without fading and the spectral efficiency. We now
define these parameters in terms of standard parameters in the continuous-time channel. For a continuous-
time channel with bandwidth W Hz available for transmission, the discrete-time model contains W

two-dimensional symbols per second (2D/s).
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If the transmitting terminals have an average power constraint in the continuous-time channel model
of P, Joules/s, we see that this translates into a discrete-time power constraint of P = 2P./W Joules/2D
since each terminal transmits in half of the available degrees of freedom, under both direct transmission
and cooperative diversity. Thus, the channel model is parameterized by the SNR random variables

SNR |a; j|%, where

-+ ©)

is the common SNR without fading. Throughout our analysis, we vary SNR, and allow for different
(relative) received SNRs through appropriate choice of the fading variances. As we will see, increasing
the source-relay SNR proportionally to increases in the source-destination SNR leads to the full diversity
benefits of the cooperative protocols.
In addition to SNR, transmission schemes are further parameterized by the rate r b/s, or spectral
efficiency
R 2 2r/W bls/Hz (6)

attempted by the transmitting terminals. Note that (6) is the rate normalized by the number of degrees
of freedom utilized by each terminal, not by the total number of degrees of freedom in the channel.
Nominally, one could parameterize the system by the pair (SNR,R); however, our results lend more
insight, and are substantially more compact, when we parameterize the system by either of the pairs
(SNRyuorm, R) OF (SNR, Ryorm ), Where?
A SNR A R

SNRnorm = 57— ) Rinorm = . (7)
1 log (1 + SNR o2 d)

For an additive white Gaussian noise (AWGN) channel with bandwidth (7///2) and SNR given by SNR aid,
SNRporm > 1 IS the SNR normalized by the minimum SNR required to achieve spectral efficiency R
[38]. Similarly, Ryorm < 1 is the spectral efficiency normalized by the maximum achievable spectral
efficiency, i.e., channel capacity [9], [10]. In this sense, parameterizations given by (SNR,om,R) and
(SNR, Ryorm ) are duals of one another. For our setting with fading, the two parameterizations yield tradeoffs
between different aspects of system performance: results under (SNR,om,R) exhibit a tradeoff between
the normalized SNR gain and spectral efficiency of a protocol, while results under (SNR, Ryorm) exhibit

a tradeoff between the diversity order and normalized spectral efficiency of a protocol.

#Unless otherwise indicated, logarithms in this paper are taken to base 2.
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Note that, although we have parameterized the transmit powers and noise levels to be symmetric
throughout the network for purposes of exposition, asymmetries in average SNR and path-loss can be
lumped into the fading variances aij. Furthermore, while the tools are powerful enough to consider

general rate pairs (R, R2), we consider the equal rate point, i.e., Ry = Ry = R, for purposes of exposition.

I11. COOPERATIVE DIVERSITY PROTOCOLS

In this section, we describe a variety of low-complexity cooperative diversity protocols that can be
utilized in the network of Fig. 1, including fixed, selection, and incremental relaying. These protocols
employ different types of processing by the relay terminals, as well as different types of combining
at the destination terminals. For fixed relaying, we allow the relays to either amplify their received
signals subject to their power constraint, or to decode, re-encode, and re-transmit the messages. Among
many possible adaptive strategies, selection relaying builds upon fixed relaying by allowing transmitting
terminals to select a suitable cooperative (or non-cooperative) action based upon the measured SNR
between them. Incremental relaying improves upon the spectral efficiency of both fixed and selection
relaying by exploiting limited feedback from the destination and relaying only when necessary.

In any of these cases, the radios may employ repetition or more powerful codes. We focus on repetition
coding throughout the sequel, for its low implementation complexity and ease of exposition. Destination
radios can appropriately combine their received signals by exploiting control information in the protocol

headers.

A. Fixed Relaying

1) Amplify-and-Forward: For amplify-and-forward transmission, the appropriate channel model is (2)—
(4). The source terminal transmits its information as xs[n|, say, for n = 1,..., N/4. During this interval,

the relay processes y,[n], and relays the information by transmitting
Xr[n]zﬂyr[n_N/Zﬂ ) (8)

forn=N/4+1,...,N/2. To remain within its power constraint (with high probability), an amplifying

P
<y | 9
Y e o ©

where we allow the amplifier gain to depend upon the fading coefficient a, ,. between the source and relay,

relay must use gain

which the relay estimates to high accuracy. This scheme can be viewed as repetition coding from two

separate transmitters, except that the relay transmitter amplifies its own receiver noise. The destination
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can decode its received signal y4[n| for n = 1,..., N/2 by first appropriately combining the signals from
the two subblocks using a suitably designed matched-filter (maximum-ratio combiner).

2) Decode-and-Forward: For decode-and-forward transmission, the appropriate channel model is again
(2)-(4). The source terminal transmits its information as x;[n], say, for n = 0,..., N/4. During this
interval, the relay processes y,[rn] by decoding an estimate X,[n| of the source transmitted signal.

Under a repetition-coded scheme, the relay transmits the signal
xy[n] = xs[n — N/4]

forn=N/4+1,...,N/2.

Decoding at the relay can take on a variety of forms. For example, the relay might fully decode
the source message by estimating the source codeword, or it might employ symbol-by-symbol decoding
and allow the destination to perform full decoding. These options allow for trading off performance
and complexity at the relay terminal. Note that we focus on full decoding in the sequel; symbol-by-
symbol decoding of binary transmissions has been treated from an uncoded perspective in [39]. Again,

the destination employs a suitably modified matched filter to combine transmissions.

B. Sdlection Relaying

As we might expect, and the analysis in Section 1V confirms, fixed decode-and-forward is limited by
direct transmission between the source and relay. However, since the fading coefficients are known to
the appropriate receivers, a,, can be measured to high accuracy by the cooperating terminals; thus, they
can adapt their transmission format according to the realized value of a .

This observation suggests the following class of selection relaying algorithms. If the measured |a; |2
falls below a certain threshold, the source simply continues its transmission to the destination, in the
form of repetition or more powerful codes. If the measured |a; .| lies above the threshold, the relay
forwards what it received from the source, using either amplify-and-forward or decode-and-forward, in
an attempt to achieve diversity gain.

Selection relaying of this form should offer diversity because, in either case, two of the fading
coefficients must be small in order for the information to be lost. Specifically, if Ias,rl2 is small, then
|as,a|> must also be small for the information to be lost when the source continues its transmission.
Similarly, if |as .| is large, then both |as4|*> and |a, 4> must be small for the information to be lost
when the relay employs amplify-and-forward or decode-and-forward. We formalize this notion when we

consider outage performance of selection relaying in Section 1V.
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C. Incremental Relaying

As we will see, fixed and selection relaying can make inefficient use of the degrees of freedom of
the channel, especially for high rates, because the relays repeat all the time. In this section, we describe
incremental relaying protocols that exploit limited feedback from the destination terminal, e.g., a single
bit indicating the success or failure of the direct transmission, that we will see can dramatically improve
spectral efficiency over fixed and selection relaying. These incremental relaying protocols can be viewed
as extensions of incremental redundancy, or hybrid automatic-repeat-request (ARQ), to the relay context.

As one example, consider the following protocol utilizing feedback and amplify-and-forward transmis-
sion. We nominally allocate the channels according to Fig. 2(b). First, the source transmits its information
to the destination at spectral efficiency R. The destination indicates success or failure by broadcasting a
single bit of feedback to the source and relay, which we assume is detected reliably by at least the relay.® If
the source-destination SNR is sufficiently high, the feedback indicates success of the direct transmission,
and the relay does nothing. If the source-destination SNR is not sufficiently high for successful direct
transmission, the feedback requests that the relay amplify-and-forward what it received from the source.
In the latter case, the destination tries to combine the two transmissions. As we will see, protocols of this
form make more efficient use of the degrees of freedom of the channel, because they repeat only rarely.
Incremental decode-and-forward is also possible, but the analysis is more involved and its performance

is slightly worse than the above protocol.

IV. OUTAGE BEHAVIOR

In this section, we characterize performance of the protocols of Section Il in terms of outage events
and outage probabilities [37]. To facilitate their comparison in the sequel, we also derive high SNR
approximations of the outage probabilities using results from Appendix I. For fixed fading realizations,
the effective channel models induced by the protocols are variants of well-known channels with additive
white Gaussian noise. As a function of the fading coefficients viewed as random variables, the mutual
information for a protocol is a random variable denoted by /; in turn, for a target rate R, / < R denotes

the outage event, and Pr[/ < R] denotes the outage probability.

