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Abstract—The performance of many opportunistic relay net-
works has been unknown in part because opportunistic analysis
relies on independence assumptions that break down in many
interesting and useful network topologies. This paper develops
techniques that expand opportunistic analysis to a broader class
of networks, proposes new opportunistic methods for several
network geometries, and analyzes them in the high-SNR regime.
For each of the geometries studied in the paper, we analyze the
opportunistic DMT of several relay protocols, including am-
plify-and-forward, decode-and-forward, compress-and-forward,
nonorthogonal amplify-forward, and dynamic decode-forward.
Among the highlights of the results: In a variety of multi-user
single-relay networks, simple selection strategies are developed
and shown to be DMT-optimal. It is shown that compress-forward
relaying achieves the DMT upper bound in the opportunistic
multiple-access relay channel as well as in the opportunistic
n x n user network with relay. Other protocols, e.g., dynamic
decode-forward, are shown to be near optimal in several cases.
Finite-precision feedback is analyzed for the opportunistic mul-
tiple-access relay channel, the opportunistic broadcast relay
channel, and the opportunistic gateway channel, and is shown to
be almost as good as full channel state information.

Index Terms—Cooperative communication, diversity multi-
plexing trade-off (DMT), opportunistic communication, relay
networks.

I. INTRODUCTION

PPORTUNISTIC communication is a method that at
() each time chooses the best among multiple communi-
cation alternatives in a network. Multiuser diversity [1] is a
prominent example: in broadcast channels under quasi-static
fading, it is throughput optimal to transmit at each time only
to the user with the best channel. Relay selection is another
example of opportunistic communication. An early analysis
of relay selection without transmit-side channel state infor-
mation appeared in [2]. Bletsas et al [3]-[5] investigated
amplify-and-forward (AF) relay selection, followed by several
other works including [6]-[9]. Decode-and-forward (DF) relay
selection has also received attention [10]-[16]. The diversity
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multiplexing tradeoff (DMT) for relay selection has been
investigated in a few works including [17] for addressing the
multiplexing loss of DF relaying, and [9] for a combination of
antenna selection and AF relay selection.

The literature on opportunistic relays, despite its rapid
growth, has focused on a relatively restricted set of conditions.
Broadly speaking, the scope of previous work has been on
geometries and protocols where node selection can be reduced
to scalar comparisons of statistically independent link gains (or
simple scalar functions thereof). For example, Decode-Forward
(DF) relay selection compares the relay-destination links of
relays that have decoded the source message. In the case of
amplify-forward (AF) relaying, the end-to-end SNR (or a
proxy, e.g., in [3]) is used to select relays, which is again a
scalar comparison among independent random variables.

This leaves open a significant set of problems for whose anal-
ysis the existing approaches are insufficient. Among them one
may name even seemingly simple problems, e.g., the DMT of
the orthogonal relay on/off problem in the single-relay channel,
which has been unsolved until now (see Section IV).

To shed light on the key difficulties, consider the example
of the opportunistic multiple-access relay channel (Fig. 1). Two
users transmit messages to a common receiver with the assis-
tance of a relay. During each transmission interval either User
1 transmits and User 2 is silent, or vice versa. The goal is to op-
portunistically choose the user that can access the channel at a
higher rate. The main challenge in the analysis of this system is
twofold:

1) The selection is a complex function of multiple link gains,
i.e., it is not immediately clear how to select the “better”
node in an easy and straight forward way. Not only do all
the five link gains participate in this decision, but also the
capacity of the component relay networks is generally un-
known, and even the achievable rates are only known as
expressions that involve nontrivial optimizations. Because
the performance analysis must take into account the selec-
tion function, the complexity of analysis can quickly get
out of hand with increasing number of nodes.

2) The relay-destination link is shared among the two oppor-
tunistic modes; therefore, the decision variables for the two
modes are not statistically independent. The order statistics
of dependent random variables are complicated and often
not computable in closed form.

One of the contributions of this work is to address or cir-
cumvent the above mentioned difficulties. This paper analyzes
the diversity and multiplexing gain of a variety of opportunistic
relay systems whose asymptotic high-SNR performance has to
date been unknown. All networks in this paper have one relay.

0018-9448/$26.00 © 2011 IEEE
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Fig. 1. Opportunistic modes in the multiple-access relay channel.

Among the network geometries that have been studied are the
opportunistic multiple-access and broadcast relay channels and
several variations of the opportunistic n X n user network with
arelay. In the n X n network with a relay, if nodes communicate
pairwise while crosslink gains cannot be ignored, the links and
communication structure resemble an interference channel with
a relay; therefore, we call it an opportunistic interference relay
channel.! When the crosslink gains can be ignored, we denote
it the opportunistic shared relay channel. Finally, if all trans-
mitters have data for all receivers, we denote the scenario as
opportunistic X-relay channel. The gateway channel represents
a scenario where the only path between sources and destination
is through a relay. To summarize, the main results of this paper
are as follows:

* To begin with, the DMT of the opportunistic single-relay
on/off problem is calculated under DF and AF. This simple
result can be used as a building block for the study of larger
networks.

* The diversity-multiplexing tradeoff of the opportunistic
interference relay channel is calculated under orthog-
onal AF and DF, as well as nonorthogonal amplify and
forward (NAF), dynamic decode and forward (DDF),
and nonorthogonal compress and forward (CF). The
nonorthogonal CF is shown to achieve the DMT upper
bound.

* For the shared relay channel, an upper bound for the DMT
under opportunistic channel access is calculated. Further-
more, it is shown that for the shared relay channel at low
multiplexing gain, the DDF outperforms the NAF and CF
while at medium multiplexing gains, the CF is the best. At
high multiplexing gain in the shared relay channel the relay
should not be used.

* For the multiple access relay channel, a simple selection
scheme based on the source-destination link gains is
shown to be optimal for several protocols. Specifically,
under this simple selection mechanism, the CF nonorthog-
onal relaying is shown to achieve the genie-aided DMT
upper bound, and the NAF and the DDF also achieve
their respective DMT upper bounds (i.e., more intricate
selection schemes do not yield a better DMT).

* For the X-relay channel, an opportunistic scheme is pre-
sented that meets the DMT upper bound under the CF pro-
tocol. For other relaying protocols, the DMT regions are
calculated.

IThe naming is for convenience purposes and only reflects the presence of
links not the operation of the network. In opportunistic operation there is no
interference among users.
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* The results for the opportunistic broadcast relay channel
follow from the opportunistic multiple-access relay
channel.

» For the gateway channel, the superposition as well as the
orthogonal channel access is studied in the absence of
transmit CSI, showing that the latter is almost as good as
the former. Then, the opportunistic channel access is fully
characterized.

 Finite precision feedback is investigated for the multiple
access relay channel (and by implication the broadcast
relay channel), as well as the gateway channel. The DMT
with finite-precision feedback for several other relay
channels remains an open problem.

The organization of the paper is as follows: in Section II, we
describe the system model. In Section III, the diversity multi-
plexing tradeoff for an opportunistic system switches between
different access modes is analyzed. In Section IV, the problem
of a single-relay opportunistic on/off problem is solved. Then,
a succession of DMT analyses is presented for a number of net-
work geometries and relaying protocols: in Section V for the
interference relay channel, in Section VI for the shared relay
channel, in Section VII for the multiple access relay channel, in
Section VIII for the X-relay channel, and in Section IX for the
gateway channel. We conclude our work in Section X.

II. SYSTEM MODEL

All the nodes in the network are single-antenna and due to
practical limitations, nodes cannot transmit and receive at the
same time (half duplex). The channel between any two nodes
experiences flat, quasi-static block fading whose coefficients
are known perfectly at the receiver. The opportunistic selection
mechanism also has access to channel gains, either in full or
quantized. The length of the fading states (coherence length) is
such that the source message is transmitted and received within
one coherence interval. Furthermore, each transmission can ac-
commodate a codeword of sufficient length so that standard
coding arguments apply.

The various networks considered in this paper may have
either multiple sources, multiple destinations, or both. In all
scenarios in this paper, there is one relay. The channel coeffi-
cients between transmitter ¢ and receiver j is denoted with A;;.
Channel gains to or from a relay are shown with ;. or A,;.
When the network has only one source, a symbolic index s is
used for it; similarly if a network has no more than one desti-
nation, the index d will be used for it. For example, in a simple
relay channel the links are denoted /., /1.4, s4. Channel gains
are assumed independent identically distributed circularly
symmetric complex Gaussian random variables. The received
signals are corrupted by additive white Gaussian noise (AWGN)
which is n, ~ CN(0, N) at the relay and n; ~ CA(0, N;) at
the destinations. Without loss of generality, in the following we
assume all noises have unit variance, i.e., N = N; = 1 Vj. The
transmitter nodes, the sources and the relay, have short-term
individual average power constraints for each transmitted
codeword. The transmit-equivalent signal-to-noise ratio (SNR)
is denoted by p. Due to the normalization of noise variance, the
SNR p also serves as a proxy for transmit power.
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In the original definitions of opportunistic communication,
e.g., multi-user diversity, only one transmitter is active during
each transmission interval. For the relay networks considered in
this paper, the definition is slightly generalized in the following
manner:

Definition 1: Opportunistic communication is defined as a
strategy where the received signal at each node during each
transmission interval is independent of all but one of the
transmitted messages. In other words, during each transmission
interval, each receiver in the network hears only one message
stream unencumbered by other message streams. The target
message stream may originate from a source, a relay, or both.

This definition maintains the spirit of opportunistic commu-
nication while allowing various nonorthogonal relaying strate-
gies. It is noteworthy that with this generalized definition, in
some networks (e.g., shared relay channel) more than one mes-
sage may be in transit at the same time.

Definition 2: An opportunistic communication mode is the
set of active transmitters, receivers, and respective links in the
network during a given transmission interval.

This work studies the high-SNR behavior of opportunistic
relay channels via the diversity-multiplexing tradeoff (DMT), in
a manner similar to [18]. Each transmitter 7 is allocated a family
of codes C;(p) indexed by the SNR, p. The rate R;{p) denotes
the data rate in bits per second per hertz and is a function of the
SNR. The multiplexing gain per user r; is defined as [18]

r; = lim &ip) .
p—oo logp

(1)

The selection strategy in the opportunistic relay network yields
an effective end-to-end channel. The attempted rate into this
effective channel is R; = r; log p. The error probability subject
to this rate is denoted P.(p) and the diversity gain is defined as
follows:

log P,
lim 08 Lep) (p)

1=—
( log p

2)

p—00
For the purposes of this study, since the transmission intervals
are sufficiently long, the diversity can be equivalently calculated
using the outage probability.

In principle, the high-SNR study of a network can generate a
multiplicity of diversities and multiplexing gains. In this paper
we pursue the symmetric case, i.e., all opportunistic modes the
have the same diversity gain d (in a manner similar to [19])
and also are required to support the same multiplexing gain r;,
where 7; = r/n and r is the overall (sum) multiplexing gain.