5Such an assumption is reasonable if the destination encodes the feedback bit with a very low-rate code. Even if the relay
cannot reliably decode, useful protocols can be developed and analyzed. For example, a conservative protocol might have the
relay amplify-and-forward what it receives from the source in all cases except when the destination reliably receives the direct

transmission and the relay reliably decodes the feedback bit.
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A. Direct Transmission

To establish baseline performance, under direct transmission, the source terminal transmits over the
channel (1). The maximum average mutual information between input and output in this case, achieved by
independent and identically-distributed (i.i.d.) zero-mean, circularly-symmetric complex Gaussian inputs,
is given by

Ip = log (1 + SNR|as 4|%) (10)

as a function of the fading coefficient a, 4. The outage event for spectral efficiency R is given by /p <R

and is equivalent to the event
2R 1
SNR

|asal® < (11)

For Rayleigh fading, i.e.,

as.a|? exponentially distributed with parameter 0;3, the outage probability

satisfies®

2R 1
p'* (SNR, R) 2 pr [Ip <R] =Pr [\asd\z < }

SNR
) 2F —1
P\ s o2,

1 22-1
~ —— " —=> SR large , (12)
Ogd SNR

where we have utilized the results of Fact 1 in Appendix | with A = 1/0§7d, t = SNR, and g(t) = (2*—1)/t.

B. Fixed Relaying

1) Amplify-and-Forward: The amplify-and-forward protocol produces an equivalent one-input, two-
output complex Gaussian noise channel with different noise levels in the outputs. As Appendix Il details,
the maximum average mutual information between the input and the two outputs, achieved by i.i.d.

complex Gaussian inputs, is given by
1
lar = 5 log (1+ SNR|as 4> + f (SNR|as,|%, SNR|a,q%) ) (13)
as a function of the fading coefficients, where

A xy

flz,y) = m . (14)

We note that the amplifier gain 3 does not appear in (13), because the constraint (9) is met with equality.

®As we develop more formally in Appendix I, the approximation f(SNR) ~ g(SNR), SNR large, is in the sense of
f(SNR)/g(SNR) — 1 as SNR — oo.
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The outage event for spectral efficiency R is given by /47 < R and is equivalent to the event
2R
—1

1 2
|as,d|2 + %f (SNR|as,r|2> SNR|ar,d|2) < (15)

SNR
For Rayleigh fading, i.e., |a; ;|* independent and exponentially distributed with parameters ai‘]?, analytic

calculation of the outage probability becomes involved, but we can approximate its high SNR behavior

as

2 2 oR 2

out A 1 Us,r + Uy«,d 29% —1

SNR,R) = Pr[lar <R| ~ . , SNR large , 16
PaAF ( ) r [ AF ] <2J§d Ug,rfffd SNR g (16)

where we have utilized the results of Claim 1 in Appendix I, with
u= ‘a&d‘Z? V= ’aS,T’P? w = ‘3r,d’2

-2 -2
)‘u:Us,dﬂ Ay =0 )\W:Und

gle) = (22" —1)e, t=8SNR, h(t)=1/t.

2) Decode-and-Forward: To analyze decode-and-forward transmission, we examine a particular de-
coding structure at the relay. Specifically, we require the relay to fully decode the source message;
examination of symbol-by-symbol decoding at the relay becomes involved because it depends upon the
particular coding and modulation choices. The maximum average mutual information for repetition-coded

decode-and-forward can be readily shown to be
1
Ipr = 5 min {log (1 + SNR|a,|?) , log (1 + SNR|as 4| + SNR |a,4|°) } (17)

as a function of the fading random variables. The first term in (17) represents the maximum rate at which
the relay can reliably decode the source message, while the second term in (17) represents the maximum
rate at which the destination can reliably decode the source message given repeated transmissions from
the source and destination. Requiring both the relay and destination to decode perfectly results in the
minimum of the two mutual informations in (17). We note that such forms are typical of relay channels
with full decoding at the relay [5].

The outage event for spectral efficiency R is given by /pr < R and is equivalent to the event

2% — 1
SNR

For Rayleigh fading, the outage probability for repetition-coded decode-and-forward can be computed

min {]as,rﬁ |agal” + ’andﬁ} < 19

according to
out A

= Pr [|as, > < g(SNR)] + Pr [|as,|* > g(SNR)] Pr [|as.a]® + |aral® < g(SNR)]  (19)
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where g(SNR) = [2?® — 1]/SNR. Although we may readily compute a closed form expression for (19),

for compactness we examine the large SNR behavior of (19) by computing the limit

1
——— Py (SNR,R) =

g(SNR) Pr [|a,|> < g(SNR)]

1
g(SNR)

—1/02 .

+Pr [[a > > g(SNR)] Pr [|agql® + |aral* < g(SNR)]

9(SNR)

—1
—0

—1/07,

as SNR — oo, using the results of Facts 1 and 2 in Appendix I. Thus, we conclude that
22R

PO (SNR,R) ~ SNR large. (20)

o2, SNR
The 1/SNR behavior in (20) indicates that fixed decode-and-forward does not offer diversity gains for
large SNR, because requiring the relay to fully decode the source information limits the performance of

decode-and-forward to that of direct transmission between the source and relay.

C. Sdection Relaying

To overcome the shortcomings of decode-and-forward transmission, we described selection relaying
corresponding to adaptive versions of amplify-and-forward and decode-and-forward, both of which fall
back to direct transmission if the relay cannot decode. We cannot conclude whether or not these protocols
are optimal, because the capacities of general relay and related channels are long-standing open problems;
however, as we will see, selection decode-and-forward enables the cooperating terminals to exploit full
spatial diversity and overcome the limitations of fixed decode-and-forward.

As an example analysis, we determine the performance of selection decode-and-forward. Its mutual
information is somewhat involved to write down in general; however, in the case of repetition coding at

the relay, using (10) and (17), it can be readily shown to be

/ +log (1 + 2 SNR|ag 4|?) |las.+|? < g(SNR) 1)
SDF —
31og (1 + SNR|a, 4[” + SNR|a, 4*) |as,|* > g(SNR)

where g(SNR) = [22% —1]/SNR. The first case in (21) corresponds to the relay not being able to decode and
the source repeating its transmission; here, the maximum average mutual information is that of repetition

coding from the source to the destination, hence the extra factor of 2 in the SNR. The second case in (21)
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corresponds to the relay being able to decode and repeating the source transmission; here, the maximum
average mutual information is that of repetition coding from the source and relay to the destination.

The outage event for spectral efficiency R is given by /Ispr < R and is equivalent to the event

({12 < g(sMR)} () {2lasaf? < g(SNR)} )
U ({120 = g(sm0)} () {lasal® + |anal® < g(5MR)}) . (22)
The first (resp. second) event of the union in (22) corresponds to the first (resp. second) case in (21). We
observe that adapting to the realized fading coefficient ensures that the protocol performs no worse than
direct transmission, except for the fact that it potentially suffers the bandwidth inefficiency of repetition

coding.
Because the events in the union of (22) are mutually exclusive, the outage probability becomes a sum,
out A
P$pr (SNR,R) = Pr[lspp <R]
= Pr [|as,|* < g(SNR)] Pr [2|as,q* < g(SNR)]

+Pr [|as,r|2 > g(SNR)] Pr “as,d|2 + |a7”,d|2 < g(SNR)] ) (23)
and we may readily compute a closed form expression for (23). For comparison to our other protocols,

we compute the large SNR behavior of (23) by computing the limit

1 ¢ N )
ou SNR.R) = P o r SNR Pr[2 . SNR
T(SNR) PSpr (SNR,R) J(SNR) T Ua 7 <g( )] E) r [ las.al® < g( )]
*1‘/:7@ —1/(202 )
1
Pr[|as,|? > g(SNR)] ———Pr [|as gl + |a,.q|? SNR
+ P [l > o800)] P [l + ool < o(SR)

—1
_’1/(203,010'3,01)
2 2
1 O-s,r—i_o-r,d
- | s (24)
Us,d JS7TJr,d

as SNR — oo, using the results of Facts 1 and 2 of Appendix I. Thus, we conclude that the large SNR
performance of selection decode-and-forward is identical to that of fixed amplify-and-forward.
Analysis of more general selection relaying becomes involved because there are additional degrees of
freedom in choosing the thresholds for switching between the various options such as direct, amplify-
and-forward, and decode-and-forward. While a potentially useful direction for future research, a detailed

analysis of such protocols is beyond the scope of this paper.
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D. Bounds for Cooperative Diversity

We now develop performance limits for fixed and selection relaying. If we suppose that the source and
relay know each other’s messages a priori, then instead of direct transmission, each would benefit from
using a space-time code for two transmit antennas. In this sense, the outage probability of conventional
transmit diversity [2]-[4] represents an optimistic lower bound on the outage probability of cooperative
diversity. The following sections develop two such bounds: an unconstrained transmit diversity bound,
and an orthogonal transmit diversity bound that takes into account the half-duplex constraint.