Finally a few points regarding notation: The probability of
an event is denoted with P(-). We say two functions f () and
g(x) are exponentially equal if

and denote it with f(z) = g(z). The exponential order of a
random variable X with respect to SNR p is defined as

v = — lim
p—oc logp

A3)
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Fig. 2. General opportunistic wireless scenario model. Each mode consists of
active links, potentially including a relay.

and denoted by X = p~¥, < and > follow the same definition.

IIT. BASIC RESULTS FOR DMT ANALYSIS

Consider an abstraction of a wireless network, shown in
Fig. 2, consisting of a set of sources, a set of destinations,
and a number of data-supporting paths between them. Each of
these paths may connect one or more source to one or more
destination, and may consist of active wireless links as well
as (possibly) relay nodes. Recall that each collection of active
paths and nodes is called an opportunistic mode. A concrete
example of opportunistic modes was shown in Fig. 1, where
Source 1, Relay, Destination, and corresponding links make
one mode, and Source 2, Relay, Destination, and corresponding
links form the second mode. For the purposes of this section,
the geometry of the links and relays that compose each mode
is abstracted away. However, the DMT supported by each of
the modes? is assumed to be known. Furthermore, it is assumed
that only one mode can be active at any given time, i.e., we
select one mode during each transmission interval.

We now produce a simple but useful result.

Lemma 1: Consider a system that opportunistically switches
between 7 paths (modes) whose conditional DMTs are given by
d;(r). The overall DMT is bounded by

d(r) < dy(r) + dy(r) + - + dy,(r) 4)
where dJ(r) is defined as
2(r) = — lim logP(e;|ei—1,...,e1) 5)

p—oo log p
and P(e;|e;_1,...,e1) is the probability of error in access
mode ¢ given that all the previous access modes are in error.
Proof: We demonstrate the result for a two-mode network,
generalization for n users follows directly.
The total probability of error when switching between two
subsystems is
PG:P(el,eg)—l—P(Ul,el,eg)—I—P(Ug,ei,eg) (6)
where e; and ey are the events of error in decoding User 1 and
User 2 data, respectively, the complements of error events are

2The multiplexing gain of each mode can be defined as the prelog of the
overall rate carried by that mode, and similarly the diversity defined as the slope
of the corresponding aggregate error rate of the data.
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Fig. 3. Opportunistic modes in the simple orthogonal relay channel.

denoted with a superscript ¢, and U;,Us are the events of
opportunistically choosing Mode 1 and Mode 2, respectively.
The event characterized by the probabilities P({/1, e, e5) and
P(Us, €5, eq) represents the error due to wrong selection.

We can upper bound P, as

Pe 2 P(@l,eg)
= P((E])P(Gg | (31)

= p 4 )= di(r) (7)

which implies that
d(r) < diy(r) + dy(r) ®)
where d;(r) is given by (5). This completes the proof. O

Specializing Lemma 1 to the case of independent error prob-
abilities directly yields the following.

Lemma 2: A DMT upper bound for opportunistically
switching between n independent wireless subsystems is given
by d(r) where

d(r) < di(r) + do(r) + - + dn(r)

and d;(r) is the DMT of the subsystem 3.

(€]

Lemma 3: The upper bounds of Lemma 1 and Lemma 2
are tight if the following two conditions are asymptotically
satisfied:

1) Each selected subsystem uses codebooks that achieve its

individual DMT.

2) The selection criterion is such that the system is in error
only when all subsystems are in error, i.e., P(Uy, e1,¢5) =
P(UQ, (ZT, 62) = 0.

Throughout the remainder of the paper, we assume that ap-
propriate codebooks are designed and used; therefore, the first
condition is satisfied. The second condition would be satisfied
by selecting access modes according to their instantaneous
end-to-end mutual information. For practical reasons, we may
consider simpler selection criteria, in which case the tightness
of the bounds above is not automatically guaranteed.

IV. OPPORTUNISTIC ON/OFF RELAY

In this section we consider a simple orthogonal relaying sce-
nario with one source, one relay and one destination. During
each transmission interval, the source transmits during the first
half-interval. In the second half-interval, either the relay trans-
mits, or the relay remains silent and the source continues to
transmit (see Fig. 3). The decision between these two options
is made opportunistically based on the channel gains.3

The question is: how should the relay on/off decision be
made, and what is the resulting high-SNR performance (DMT).

3Recall that both half-intervals are within the same coherence interval, i.e.,
the entire operation observes one set of channel realizations.
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Fig. 4. Interference relay channel.

The apparent simplicity of the problem can be deceiving,
because the random variables representing the performances of
our two choices are not independent.

Theorem 1: The DMT of a three-node simple relay channel,
under either AF or DF, subject to opportunistic relay selection,
is given by

dir)=(1—7)T +(1 —2r)*t. (10)

Proof: The proof is relegated to Appendices I and II. An
outline of the proof is as follows. The DMT of a point-to-point
nonrelayed link is d(r) = (1 — r)*. DF and AF orthogonal
relaying [20] have the DMT d(r) = (1 — 2r)*. Using the tech-
niques described in the previous section, these two DMTs are
combined. The main part of the proof is to establish that the
conditional DMT of the relay channel subject to the direct link
being in outage is d(r) = (1—2r)™, similar to its unconditional
DMT; therefore, the overall result follows from Lemma 1. [

Remark 1: For the simple relay channel shown above, there
is no need to investigate the opportunistic DDF and NAF, for the
following reason. In both NAF and DDF, it can be shown that the
end-to-end mutual information is never increased by removing
the relay from the network, because channel state information
is already incorporated into the operation of NAF and DDF in
such a way that the usage of the relay automatically adjusts to
the quality of the links.

Remark 2: 1t has been known that the NAF protocol provides
gains over orthogonal AF but the NAF decoding can be compli-
cated due to self-interference. The results of this section show
that the DMT gains of the NAF protocol can be achieved with
a much simpler decoding by using an opportunistic relay on/off
strategy. The cost is a small exchange of channel state informa-
tion for opportunistic relaying (1-bit feedback from the destina-
tion node to the source and the relay).

V. OPPORTUNISTIC INTERFERENCE RELAY CHANNEL

This section is dedicated to the study of a » x n network with
a relay in the opportunistic mode. The topology of the links in
this network is identical to an interference relay channel; there-
fore, this structure is called an opportunistic interference relay
channel. The naming is a device of convenience inspired by the
topology of the network.

For reference purposes, we briefly outline the background of
nonopportunistic interference relay channel. The interference
channel [21], [22] together with a relay was introduced by
Sahin and Erkip [23] (Fig. 4) who present achievable rates
using full duplex relaying and rate splitting. Sridharan et al.
[24] present an achievable rate region using a combination
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Fig. 5. Opportunistic access modes for the interference relay channel with orthogonal relaying.

of the Han-Kobayashi coding scheme and Costa’s dirty paper
coding, and calculate the degrees of freedom. Maric ef al. [25]
study a special case where the relay can observe the signal
from only one source and forward the interference to the other
destination. Tannious and Nosratinia [17] show that the degrees
of freedom for a MIMO interference relay channel with number
of antennas at the relay matching or exceeding the number of
users, is /2 where n is the number of users.

As mentioned earlier, opportunistic modes are defined such
that the data streams do not interfere, i.e., each receiving node
is exposed to one data stream at a time. Therefore, the two-
user interference relay channel has up to four access modes* as
shown in Fig. 5. The system selects one of the modes based
on the instantaneous link gains. In the following we analyze
the network under various relaying protocols and calculate the
DMT in each case.

We start by developing a simple genie upper bound. Consider
a genie that provides the relay with perfect knowledge of the
messages of the transmitting sources. Thus, access modes (c)
and (d) are transformed into a MISO channel with a DMT of
2(1 — 7)*. If the genie-aided access mode (c) and (d) are in
outage, then access modes (a) and (b) will be in outage as well;
therefore, they need not be considered. Applying Lemma 1, the
DMT of the 2 x 2 user opportunistic interference relay channel
is upper bounded by 4(1 — 7). This genie upper bound directly
extends to 2n(1 — 7)™ for the n X n user topology.

A. Orthogonal Relaying

Orthogonal relaying supports the full set of four access modes
in Fig. 5. Two of the modes do not involve the relay. In the
relay-assisted modes, a source transmits during the first half of
the transmission interval and the relay transmits in the second
half of the transmission interval.

1) Amplify and Forward Orthogonal Relaying: In the relay-
assisted modes, the relay amplifies the received signal and for-
wards it to the destination. We select the mode that minimizes
the outage probability. The instantaneous mutual information
of the nonrelay access modes is given by I; = log(1 + |h;;|?p)
where ¢ = 1, 2. The instantaneous mutual information for the
relay-assisted modes under orthogonal AF is given by [20], [26]

1 .
liyo = 5 log(1 + |his| 20 + F([hir*p, [hei*p)) i = 1,2 (11)

where f(z,y) = 7745 The selection criterion is as follows.

We first check the direct links. If none of the direct links can

4In nonorthogonal CF, DDF, and NAF relaying protocols, the nonrelayed
modes never support higher rates than the relayed modes. Therefore, in CF,
DDF, NAF some of these modes are never selected and can be ignored.

support the rate r log p, we check the access modes (c) and (d).
Using Lemma 1, the total DMT is given by

d(r) = dy(r) + dy(r) + dy(r) + dy(r) (12)
where
logP logP
di(r) = lim 8T (el), dy(r) = lim 0g P(e2)
p—oo  logp p—oc  logp
logP(es|e logP(ey4]|e
dy(r) = lim logPles [ e1) |€1), dy(r) = lim logP(es]e2)
pro0 log p p—ro0 log p

It is easy to verify that e; and e3 are independent from e and e4.
Using techniques similar to the proof of Theorem 1, the outage
probability of the opportunistic orthogonal AF 2 x 2 interfer-
ence relay channel at high SNR is given by

Lgp?rml el gpr—ly et 2
e e e +1
P(I <rlogp) ~ ( T )

N2
X (1 - 67‘0'71) .

The total DMT can be shown to be

d(r) =2(1 — )" +2(1 - 2r)*. (13)

Generalization to n source-destination pairs follows easily; the
corresponding DMT is d(r) = n(1 — r)* + n(1 — 2r)™.