1) Transmit Diversity Bound: To utilize a space-time code for each terminal, we allocate the channel
as in Fig. 2(b). Both terminals transmit in all the degrees of freedom of the channel, so their transmitted
power is P/2 Joules/2D, half that of direct transmission. The spectral efficiency for each terminal remains
R.

For transmit diversity, we model the channel as

xs[n]
yaln) = aga  ardl + z4fn] | (25)
Xp|T
for, say, n = 0,...,N/2. As developed in Appendix Ill, an optimal signaling strategy, in terms of
T
minimizing outage probability in the large SNR regime, is to encode information using [XS XT} ii.d.
complex Gaussian, each with power P/2. Using this result, the maximum average mutual information

as a function of the fading coefficients is given by

SNR
tr = tog (14 5 [anal® + anal?)) (26)
The outage event /- < R is equivalent to the event
2R 1
2 2
< . 27
‘as,d‘ + ’aT,d‘ (SNR/Q) ( )
For |a; j|* exponentially distributed with parameters o, 3.2, the outage probability satisfies
out A
pT" (SNR,R) = Pr [l < R|
2 2R _1\7
~ ( > , SNR large , (28)
O d%rd SNR

where we have applied the results of Fact 2 in Appendix I.
2) Orthogonal Transmit Diversity Bound: The transmit diversity bound (28) does not take into account
the half-duplex constraint. To capture this effect, we constrain the transmit diversity scheme to be

orthogonal.
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When the source and relay can cooperate perfectly, an equivalent model to (25), incorporating the relay

orthogonality constraint, consists of parallel channels
valn] = asaxs[n] +zgln},  n=0,...,N/4 (29)
ya[n] = arqx-[n] + zq[n], n=N/4+1,...,N/2 (30)

This pair of parallel channels is utilized half as many times as the corresponding direct transmission
channel, so the source must transmit at twice spectral efficiency in order to achieve the same spectral
efficiency as direct transmission.

For each fading realization, the maximum average mutual information can be obtained using indepen-
dent complex Gaussian inputs. Allocating a fraction « of the power to x,, and the remaining fraction

(1 — «) of the power to x,, the average mutual information is given by

1
Ip = 3 log [ (1 + 2aSNR|as 4%) (1 + 2(1 — @)SNR|a,4%)] , (31)
The outage event /p < R is equivalent to the outage region
2 2 2 2 22R —1
alasal” + (1 = a)laral” + 2a(1 — a)SNR|a; al|aral” < 5o 32)

As in the case of amplify-and-forward, analytical calculation of the outage probability (32) becomes

involved; however, we can approximate its high SNR behavior for Rayleigh fading as

P (SNR,R) 2 Pr [Ip < B]

1 228 2RIn(2) — 1] + 1
~ 5 [2R In( )2 |+ , SNR large , (33)
4a(l — a)os 407, SNR
using the results of Claim 2 in Appendix I, with
u:a|as,d|2> V= (1 _O‘)‘ar,d|2
M= 1/(aosy), A =1/((1 - a)or,)
e=[2" —1]/(2SNR), t=2% 1.
Clearly (33) is minimized for o = 1/2, yielding
1 228 [2RIn(2) — 1] + 1
pPp™ (SNR,R) ~ 27[RInE) — 1] + ., SNR large , (34)

02,02, SNR?
so that i.i.d. complex Gaussian inputs again minimize outage probability for large SNR. Note that for
R — 0, (34) converges to (28), the transmit diversity bound without orthogonality constraints. Thus, the

orthogonality constraint has little effect for small R, but induces a loss in SNR proportional to
RIn(2)
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with respect to the unconstrained transmit diversity bound for large R.

E. Incremental Relaying

Outage analysis of incremental relaying is complicated by its variable-rate nature. In addition to outage
probability, another relevant quantity in the analysis is the expected spectral efficiency.

For amplify-and-forward with feedback, the outage probability is given by
Piir (SNR,R) =Pr [|as,q|* < g(SNR)]

1
Pr [|as,d|2 + g (SRl |2, SWRl3, o) < g(SNR)

|as,d|2 < g(SNR):|

1
=Pt lnal? + g R S, ) < g5 (3)

where g(SNR) = [2F — 1]/SNR and where f(-,-) is given in (14). The second equality follows from the
fact that the intersection of the direct and amplify-and-forward outage events is exactly the amplify-and-
forward outage event. Furthermore, the expected spectral efficiency can be computed as

_ ®’_11 =R 2% _ 1
R=RP 2 -p 2 <
rha&d| ~ "SR }4_2 r[psd| = "SNR ]

. 2-1\ R 2R _ 1
=Rexp | — — |1—exp|—
P\ " snr 2 P\ " "R

R 28 1\ A

-2 [1 texp <‘m>} 2 hom(®) | (36)

where the second equality follows from substituting standard exponential results for |a; 4|2,

A fixed value of R can arise from several possible R, depending upon the value of SNR; thus, we see
that the preimage hgys (R) can contain several points. We define a function gk (R) 2 min hgk(R) to
capture a useful mapping from R to R; for a given value of R, it seems clear from the outage expression
(35) that we want the smallest R possible.

For fair comparison to protocols without feedback, we characterize a modified outage expression in

the large SNR regime. Specifically,

2 2 7 2
- 1 o2, 4o R 1
Piir (SNR,thMR))fv( = J’d> ( ) . SWR large , (37)

20§,d 050y d SNR
where we have combined the results of Claims 1 and 3 in Appendix I.

Bounds for incremental relaying can be obtained by suitably normalizing the results developed Sec-
tion IV-D; however, we stress that treating protocols that exploit more general feedback, along with their

associated performance limits, is beyond the scope of this paper.
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V. DIsSCUSSION

In this section, we compare the outage results of Section IV. We begin with some observations for
statistically asymmetric networks, and then specialize the results to the case of statistically symmetric

networks, e.g., U% ; =1, without loss of generality.

A. Asymmetric Networks

As the results in Section 1V indicate, for fixed rates, simple protocols such as fixed amplify-and-forward,
selection decode-and-forward, and incremental amplify-and-forward each achieve full (i.e., second-order)
diversity: their outage probability performance decays proportional to 1/SNR? (cf. (16), (24), and (37)).
We now compare these protocols to the transmit diversity bound, discuss the impacts of spectral efficiency
and network geometry on performance, and examine their outage events.

1) Comparison to Transmit Diversity Bound: In the low spectral efficiency regime, the protocols

without feedback are within a factor of

2% — 1 ] 0l 0rd
1+ ) ~ 1+ )
|:2(2R - 1) (Ug,r Ug,r

in SNR from the transmit diversity bound, suggesting that the powerful benefits of multi-antenna systems

can indeed be obtained without the need for physical arrays. For statistically symmetric networks, e.g.,
aﬁj = 1, the loss is only v/2 or 1.5 dB; more generally the loss decreases as the source-relay path
improves relative to the relay-destination path.