2) Decode and Forward Orthogonal Relaying: We use the
same selection technique used in the orthogonal AF relaying.
The instantaneous mutual information for the relay-assisted
modes is given by by [20]

1
Livz = log(L+pUy), i=1,2 (14)
where
2|h‘ii|2 |hi'r|2 < pPr—1
U, = LP (15)
hiil? + b2 R > %

With the same type of argument used to calculate the DMT for
the opportunistic orthogonal AF interference relay channel and
Appendix I, the outage probability of the opportunistic orthog-
onal 2 x 2 DF interference relay channel at high SNR is given
by

1

P(I <rlogp) =~ (1 —e

_|_

r— r— 27— 2
(1—¢* g p"”l(z’/)2 1)(2"’7 '
1—er

2
X (1 - efﬁril) .
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It can be shown that the DMT in case of orthogonal DF is

d(r) =n(1 —r)t +n(l - 2r)*. (16)

B. Nonorthogonal Relaying

In the nonorthogonal protocols considered in this section, the
source transmits throughout the transmission interval, while the
relay transmits during part of the transmission interval. The
source and relay signals are superimposed at the destination.
Note that this superposition does not violate our working defi-
nition of opportunistic communication, which states that the re-
ceived signal at each destination is independent of all but one of
the transmitted messages.

Under the nonorthogonal relaying protocols, the interference
relay channel has only two access modes, Fig. 5(c) and (d). Ac-
cess modes (a) and (b) are not considered, because it can be
shown that in nonorthogonal relaying, the end-to-end mutual
information of the relay-assisted modes is always greater than
the corresponding nonrelayed modes.

1) Nonorthogonal Amplify and Forward: For half the trans-
mission interval, the received signal at the destination and at the
relay are given by [27]

Y1i = /Phiiti + 11i, Yie = /PhirZ1i + Ny

The variables z. i, n have two subscripts indicating the appro-
priate half-interval and node identity, respectively. For example,
Y1 1s the received signal during the first half-interval at the
relay, while 1, is the transmit signal at the first half-interval
from source i. At the second half of the transmission interval the
relay normalizes the received signal (to satisfy the relay power
constraint) and retransmits it. The destination received signal in
the second half is given by

\/ﬁhri
V p|h'i'r|2 +1

where a similar notati\(}ghholds. The effective destination noise
Phri

during this time is —2=—=——=mn1, + Ng;.
Volhir 241
User ¢* is selected to maximize the mutual information,

which at high SNR can be shown to lead to the following
selection rule:

Yoi = \/phiiwa + Y1 + N2i

" I |hii|* | Pir |* (17
1 = argmaxif; = arg max —_———— .
8 g 5 . |hri|2+ |hir‘2

Using our knowledge of the DMT of nonopportunistic NAF
[28] which is given by d(r) = (1 — 7)* + (1 — 2r)™, and
applying Lemmas 2, 3 and using the selection criterion ¢* from
(17), the DMT of opportunistic NAF interference relay channel
with n source-destination pairs is

dir)y=n(l —7)t +n(1l - 2r)". (18)

2) Dynamic Decode and Forward: The relay listens to the
source until it has enough information to decode. The relay
re-encodes the message using an independent Gaussian code-
book and transmits it during the remainder of the transmission
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interval. The time needed for the relay to decode the message
depends on the quality of the source-relay channel. Using [28]
and Lemma 1, the DMT of the optimal opportunistic DDF in-
terference relay channel is as follows:

d(r):{Qq,(lT—r), 0

Srsg (19)
n=—=, % <r<1.

Compared to the other protocols considered for the interfer-
ence relay channel, the DDF mutual information for each node
has a more complex expression. This provides an impetus for
the analysis of simpler selection scenarios. It has been observed
elsewhere in this paper that selection based on source-desti-
nation link gains sometimes may perform well; therefore, we
consider that choice function for the DDF interference relay
channel. Following the same technique as [29], the resulting

DMT can be shown to be

(20)

It is observed that for DDF, selection based on direct link gains
is clearly suboptimal, especially at low multiplexing gains.

3) Compress and Forward: Following [30], the relay listens
to the selected source for a percentage ¢ of the transmission in-
terval. The source and the relay perform block Markov superpo-
sition coding, and the destination employs backward decoding
[31]. The relay performs Wyner-Ziv compression, exploiting
the destination’s side information. This ensures that the relay
message can be received error free at the receiver. The relay
compression ratio must satisfy

ey

Yuksel and Erkip [30] show that the optimal DMT, d(r) =
2(1 — 7)™, is achieved when the relay listens for half the trans-
mission interval and transmits during the remainder of time in
the interval.>

For opportunistic compress and forward interference relay
channel, the user +* = arg max; I; is selected, where I; is the
mutual information for each access mode. At high-SNR, using
results from [30], the selected user ¥ can be proved to be

(|h6‘1‘,7“|2+|h55,d7‘ 2) (|h/r1di 2+|hsz-,dz 2)|h5i1di
( h’Sa,T|2+ hs,‘,,d,;,|2)+(|hr,d,,;|2+|hs,;,d;,|2)

Each mode can achieve a DMT d(r) = 2(1—r)*; hence, the op-
portunistic system with 7 source-destination pairs can achieve
the DMT d(r) = 2n(1 — r)T.

Fig. 6 compares the DMT of various relaying schemes for the
interference relay channel with four source-destination pairs.
The optimal opportunistic DDF relaying is denoted by DDF1
and DDF relaying with the simple selection criterion (based on
source-destination link gains) is denoted by DDF2. Compress

I(gr;yr |1L‘r7yd) < I("L'T;yd)

2

i* =arg max
k3

5The work in [30] assumes transmit channel state information at the relay to
insure that the relay’s message reaches the destination error free. Recent work
[32] proves that the same DMT can be achieved using quantize-and-map re-
laying with only receiver-side channel state information. Another relaying pro-
tocol, dynamic compress-and-forward, is analyzed in [33] without a direct link
and is shown to achieve the optimal DMT without channel state information at
the relay.
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Fig. 6. Diversity multiplexing trade-off for a 4 source-destination pairs interference relay channel using different opportunistic relaying schemes.
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Fig. 7. Shared relay channel.

and forward achieves the optimal DMT but requires full CSI at
the relay.

VI. OPPORTUNISTIC SHARED RELAY CHANNEL

The shared relay channel (SRC) (Fig. 7) was introduced in
[34] with the sources using TDMA channel access and orthog-
onal source and relay transmissions. In [35], based on superpo-
sition and dirty paper coding, lower and upper bounds on the ca-
pacity of additive white Gaussian noise (AWGN) MIMO shared
relay channel are presented.

In the shared relay channel, the direct link between each
source and its destination is free from interference from the
other source; however, the relay can cause indirect interference
if it assists both sources at the same time. Therefore, in the
opportunistic mode the relay should either assist one of the
users or none of them (Fig. 8). We assume the access mode that
minimizes the outage probability is chosen. In our analyses,
access modes support equal rate; thus, in the first two access
modes, one source transmits at rate & = rlogp, while in
the third access mode both sources transmit, each with a rate
R, = r/2logp.

A. DMT Upper Bound

An easy upper bound can be found by adding the DMT of
the three access modes without considering the dependencies

o o o o
o/ \o o o
(a) (b) ©

Fig. 8. Opportunistic access modes for the shared relay channel.

among the throughputs of the three access modes. A tighter
upper bound can be found by assuming a genie that provides
the relay with the source information. In Fig. 8, we call modes
(a) and (b) relay-assisted access modes while denoting mode (c¢)
a nonrelayed access mode. Thus, in the presence of a genie, the
relay-assisted access modes are essentially equivalent to MISO
links. The nonrelay access mode is obviously not affected by
the genie.

Theorem 2: A DMT upper bound for the genie aided oppor-
tunistic shared relay channel is given by

ar) < (1- ;7>+ +@2n—1)(1-r)" (22)
- (2n—-1+4)r, 0<r<i1
_{(1;—) 1<r<n. 23)

Proof: The proof uses Lemma 1 taking into account the
dependency between the different access modes. Details of the
proof are given in Appendix III. O

We notice that for high multiplexing gain, » > 1, the first
and second access modes do not contribute to the diversity gain
because the third mode is always active. For low multiplexing
gain, r < 1, the three access modes are contributing to the total
diversity gain of the system and switching between the three
access modes should be considered.
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For clarity of exposition, we assume two source-destination
pairs in the remainder of the analysis. However, the analysis
is extendable to any number of node pairs in a straightforward
manner.

B. Achievable DMT

If we allow ourselves to be guided by the upper bound above,
it is reasonable to use the nonrelay access mode for high multi-
plexing gains (r > 1). This makes intuitive sense, since relayed
access modes cannot support high multiplexing gains. For mul-
tiplexing gains less than 1, switching between the three access
mode should be considered.

To begin with, we consider a simplified selection by
partitioning the decision space: in one partition (at low
multiplexing gains) choosing only among relayed access
modes (easier due to their independence), in the other parti-
tion (at high multiplexing gains) using only the nonrelayed
mode. This hybrid scheme avoids the cost of the compar-
ison among all three modes which is especially useful in
the cases of large number of users. Using results from [28]
and [30], this strategy leads to the following DMT for NAF

d(r) = max {2(1 — r)* +2(1 = 2r)*, (1 - $)” }, for DDF

41-7), 0<r<05
dry=< 252, 05<r<3-V5 (24)
-1z, 3—-vVh<r<a2.

and for CF d(r) = max {4(1 -t (1- ’§)+

Naturally, there is no guarantee that the above strategy is op-
timal. For the best results, one must compare directly the three
opportunistic modes, but then the DMT requires nontrivial cal-
culations, as characterized by the following results.

The following DMT are subject to the two conditions men-
tioned in Lemma 3.

1) Nonorthogonal Amplify and Forward:

Theorem 3: The overall DMT for the opportunistic shared
relay channel under NAF relaying protocol is given by

ﬂmzza—zm++ofl)++a—rﬁ

2
4— YLy 0<r<05
=¢2-3r, 05<r<l1 (25)

-5 1<r <2

Proof: The proof uses Lemma 1 and results from MIMO
point to point communication [18] and NAF relaying [28]
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taking into account the dependency between the different
access modes. Details are given in Appendix IV. O

2) Dynamic Decode and Forward:

Theorem 4: The overall DMT for the opportunistic shared
relay channel under DDF relaying protocol is given by (26),
shown at the bottom of the page.

Proof: The proof uses Lemma 1 and results for DDF re-
laying [28], while taking into account the dependency between
the three access modes. Details are given in Appendix VI. [

3) Compress and Forward: As mentioned earlier, the hybrid
strategy yields the following DMT:

r) = 4(1_T)7
(r) {(1—9,

One can show that optimization between all three access
modes at each r cannot yield a better DMT under CF relaying;
therefore, the result above cannot be improved upon. The proof
is given in Appendix VII.

r<$§
=" =7
t<r<a 7)

Remark 3: The trivial hybrid scheme of using the relay as-
sisted modes at low multiplexing gains and the direct links at
high multiplexing links is not always suboptimal. It is shown
that for NAF and DDF, better performance is achieved by con-
sidering the three access modes at low multiplexing gains. For
CF relaying, the nonrelayed access mode is not helping at low
multiplexing gains; hence, the hybrid scheme is optimal.