For larger spectral efficiencies, fixed and selection relaying lose an additional 3 dB per transmitted
bit/s/Hz with respect to the transmit diversity bound. This additional loss is due to two factors: the
half-duplex constraint, and the repetition-coded nature of the protocols. As Fig. 3 suggests, of the two,
repetition coding appears to be the more significant source of inefficiency in our protocols. In Fig. 3, the
SNR loss of orthogonal transmit diversity with respect to unconstrained transmit diversity is intended to
indicate the cost of the half-duplex constraint, and the loss of our cooperative diversity protocols with
respect to the transmit diversity bound indicates the cost of both imposing the half-duplex constraint and
employing repetition-like codes. The figure suggests that, although the half-duplex constraint contributes,
“repetition” in the form of amplification or repetition coding is the major cause of SNR loss for high
rates. By contrast, incremental amplify-and-forward overcomes these additional losses by repeating only

when necessary.
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10 L S

Cooperative Diversity

OH = = - Orthogonal Transmit Diversity

Normalized SNR loss (dB)

Spectral Efficiency R b/s/Hz

Fig. 3.  SNR loss for cooperative diversity protocols (solid) and orthogonal transmit diversity bound (dashed) relative to the

(unconstrained) transmit diversity bound.

2) Outage Events: It is interesting that amplify-and-forward and selection decode-and-forward have
the same high SNR performance, especially considering the different shapes of their outage events (cf.
(15), (22)), which are shown in the low spectral-efficiency regime in Fig. 4. When the relay can fully
decode the source message, i.e., SNRnorm‘CL&r’z > 2, and repeat it, the outage event for selection decode-
and-forward is a strict subset of the outage event of amplify-and-forward, with amplify-and-forward
approaching that of selection decode-and-forward as |as,|?> — oo. On the other hand, when the relay
cannot fully decode the source message, i.e., SNR.mm\aw]2 < 2, and the source repeats, the outage event

of amplify-and-forward is neither a subset nor a superset of the outage event for selection decode-and-
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2

SNRnorm |ar,d
Vg

— AF (Varying SNRuorm |as:|%) i
= = = SDF (SNRyorm |asr|> > 2) !
'='= SDF (SNRyorm |as|* < 2)

0 ;
0 1 2

SNRnorm ‘as,d‘Q

Fig. 4. Outage event boundaries for amplify-and-forward (solid) and selection decode-and-forward (dashed and dash-dotted) as
functions of the realized fading coefficient |as.-|> between the cooperating terminals. Outage events are to the left and below the
respective outage event boundaries. Successively lower solid curves correspond to amplify-and-forward with increasing values
of |as,-|?. The dashed curve corresponds to the outage event for selection decode-and-forward when the relay can fully decode,
i.e., SNRuorm|as,~|> > 2, and the relay repeats, while the dash-dotted curve corresponds to the outage event of selection decode-
and-forward when the relay cannot fully decode, i.e, SNRmm|a5,r|2 < 2, and the source repeats. Note that the dash-dotted

curve also corresponds to the outage event for direct transmission.
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forward. Apparently, averaging over the Rayleigh fading coefficients eliminates the differences between
amplify-and-forward and selection decode-and-forward, at least in the high SNR regime.

3) Effects of Geometry: To study the effect of network geometry on performance, we compare the
high SNR behavior of direct transmission with that of incremental amplify-and-forward. Comparison
with fixed and selection relaying is similar, except for the additional impact of SNR loss with increasing
spectral efficiency. Using a common model for the path-loss (fading variances), we set aﬁ ;o< d; ]a where
d; ; is the distance between terminals 7 and j, and « is the path-loss exponent [7]. Under this model,
comparing (12) with (37), assuming both approximations are good for the SNR of interest, we prefer

incremental amplify-and-forward whenever

dsr ¢ drd ¢
’ — 28NRyorm - 38
(ds,d> " (ds,d> = (39

Thus, incremental amplify-and-forward is useful whenever the relay lies within a certain normalized

ellipse having the source and destination as its foci, with the size of the ellipse increasing in SNRyorm.
What is most interesting about the structure of this “utilization region” for incremental amplify-and-
forward is that it is symmetric with respect to the source and destination. By comparison, a certain circle
about only the source gives the utilization region for fixed decode-and-forward.

Utilization regions of the form (38) may be useful in developing higher layer network protocols
that select between direct transmission and cooperative diversity using one of a number of potential
relays. Such algorithms and their performance represent an interesting area of further research, and a key

ingredient for fully incorporating cooperative diversity into wireless networks.

B. Symmetric Networks

We now specialize all of our results to the case of statistically symmetric networks, e.g., aﬁj =1
without loss of generality. We develop the results, summarized in Table I, under the two parameterizations
(SNRyorm, R) @and (SNR, Ryorm ), respectively.

1) Results under Different Parameterizations: Parameterizing the outage results from Section IV in
terms of (SNRyorm, R) is straightforward because R remains fixed; we simply substitute SNR = SNR,opm (2F —
1) to obtain the results listed in the second column of Table I. Parameterizing the outage results from
Section IV in terms of (SNR,Ryorm) IS @ bit more involved because R = Ry log(1 + SNR) increases
with SNR.

The results in Appendix | are all general enough to allow this particular parameterization. To demon-

strate their application, we consider amplify-and-forward. The outage event under this alternative param-
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Protocol | " (SWRorm B) , high SNRmorm PO (SNR, Ruorm) , high SNR

Direct 1/SNRnorm 1/SNR (!~ Rnorm)
Amplify-and-Forward (2% + 1)? /SNRZ ormm 1/SNR2(1~2Raorm)
Decode-and-Forward (2% 4+ 1) /SNRuorm 1/SNR(1~2Rnorm)
Selection Decode-and-Forward (2% 4+ 1) /SNRZ 1 1/SNR2(1~2Rnorm)
Incremental Amplify-and-Forward 1/SNRZ (1 1/SNR2(1 ~Fnorm)
Transmit Diversity Bound 2/SNR2 o 2/SNR2(1—Rnorm)

Orthogonal Transmit Diversity Bound (%) /SNRZm 2[Rnorm In(SNR) + 1] /SNR2(1~Rnorm)

TABLE |

SUMMARY OF OUTAGE PROBABILITY APPROXIMATIONS FOR STATISTICALLY SYMMETRIC NETWORKS.

eterization is given by

1 22R -1 (1 4 SNR)2Rnorrn -1
2 2 2

— f (SNR , SNR < = .
|as,d| + SNRf( |asm| |3r7d| ) SR SR
For Rnorm < 1/2, the outage probability is approximately
—2

SNR
~ 1/SNR2(172Ruerm)  SNR large |

(1 _.I_ SNR)ZRnortxl — 1

p?éxu]g' (SNR, R'norm) ~
where we have utilized the results of Claim 1 in Appendix | with

u= |as,d|2> vV = |as,r|2a w = |ar,d|2a A=A =y =1
gle) =e[(1+ 1/6)2Rnorm —1], t=S8NR, h(t)=1/t.

The other results listed in the third column of Table | can be obtained in similar fashion using the
appropriate results from Appendix I.

2) FixedR Systems: Fig. 5 shows outage probabilities for the various protocols as functions of SNR,orm
in the small, fixed R regime. Both exact and high-SNR approximations are displayed, demonstrating the
wide range over which the high-SNR approximations are useful. The diversity gains of our protocols
appear as steeper slopes in Fig. 5, from a factor of 10 decrease in outage probability for each additional
10 dB of SNR in the case of direct transmission, to a factor of 100 decrease in outage probability for
each additional 10 dB of SNR in the case of cooperative diversity. The relative loss of 1.5 dB for fixed
amplify-and-forward and selection decode-and-forward with respective to the transmit diversity bound is

also apparent. These curves shift to the right by 3 dB for each additional bit/s/Hz of spectral efficiency
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|
N

Outage Probability p°** (SNRyorm, R)

10
X Decode-and-Forward
-5 ¥  Direct
10 | O Amplify-and-Forward
O Selection Decode-and-Forward
6 0 Incremental Amplify-and-Forward |"""" "7 U TTN
10 | | |
0 5 10 15

Rate-Normalized SNR SNRo;mm (dB)

Fig. 5. Outage probabilities vs. SNRnorm, Small R regime, for statistically symmetric networks, i.e., a?,j = 1. The outage
probability curve for amplify-and-forward was obtained via Monte-Carlo simulation, while the other curves are computed from
analytical expressions. Solid curves correspond to exact outage probabilities, while dash-dotted curves correspond to the high-
SNR approximations from Table I. The dashed curve corresponds to the transmit diversity bounds in this low spectral efficiency

regime.

in the high R regime. By contrast, the performance of incremental amplify-and-forward is unchanged at
high SNR for increasing R. Note that, at outage probabilities on the order of 10~3, cooperative diversity
achieves large energy savings over direct transmission—on the order of 12-15 dB.

3) Fixed Ryorm Families of Systems: Another way to examine the high spectral efficiency regime
as SNR becomes large is to allow R to grow with increasing SNR. In particular, the choice of R =

Rnorm log(1 4 SNR) is a natural one: for slower growth, the outage results essentially behave like fixed R
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systems for sufficiently large SNR, while for faster growth, the outage probabilities all tend to 1. These
observations motivate our parameterization in terms of (SNR, Ryorm )-

Parameterizing performance in terms of (SNR, Ry,orm ) l€ads to interesting tradeoffs between the diversity
order and normalized spectral efficiency of a protocol. Because these tradeoffs arise naturally in the context
of multi-antenna systems [9], [10], it is not surprising that they show up in the context of cooperative
diversity. Diversity order can be viewed as the power to which SNR~! is raised in our outage expressions
in the third column of Table I. To be precise, we can define diversity order as

— log p°Ut (SNR, R
A(Rnorm) é hm o8P ( norm) .

39
SNR— 00 log SNR (39)

Larger A(Rporm) implies more robustness to fading (faster decay in the outage probability with increasing
SNR), but A(Ruorm) generally decreases with increasing Ryorm. FOr example, the diversity order of
amplify-and-forward is A 47 (Rporm) = 2(1 — 2Rporm); thus, it’s maximum diversity order 2 is achieved
as Ryorm — 0, and maximum normalized spectral efficiency 1/2 is achieved as A 4 — 0. Fig. 6 compares
the tradeoffs for direct transmission and cooperative diversity. As we might expect from our previous
discussion, incremental amplify-and-forward yields the highest A(Ryorm) for each Ryorm; this curve also
corresponds to the transmit diversity bound in the high SNR regime. What is most interesting about the
results in Fig. 6 is the sharp transition at Ry, = 1/3 between our preference for amplify-and-forward
(as well as selection decode-and-forward) for Ry,om < 1/3 and our preference for direct transmission for

Rnorm > 1/3.

V1. CONCLUSIONS

We develop in this paper a variety of low-complexity, cooperative protocols that enable a pair of
wireless terminals, each with a single antenna, to fully exploit spatial diversity in the channel. These
protocols blend different fixed relaying modes, specifically amplify-and-forward and decode-and-forward,
with strategies based upon adapting to channel state information between cooperating source terminals
(selection relaying) as well as exploiting limited feedback from the destination terminal (incremental re-
laying). For delay-limited and non-ergodic environments, we analyze the outage probability performance,
in many cases exactly, and in all cases using accurate, high-SNR approximations.

There are costs associated with our cooperative protocols. For one thing, cooperation with half-duplex
operation requires twice the bandwidth of direct transmission for a given rate, and leads to larger effective
SNR losses for increasing spectral efficiency. Furthermore, depending upon the application, additional

receive hardware may be required in order for the sources to relay for one another. Although this may
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Fig. 6. Diversity order — log p°"* (SNR, Rnorm) / 10og SNR VS. Rnorm fOr direct transmission and cooperative diversity.

not be the case in emerging ad hoc or multihop cellular networks, it would be the case in the uplink
of current cellular systems that employ frequency division duplexing. Finally, although our analysis has
not explicitly taken it into account, there may be additional power costs of relays operating instead of
powering down. Despite these costs, our analysis demonstrates significant performance enhancements,
particularly in the low spectral-efficiency regime (up to roughly 1 b/s/Hz) often found in practice. Like
other forms of diversity, these performance enhancements take the form of decreased transmit power for
the same reliability, increased reliability for the same transmit power, or some combination of the two.

The observations in Section V-B suggest that, among other issues, a key area of further research is
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exploring cooperative diversity protocols in the high spectral efficiency regime. It remains unclear at this
point whether our simple protocols are close to optimal in this regime, among all possible cooperative
diversity protocols, yet our results indicate that direct transmission eventually becomes preferable. Useful
work in this area would develop tighter lower bounds on performance, which is akin to developing
tighter converses for the relay channel [5], or demonstrating other protocols that are more efficient for
high spectral efficiencies. Some of our own work in this direction appears in [35].

More broadly, there are a number of channel circumstances in addition to those considered here that
warrant further investigation. In particular, for scenarios in which the transmitters obtain accurate knowl-
edge of the channel realizations, via feedback or other means, beamforming and power and bandwidth
allocation become possible. These options allow the cooperating terminals to adapt to their specific
channel conditions and geometry and select appropriate coding schemes for various regimes. Again,
better understanding of the relay channel will continue to yield insight on these problems.

We note that we have focused on the case of a pair of terminals cooperating; extension to more than
two terminals is straightforward except for the fact that comparatively more options arise. For example,
in the case of three cooperating terminals, one of the relays might amplify-and-forward the information,
while the other relay might decode-and-forward the information, or vise versa. Moreover, as the number
of terminals forming a network grows, higher layer protocols for organizing terminals into cooperating
groups become increasingly important. Some preliminary work in this direction is reported in [36]. Finally,
because cooperative diversity is inherently a network problem, it could be fruitful to take into account
additional higher layer network issues such as queuing of bursty data, link layer retransmissions, and

routing.

APPENDIX |

AsSYMPTOTIC CDF APPROXIMATIONS

To keep the presentation in the main part of the paper concise, we collect in this appendix several
results for the limiting behavior of the cumulative distribution function (CDF) of certain combinations

of exponential random variables. All our results are of the form
Py (91(t))
m ————
t—to  go(t)
where: ¢ is a parameter of interest; P, (g1(t)) is the CDF of a certain random variable u(t) that can,

=c (40)

in general, depend upon ¢; g1(¢) and go(¢) are two (continuous) functions; and ¢, and ¢ are constants.
Among other things, for example, (40) implies the approximation P, (g1(t)) ~ cga2(t) is accurate for ¢

close to .
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Fact 1: Let v be an exponential random variable with parameter X,,. Then, for a function g¢(¢) contin-

uous about ¢ = t( and satisfying g(t) — 0 as t — to,

Jim ﬁ Pu(g(t)) = A - (41)

Fact 2: Let w = u—+ v, where u and v are independent exponential random variables with parameters

Ay and A, respectively. Then the CDF

Pl e () ] A

Py(w) = (42)
1— (14 w)e ™ Au=Ay =X
satisfies
.1 Audv

Moreover, if a function g(¢) is continuous about ¢t = ¢, and satisfies g(t) — 0 as ¢t — to, then

. 1 Auly
tlgtno 92—(75)Pw(9(t)) ~ 9

(44)

Claim 1: Let u, v, and w be independent exponential random variables with parameters A, A,, and
Aw, respectively. Let f(z,y) = (zy)/(x +y + 1) as in (14). Let e be positive, and let g(e) > 0 be

continuous with g(e) — 0 and €¢/g(e) — ¢ < oo as € — 0. Then

. 1 A (AW A
lim 20 Priutef(v/e, w/e) <gle)] = 5 : (45)
Moreover, if a function A(t) is continuous about ¢ = ¢, and satisfies h(t) — 0 as t — ¢, then
) 1 RO VR P!
fim 20D) Prlu+h(t) f(v/h(t), w/h(t)) < g(h(1))] = — 5 (46)

The following lemma will be useful in the proof of Claim 1.
Lemma 1. Let § be positive, and let rs 2 0 f(v/d, w/d), where v and w are independent exponential
random variables with parameters A\, and \,, respectively. Let ~2(6) > 0 be continuous with h(6) — 0

and 0/h(5) — d < oo as & — 0. Then the probability Pr[rs < 0] satisfies

lim % Prirs < h(5)] = Av + Aw. (47)
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Proof: (Of Lemma 1) We begin with a lower bound,
Pr[rs < h(0)]
= Pr{l/v+1/w+d/(vw) > 1/h(9)]

> Pr[l/v+1/w > 1/h(9)]

v

Pr[max(1/v,1/w) > 1/h(0)]
= 1=Prlv>h()]Pr[w > h(5)]
= 1 —exp[=(Av + Aw)h(d)] ,

so, utilizing Fact 1,

1
oo 1 S ‘
hgn_)lélf 6 Prlrs < h(0)] > Ay + Ay

To prove the other direction, let [ > 1 be a fixed constant.
Pr[rs < h(0)]
= Pr{l/v+1/w—+4§/(vw) > 1/h(0)]