Remark 4: Using the same technique used to prove the
DMT of the orthogonal opportunistic simple relay channel,
Appendix I and I, and Lemma 1, one can show that the DMT of
the opportunistic shared relay channel under either orthogonal
AF or orthogonal DF is given by

dir) =21 -2r)" + (1 —r/2)*" (28)
where the access modes are defined as before and the relay al-
ways transmits orthogonal to the sources.

To summarize the results for the opportunistic shared relay
channel, a brief comparison between three relaying protocols
NAF, DDF, and CF is as follows. At low multiplexing gain the
DDF outperforms NAF and CF. At medium multiplexing gains,
the relay does not have enough time to fully forward the de-
coded message to the destination and the CF in this case out-
performs the DDF. At multiplexing gains above 1, it does not
matter which relaying protocol is used since the DM T-optimal
strategy uses direct (nonrelayed) mode.
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Fig. 9. Diversity multiplexing trade-off for a 2-pair shared relay channel, demonstrating the performance of various protocols.

Fig. 10. Multiple access relay channel.

VII. OPPORTUNISTIC MULTIPLE ACCESS AND
BROADCAST RELAY CHANNELS

The multiple access relay channel (MARC) [36] consists of
the standard multiple access channel together with one relay
(see Fig. 10). No results for the DMT of the opportunistic
MARC have been available until now, but its nonopportunistic
DMT under superposition coding with single-antenna nodes is
analyzed in [37]-[39], [30]. The following results are known
for the nonopportunistic MARC: It is known that the dynamic
decode and forward is DMT optimal for low multiplexing gain
[37]. The compress and forward protocol achieves a significant
portion of the half duplex DMT upper bound for high mul-
tiplexing gain [30] but suffers from diversity loss in the low
multiplexing regime. The multiple-access relay amplify and
forward (MAF) is proposed in [39], it dominates the CF and
outperform the DDF protocol in high multiplexing regime.

The broadcast relay channel (BRC) was introduced indepen-
dently in [40] and [41]. Assuming single-antenna nodes, the op-
portunistic BRC is identical to the opportunistic MARC except
for certain practicalities in the exchange of channel state infor-
mation, which does not make a difference at the abstraction level
of the models used in this paper. Therefore, for the demonstra-
tion purposes we focus on MARC; the results carry over to the
BRC directly.

A. DMT Upper Bound

In order to calculate a DMT upper bound for the opportunistic
MARC, we assume a genie gives the relay an error-free version
of the messages originating from all the sources. We also assume
full cooperation on the transmit side. Under these conditions, the
source that maximizes the instantaneous end-to-end mutual in-
formation is selected. Each of the » sources has an independent
link to the destination and they all share the same relay-destina-
tion link. The opportunistic modes are demonstrated in Fig. 11.
The genie-aided MARC is equivalent to a MISO system with
n 4+ 1 transmit antennas and one receive antenna.

The performance of the opportunistic genie-aided MARC is,
therefore, upper bounded by a (n + 1) x 1 MISO system with
antenna selection that chooses for each codeword transmission
two transmit antennas. The (n+ 1) x 1 antenna selection allows
configurations that do not have a counterpart in the opportunistic
modes in the MARC channel; therefore, due to the extra flexi-
bility, the MISO system with antenna selection upper bounds the
performance of the genie-aided opportunistic MARC channel.

The DMT of a M x N MIMO link with L; < M selected
transmit antennas and L, < N selected receive antennas is
upper bounded by a piecewise linear function obtained by con-
necting the following K + 2 points [42]

{(n, (M, — 2)(M; —a)YE o, (min(L,, L:),0)  (29)

where

. M,w — ]{,)(Mt — k)
K — aro ¥ .
arg lknenzl min(L,, L) — k
subject to 0 < k < min(L,., L;) — 1.
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Fig. 11. Opportunistic access modes for the genie-aided multiple access relay channel.

Using this result, a (n 4+ 1) x 1 MISO system with two selected
transmit antennas has a DMT that is upper bounded by

dir)y=(n+1)(1 —r)7. (30)
This represents our genie-aided upper bound for opportunistic
MARC.

B. Achievable DMT

In this section, we propose a node selection rule and calculate
the corresponding achievability results for a number of relaying
protocols in opportunistic MARC and BRC. As mentioned ear-
lier, one of the difficulties in the computation of DMT in op-
portunistic scenarios is the dependencies among the statistics of
the node selections, which itself is a result of selection rules. To
circumvent these difficulties, we propose a selection rule that re-
lies only on the source-destination links in the MARC. Because
this method does not observe the shared link in the system, the
resulting node statistics are independent and many of the com-
putational difficulties disappear.

We shall see that this simplified selection works surprisingly
well in the high-SNR regime. It will be shown that for some re-
laying protocols this selection algorithm yields achievable DMT
that is tight against the upper bound.

The proposed schemes for the MARC can also be used for the
BRC; therefore, for demonstration purposes, we limit ourselves
to MARC. The only difference is that for the BRC the CSI must
be fed back to the source to make the scheduling decision.

1) Orthogonal Amplify and Forward: The maximum instan-
taneous mutual information between the inputs and the output
is

27 plh"f‘dlz))

1
Tap = 3 log(1 4 plhi-a|® + f(p|hir 3D

where i* = arg max; |h,;4|. The outage probability is given by

Pap =P(lap <rlogp)
2 1L 2 2 PQT -1
=P { |hi-al” + —f(plhise |, plheal”) < - (32)
P P
Since channel coefficients h;; are complex Gaussian, |hij|2

obey exponential distributions. We, therefore, use the following
result to characterize (32) in the high-SNR regime.