= [ Prlv = /00) ~ /(14 8] pa(w)d

o0

< Priw < h(9)] +/ Pr(l/v > (1/h(6) —1/w)/(1 + 6 /w)] pw(w)dw

1h(8)
But

Pr[w < lh(8)] /h(8) < Al |,

30

(48)

(49)

(50)

(51)

which takes care of the first term of (50). To bound the second term of (50), let &£ > [ be another fixed

constant, and note that
[ Prluy = (U36) = )/ 1 +6/w)] puw)du
1h(8)

- / T PelLv > (1/A() — 1/w)/(1 + 6/w)] pulw)du
kh(5)

kh(5)
—I—/ Pr(l/v > (1/h() — 1/w)/(1 + 6/w)] pw(w)dw
1h(5)

< Pr[l/v>(1-1/k)/(h(5) + d/k)]
kh(6)
+)\W/ Pr[L/v > (1/A(6) — 1/w)/(1 + 5/w)] dw ,
1h(6)
where the first term in the bound of (52) follows from the fact that

Pr[l/v > (1/h(8) — 1/w)/(1 + 6/w)]

August 6, 2003

(52)

DRAFT



IEEE TRANS. INFORM. THEORY 31

is non-increasing in w, and the second term in the bound of (52) follows from the fact that p, (w) =
Aw exp(—=Apw) < Ay

Now, the first term of (52) satisfies
Prl/v > (1—1/k)/(h(8) +6/k)] /h(d) < Av(1+6/(kh(5)))/(1 —1/k) (53)
and, by a change of variable w’ = w/h(d), the second term of (52) satisfies

1 /lkh(é) Prl1/v > (1/h(8) — 1/w)/(1 + 6/w)] duw

h%? h;gi/k1<1 _AE) 8/
= MO ) eXp{ (- 1/u) }>dw

~~

B(8,h(6),k,l)
where B(d, h(d), k,1) remains finite for any £ > 1 > 1 as § — 0.
Combining (51), (53), and (54), we have

1+9/(kh(9))

1
- <
Prirs < h(0)] < Awl+ Ay < —1/k

1(0)

and furthermore

) + h(8)B(5,h(5), K, 1) (55)

. 1 1+d/k
1 —= P < Aw vl 7. ) >
lIél_S)(l)lp ") rrs < h(0)] < Apl+ A (1—1/l<:>

since lims_.g B(d, h(d), k,1) < oo and, by assumption, h(6) — 0 and §/h(d) — d as & — 0.
The constants & > [ > 1 are arbitrary. In particular, £ can be chosen arbitrarily large, and [ arbitrarily

close to 1. Hence,

1
limsup —=Prrs < h(d)] < Ay + Ay 56
nsup 5 P [ < A(0) (56)
Combining (49) with (56), the lemma is proved. [ |

Proof: (Of Claim 1)
Priu+tef(v/e, w/e) <g(e)]
= Priu+r <g(e)]
g(e)
= [ Prln < a0~ ulp (i
= g(e) /9(6) Pr[rc < g(e)(1 — )] Aye NI gy
0

1 rr, €)1 —a ,
= 92(6)/0 (1—u) {P [;;)?i )_(L/) ) Aye e du/, (57)
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where in the second equality we have used the change of variables v’ = u/g(€). But by Lemma 1 with

d = e and h(d) = g(6)(1 — '), the quantity in brackets approaches \, + \,, as e — 0, so we expect

1
li_r)r(l) g%(e) Priv+r.<g(e)] = Au(Ay + )\W)/O (1 —u)du = M . (58)
To fully verify (58), we must utilize the lower and upper bounds developed in Lemma 1.
Using the lower bound (49), (57) satisfies
liIEn_}(I)lf g%(e) Prlu+ re < g(e)]
1 _ _ ) ,
_— <1 exp [=(\ + A)g() (L —u >]> =Ty
=0Jo g(e)
1
e )\W)/ (1—u')dd = A“(AV; Aw) (59)
0

where the first equality results from the Dominated Convergence Theorem [40] after noting that the
integrand is both bounded by and converges to the function A, (A, + Ay )(1 — o).
Using the upper bound (56), (57) satisfies

1
limsup ——Prlu+r. < g(e
nsup g [ g(e)]

1
< limsup (A, /(1 — 1/k) + Ayl) / (1 — ) Aye IO gy
0

e—0

1
+ lim sup e/g(e)/ Ay Aye ™I /(] — 1)du!
0

e—0

1
+limsup g(e) / (1 —u/)*Ble,ge)(1 — '), k, Aye™ " du/
0

e—0

~~

D(e,g(€);k,l)

N [AV (ij;j’,j) + sz} 0
5 :

where the last equality results from the fact e¢/g(e) — c and D(e, g(¢), k, 1) remains finite forall £ > [ > 1

even as € — 0.
Again, the constants & > [ > 1 are arbitrary. In particular, k£ can be chosen arbitrarily large, and [

arbitrarily close to 1. Hence,

Au(Av +Aw)

1
limsup —— Prju+r. < g(e)] < . 61
nsup P 9(e)] 5 (61)
Combining (59) and (61) completes the proof. |

Claim 2: Let v and v be independent exponential random variables with parameters A, and A,,

respectively. Let ¢ be positive and let g(e¢) > 0 be continuous with g(e¢) — 0 as ¢ — 0. Define

h(e) £ € [(g(e) /e + 1) In(g(e) e + 1) — g(e)/e] - (62)
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Then

1
hm b e )Pr[u+v+uv/e<g( €)] = AuAy . (63)
Moreover, if €(t) is continuous about ¢ = to with €(t) — 0 as t — ¢, then

: 1 B
tlglo ) Priu+v+uv/e(t) < gle(t))] = AuAy - (64)

Proof: First, we write CDF in the form:
Priu+ v+ uv/e < g(e)]

_ /Ooopr[w v+ uv/e < g(e)| v = o] py(v) dv
— /Og(ﬁ) Pr [u < gl(i) U_/:
[ (e

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

v = v] Ave M du

To upper bound (65), we use the identities 1 —e ™ < z forall z >0 and e”¥ <1 for all y > 0, so

that (65) becomes

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

! —w
< 92(6))\11)\\,/0 mdw
= )\u)\v92(6)( gle)/e +1)In(g(e)/e +1) —gle)/e

(9(e)/e)?
= MAvh(e)
whence
lim sup = Priu+v+uv/e < gle)] <A\, . (66)
0 hle)
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To lower bound (65), we use the concavity of 1 — e~ %, i.e, forany t >0, 1 —e™* > 1‘767'95 for all

x < t, and the identity e=¥ > 1 — y for all y > 0, so that (65) becomes

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

1 —e 90\ Xg(e)(1 — w) B
> ol [ [( e ) ng(e)/elxv(l Agle)w) du

_ 2 1 — e ' _lmw g €)w) dw
- mvg<e>< - ) [ ate] - aateua

9 1 — e ) B . Lol —w
Z )\u)\vg (6) < )\ug(e) ) (1 )\vg( )) /O 1 4 wg(e)/e dw
_ 1 — el (g(e)/e+1)In(g(e)/e +1) —g(e) /e
- )\u)\v (T@) (1 - Avg(e)) 92(6) (g(e)/e 2
1 — e M9(®)
= A ( e ) (1= Avg(e)) h(e)
Thus,
liin_)i(])af % Priu+ v+ uv/e < g(e)]
— e~ Mgl
> )\u)\v ll_r)% (%) (1 - Avg(e))
= Ay - (67)
Since the bounds in (66) and (67) are equal, the claim is proved. |

Claim 3: Suppose f:(s) — g(s) pointwise as t — to, and that f;(s) is monotone increasing in s for
each t¢. Let hi(s) be such that h.(s) < s, hi(s) — s pointwise as ¢t — to, and hy(s)/s is monotone

decreasing in s for each t. Define ;! (r) £ minh; ' (r). Then

Jim fi(hy (1)) = g(r) - (68)

Proof: Since h;(s) < s for all ¢, we have < h;!(r), and consequently f(r) < fi(h; *(r)) because

f+(+) is monotone increasing. Thus,

lim inf felhi 1 (r)) > g(r) . (69)

The upper bound is a bit more involved. Fix 6 > 0. Lemma 2 shows that for each r there exists ¢*

such that 2; ' (r) < r/(1 — &) for all t such that |t — to| < |t* — to|. Then we have
folh () < fulr/(1=6)) .
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Thus,
lim sup ft(iLt_l(T)) <g(r/(1-=9)),

t—>t0

and since ¢ can be made arbitrarily small,

lim sup felhi M (r)) < g(r) . (70)
Combining (69) with (70), we obtain the desired result. [ |

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

Lemma 2: Let h(s) be such that h(s) <'s, hi(s) — s pointwise as t — tg, and h.(s)/s is monotone
decreasing in s for each t. Define ;' (r) 2 min h;(r). For each ro > 0 and any & > 0, there exists ¢*
such that

hy H(ro) < ro/(1=6) ,

for all ¢ such that |t — to| < [t* — tp].
Proof: Fix 7o > 0 and § > 0, and select sq such that sg > ro/(1 — 9).

Because h:(s)/s — 1 point-wise as ¢t — to, for each s > 0 and any § > 0, there exists a ¢* such that
he(s) > s(1—=9), all t:|t—to| <I[t*—tol

Moreover, since h;(s)/s is monotone decreasing in s, if ¢* is sufficient for convergence at sy, then it is

sufficient for convergence at all s < so. Thus, for any sq > 0 and § > 0 there exists a ¢* such that
ht(s) 25(1—5), all s < sp,t: |t—t0| < |t*—t0| .

Throughout the rest of the proof, we only consider s < sg and ¢ such that |t — to| < [t* — to|.
Consider the interval I = [rg,79/(1 — ¢)], and note that s € I implies s < sg. Since hi(s) < s, we
have h¢(rg) < ro. Also, since h.(s) > s(1 —d) by the above construction, we have h;(ro/(1 —0d)) > ro.
By continuity, h.(s) assumes all intermediate values between hy(rg) and h(ro/(1 — §)) on the interval
(ro,70/(1—9)) [41, Theorem 4.23]; in particular, there exists an s1 € (rg,r9/(1—43)) such that hy(z1) =
ro. The result follows from h;'(rg) < x; < ro/(1 — &), where the first inequality follows from the

definition of A, !(-) and the second inequality follows from the fact that z; € I. [ |

APPENDIX I

AMPLIFY-AND-FORWARD MUTUAL INFORMATION

For completeness, in this appendix we compute the maximum average mutual information for amplify-
and-forward transmission (13). The result borrows substantially from the vector results in [2], [3], aside

from taking into account the amplifier power constraint in the relay as well as simplifying manipulations.
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We write the equivalent channel (2)—(4), with relay processing (8), in vector form as

z:[n]
Yd [n] as7d 0 1 0
= xs[n] + z4[n]
Yd [Tl + N/4] ar,dﬂas,r ar,dﬂ 0 1
y e PY A7)
ya[n] A B —_——

z[n|

where the source signal has power constraint E [x;] < Ps, and relay amplifier has constraint

P.
<y 71
< |as |2 Ps + N, (1)

and the noise has covariance E [zzT] = diag(N,, Ny, Ng). Note that we determine the mutual information
for arbitrary transmit powers, relay amplification, and noise levels, even though we utilize the result only

for the symmetric case. Since the channel is memoryless, the average mutual information satisfies
Iar < I(xs;yq) < logdet (I + (P,AAT(BE [zzq BT)_1> ,

with equality for x, zero-mean, circularly symmetric complex Gaussian [2], [3]. Noting that

AAT . ’aS,dP as,d(ar,dﬂas,r)*
a:,darvdﬁasﬂ‘ |ar,dﬁas,r|2
N, 0
BE [zzq Bl = d
0 ’ar,d6‘2Nr + Nd s
we have
_ Ps|asd|2 Ps|ardﬁasr|2
det (I + (RAANBE [z21] B ™) =14+ 2220l aPase|” -
2 3 ) Nqg (lar,aB|? Ny + Ng) (72)

It is apparent that (72) is increasing in 3, so the amplifier power constraint (71) should be active, yielding,

P.o? . P,
e (55 )] - [laval® (754)
P02, P.o?
as,r’2< NTV >:| + [’ar,d‘z ( Nd,d)] +1

= IOg (1 + |as,d|ZSNRs,d + f (|as,r|ZSNRs,r7 |ar,d|2SNRr,d)) )

after substitutions and algebraic manipulations,

P.o?
Iar = log 1+|a57d|2< ’ s’d> + {
!

Ny

with f(-,-) given by (14).
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APPENDIX 111

INPUT DISTRIBUTIONS FOR TRANSMIT DIVERSITY BOUND

In this appendix, we derive the input distributions that minimize outage probability for transmit diversity
schemes in the high SNR regime. Our derivation is a slight extension of the results in [2], [3] dealing
with asymmetric fading variances.

An equivalent channel model for the two-antenna case can be summarized as

y[n] = [31 a2} b +z[n] , (73)
xa[n]
———

x[n]
where a represents the fading coefficients and x[n] the transmit signals from the two transmit antennas,
and z[n] is a zero-mean, white complex Gaussian process with variance N, that captures the effects
of noise and interference. Let Q = E [xxT] be the covariance matrix for the transmit signals. Then the
power constraint on the inputs may be written in the form tr(Q) < P.
We are interested in determining a distribution on the input vector x, subject to the power constraint,

that minimizes outage probability, i.e.,

min Pr|l(x;yla=a) <R] . 74
min_Prll(xyla=a) <H 74

As [2], [3] develops, the optimization (74) can be restricted to optimization over zero-mean, circularly
symmetric complex Gaussian inputs, because Gaussian codebooks maximize the mutual information for
each value of the fading coefficients a. Thus, (74) is equivalent to maximizing over the covariance matrix

of the complex Gaussian inputs subject to the power constraint, i.e.,
aQa'
i Pr |l 1 <R| . 75
QrQ)<P r[og< " No >_ ] 7
We now argue that ¢ diagonal is sufficient, even if the components of a are independent but not

identically distributed. We note that this argument is a slight extension of [2], [3], in which i.i.d. fading
coefficients are treated. Although we treat the case of two transmit antennas, the argument extends
naturally to more than two antennas.

We write a = aX, where a is a zero mean, i.i.d. complex Gaussian vector with unit variances and
Y. = diag(o1, 09). Thus, the outage probability in (75) may be written as
52Q2T5T> - R}

Pr {log (1 +
0

Now consider an eigen-decomposition of the matrix XQX! = UDUT, where U is unitary and D is

diagonal. Using the fact that the distribution of a is rotationally invariant, i.e., aU has the same distribution
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as a for any unitary U [2], [3], we observe that the outage probability for covariance matrix LQXT is
the same as the outage probability for the diagonal matrix D.
For D = diag(d,,d2), the outage probability can be written in the form

2k 1
SNR | ’

Pr (di]a1|? + da]az]? <

which, using Fact 2, decays proportional to 1/(SNR? det D) for large SNR if dy, dy # 0. Thus, minimizing

the outage probability for large SNR is equivalent to maximizing

det D = det QYT = 0703 (Q1.1Q2.2 — |Q1.2]%) (76)

such that Q1,1 + Q22 < P. Clearly, (76) is maximized for Q11 = Q22 = P/2 and Q12 = Q21 = 0.

Thus, zero-mean, i.i.d. complex Gaussian inputs minimize the outage probability in the high SNR regime.

REFERENCES

[1] J. G. Proakis, Digital Communications. New York: McGraw-Hill, Inc., Fourth ed., 2001.
[2] I. E. Telatar, “Capacity of Multi-Antenna Gaussian Channels,” tech. rep., Bell Labs, Lucent Technologies, 1995. Available
online at: http://mars.bell-labs.com/papers/proof/proof.pdf.
[3] I. E. Telatar, “Capacity of Multi-Antenna Gaussian Channels,” European Trans. on Telecomm., vol. 10, pp. 585-596,
Nov.-Dec. 1999.
[4] A. Narula, M. D. Trott, and G. W. Wornell, “Performance Limits of Coded Diversity Methods for Transmitter Antenna
Arrays,” |EEE Trans. Inform. Theory, vol. 45, pp. 2418-2433, Nov. 1999.
[5] T. M. Cover and A. A. El Gamal, “Capacity Theorems for the Relay Channel,” IEEE Trans. Inform. Theory, vol. 25,
pp. 572-584, Sept. 1979.
[6] A. Sendonaris, E. Erkip, and B. Aazhang, “Increasing Uplink Capacity via User Cooperation Diversity,” in Proc. IEEE
Int. Symp. Information Theory (IST), (Cambridge, MA), Aug. 1998.
[7] T.S. Rappaport, Wireless Communications. Principles and Practice. Upper Saddle River, New Jersey: Prentice-Hall, Inc.,
1996.
[8] V. Hayes, “IEEE Standard for Wireless LAN Medium Access Control (MAC) and Physical Layer (PHY) Specifications,”
1997.
[9] L. Zheng and D. N. C. Tse, “Diversity and Freedom: A Fundamental Tradeoff in Multiple antenna Channels,” in Proc.
IEEE Int. Symp. Information Theory (IST), (Lausanne, Switzerland), p. 476, July 2002.
[10] L. Zheng and D. N. C. Tse, “Diversity and Multiplexing: A Fundamental Tradeoff in Multiple-Antenna Channels,” |IEEE
Trans. Inform. Theory, vol. 49, pp. 1073-1096, May 2003.
[11] E. C. van der Meulen, Transmission of Information in a T-Terminal Discrete Memoryless Channel. Department of Statistics,
University of California, Berkeley, CA, 1968.
[12] E. C. van der Meulen, “Three-Terminal Communication Channels,” Adv. Appl. Prob., vol. 3, pp. 120-154, 1971.
[13] T. M. Cover and J. A. Thomas, Elements of Information Theory. New York: John Wiley & Sons, Inc., 1991.
[14] D. S. Slepian and J. K. Wolf, “Noiseless Coding of Correlated Information Sources,” IEEE Trans. Inform. Theory, vol. 19,
pp. 471-480, July 1973.

August 6, 2003 DRAFT



IEEE TRANS. INFORM. THEORY 39

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

A. D. Wyner, “On Source Coding with Side Information at the Decoder,” IEEE Trans. Inform. Theory, vol. 21, pp. 294-300,
May 1975.

A. D. Wyner and J. Ziv, “The Rate-Distortion Function for Source Coding with Side Information at the Decoder,” |EEE
Trans. Inform. Theory, vol. 22, pp. 1-10, Jan. 1976.

B. Schein and R. G. Gallager, “The Gaussian Parallel Relay Network,” in Proc. |IEEE Int. Symp. Information Theory (1SIT),
(Sorrento, Italy), p. 22, June 2000.

B. Schein, Distributed Coordination in Network Information Theory. PhD thesis, Massachusetts Institute of Technology,
Cambridge, MA, Aug. 2001.

P. Gupta and P. R. Kumar, “Towards and Information Theory of Large Networks: An Achievable Rate Region,” in Proc.
IEEE Int. Symp. Information Theory (IST), (Washington DC), p. 150, June 2001.

P. Gupta and P. R. Kumar, “Towards an Information Theory of Large Networks: An Achievable Rate Region,” |EEE Trans.
Inform. Theory, vol. 49, pp. 1877-1894, Aug. 2003.

M. Gastpar and M. Vetterli, “On the Capacity of Wireless Networks: The Relay Case,” in Proc. IEEE INFOCOM, (New
York, NY), June 2002.

M. Gastpar and M. Vetterli, “On the Asymptotic Capacity of Gaussian Relay Networks,” in Proc. |[EEE Int. Symp.
Information Theory (ISIT), (Lausanne, Switzerland), p. 195, July 2002.

M. Gastpar, G. Kramer, and P. Gupta, “The Multiple-Relay Channel: Coding and Antenna-Clustering Capacity,” in Proc.
IEEE Int. Symp. Information Theory (IST), (Lausanne, Switzerland), p. 136, July 2002.

A. Reznik, S. Kulkarni, and S. Verdu, “Capacity and Optimal Resource Allocation in the Degraded Gaussian Relay Channel
with Multiple Relays,” in Proc. Allerton Conf. Communications, Control, and Computing, (Monticello, IL), Oct. 2002.
G. Kramer and A. J. van Wijngaarden, “On the White Gaussian Multiple-Access Relay Channel,” in Proc. |EEE Int. Symp.
Information Theory (IST), (Sorrento, Italy), p. 40, June 2000.

A. B. Carleial, “Multiple-Access Channels with Different Generalized Feedback Signals,” IEEE Trans. Inform. Theory,
vol. 28, p. 841, Nov. 1982.

F. M. J. Willems, Informationtheoretical Results for the Discrete Memoryless Multiple Access Channel. PhD thesis,
Katholieke Universiteit Leuven, Leuven, Belgium, Oct. 1982.

F. M. J. Willems, E. C. van der Meulen, and J. P. M. Schalkwijk, “An Achievable Rate Region for the Multiple Access
Channel with Generalized Feedback,” in Proc. Allerton Conf. Communications, Control, and Computing, (Monticello, IL),
pp. 284-292, Oct. 1983.

F. M. J. Willems, “The Discrete Memoryless Multiple Access Channel with Partially Cooperating Encoders,” |IEEE Trans.
Inform. Theory, vol. 29, pp. 441-445, May 1983.

F. M. J. Willems and E. C. van der Meulen, “The Discrete Memoryless Multiple-Access Channel with Cribbing Encoders,”
IEEE Trans. Inform. Theory, vol. 31, pp. 313-327, May 1985.

A. Sendonaris, E. Erkip, and B. Aazhang, “User Cooperation Diversity, Part I: System Description,” IEEE Trans. Commun.,
2002. Accepted for publication. Available online at: http://eeweb.poly.edu/~elza/Publications/coop_
partl.pdf.

A. Sendonaris, E. Erkip, and B. Aazhang, “User Cooperation Diversity, Part 11: Implementation Aspects and Performance
Analysis,” IEEE Trans. Commun., 2002. Accepted for publication. Available online at: http://eeweb.poly.edu/
“elza/Publications/coop_part2._pdf.

August 6, 2003 DRAFT



IEEE TRANS. INFORM. THEORY 40

[33] J. N. Laneman and G. W. Wornell, “Exploiting Distributed Spatial Diversity in Wireless Networks,” in Proc. Allerton Conf.
Communications, Control, and Computing, (Monticello, IL), Oct. 2000.

[34] J. N. Laneman, G. W. Wornell, and D. N. C. Tse, “An Efficient Protocol for Realizing Cooperative Diversity in Wireless
Networks,” in Proc. |EEE Int. Symp. Information Theory (IST), (Washington, DC), June 2001.

[35] J. N. Laneman and G. W. Wornell, “Distributed Space-Time Coded Protocols for Exploiting Cooperative Diversity in
Wireless Networks,” |IEEE Trans. Inform. Theory, June 2003. Accepted for publication. Available at http://www.nd.
edu/~jnl/pubs/it2003.pdf.

[36] J. N. Laneman, Cooperative Diversity in Wireless Networks: Algorithms and Architectures. PhD thesis, Massachusetts
Institute of Technology, Cambridge, MA, Aug. 2002. Available at http://www.nd.edu/~ jnl/pubs/thesis.pdf.

[37] L. H. Ozarow, S. Shamai (Shitz), and A. D. Wyner, “Information Theoretic Considerations for Cellular Mobile Radio,”
IEEE Trans. Veh. Technol., vol. 43, pp. 359-378, May 1994.

[38] G. D. Forney, Jr., “Introduction to Digital Communications.” M.I.T. Course 6.450 Lecture Notes, Sept. 2000.

[39] J. N. Laneman and G. W. Wornell, “Energy-Efficient Antenna Sharing and Relaying for Wireless Networks,” in Proc.
IEEE Wireless Comm. and Networking Conf. (WCNC), (Chicago, IL), Sept. 2000.

[40] M. Adams and V. Guillemin, Measure Theory and Probability. Boston: Birkhauser, 1996.

[41] W. Rudin, Principles of Mathematical Analysis. New York: McGraw-Hill Book Company, second ed., 1964.

August 6, 2003 DRAFT