Lemma 4: Assume random variables u;,v and w obey ex-
ponential distributions with parameters A,, A, and A,,, respec-
tively, and € is a constant and f(z,y) = =¥

z4y+1
1 27 _ 1
lim , P (W < o ) — 33)
() p
p
1 2r 1
lim ———=P <max w; < P ) =" (34)
poo (p2r 1 i P :
)
1 2r _ 1 )\1))\,7’
lim 7_HP<maxui+v< P ) - u
p=oe pzrfl)n i P n+1
I
(35)
1 , p 2r 1
lim —————=P (maxm + f (E ﬂ) <P )
O i ¢ € € P
(=)
)\n A’U A'w

2

Proof: Expression (33) is proved in [20]. The proof of the
other expressions is similar (with slight modifications) and is
omitted for brevity. O

From (32) and (36), the probability of outage at high SNR is

1 [)2, _1 n+1
Pap = 5/\?#(1(/\1‘",» + XAa) ( ; ) 37)

where Aj+p, Apg, Aj+4 are the exponential parameters of the
channel gains for the links corresponding to the selected op-
portunistic mode. It follows that the DMT of the opportunistic
n-user MARC with orthogonal amplify-and-forward, under a
selection rule based on the source-destination channel gain, is
given by

d(r)=(n+1)(1 —2r)*. (38)

2) Orthogonal Decode and Forward: With the orthogonal
DF protocol, outage happens if either of the following two sce-
narios happen: (1) the relay cannot decode and the direct source-
destination channel is in outage, or (2) the relay can decode but
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the source-destination and relay-destination links together are
not strong enough to support the required rate. In other words

27«_1 2r_1
PDF:POhW?z’) p )P<|h,,-,yd|2+hrd|2<p p )

2r_1 . 2r_1
+ P<|hi>«r2 < P ) P (|hiwd|2 < P )
P P

= P(lhi o2 > 02 P (hieal® + [heal® < p*7Y)
+ P [? < T HP(heal® < 77T,

(39)

Using Lemma 4, specifically (33), (34), and (35), the outage
probability can be approximated, thus

A i Ard
P - i*d
DF ( n+ 1

+ A;ﬁdm) pTHETD (40
It follows directly that the n-user opportunistic MARC, subject
to selection based on source-destination channel gains and op-
erating with orthogonal DF, has the following DMT

d(r) = (n+1)(1 —2r)*. (41)

Remark 5: We know that an orthogonal relay may not be
helpful in high multiplexing gains, but the above orthogonal
MARC dedicates time to the relay; therefore, it may be im-
proved. To do that, we add to the system n unassisted modes,
where the relay does not play a role. For an opportunistic MARC
that can choose between 2n opportunistic modes, one can show
that the maximum achieved DMT is d(r) = n(1 — r)™ + (1 —
r/2)T. A simple selection rule achieves this DMT: take the best
source-destination link. If it is viable without the relay, use it
without relay, otherwise use it with the relay.

3) Nonorthogonal Amplify and Forward: In this protocol,
the source with the maximum source-destination channel coef-
ficient is selected. Recall that the index of this source is denoted
#*. This source continues transmitting throughout the transmis-
sion interval.

The DMT of the MARC with n sources and opportunistic
channel access based on the source-destination channel gain
using NAF relaying is

diry =n(l—r)+ (1 —-2r)". (42)
This result indicates that at multiplexing gains » > 0.5 the relay
does not play any role; the only available diversity at »» > 0.5
is that of multiuser diversity generated by selection among n
sources.

To prove the result, we make use of the calculation method in
[18], [28]. An outline of the proof is as follows. We assume that

v1 is the exponential order of the random variable ﬁ, 1e.,
1 X hik 2
oy = loallhia?) )
log p

The probability density function of the exponential order is

Py = nln(p)p—ve—p_r(l — e—p_v)"—l (44)
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which, asymptotically,

Py = {0’
v p—nv7

The probability of outage can be characterized by Po = p~
where

v <0

v > 0. (45)

d,

inf
(v1,v2,u)€0T

d, = nvp + ve +u (46)

where v and u are the exponential order of 1/|h;-,.|?> and
1/|h.a|?, respectively. The set O characterizes the outage event
and Ot is O N R**. Optimization problems of this form have
been solved in [28] and also in the context of opportunistic relay
networks we have demonstrated a solution in Appendix IV for
the shared relay channel; therefore, we omit a similar solution
here in the interest of brevity.

4) Dynamic Decode and Forward: The DMT of the op-
portunistic DDF MARC, where the selection is based on the
source-destination channel gain, is given by

(m+1){1—r), Z5>2r>0
(Z — - n-+
(T) { 77/(1i,)7 1>r> 2

(A

(47)

n+1"

The proof, which is omitted for brevity, follows [18], [28]
together with Lemmas 1, 2, and 3 of this paper and the NAF
MARC proof. The DDF achieves the optimal trade-off (the
genie-aided DMT) for 7= > = > 0. For multiplexing gains

n+1
r > I the relay does not have enough time to perfectly help

7
the sgigcted source. However, as n grows, the DMT approaches
the upper bound (genie-aided).

5) Compress and Forward: The node selected by the oppor-
tunistic algorithm has index +*. The system will be in outage
if the transmission rate rlog p is less than the instantaneous
mutual information I(x;+; 4., ya | 2..), where ¥, represents the
compressed signal at the relay, .. and y4 are the received sig-
nals at the relay and the destination, respectively, and z;- and
z, are the source and relay transmitted signals, respectively.
Using selection scheme based on the direct link only and ap-
plying the same techniques as in [30], it follows that the CF
protocol achieves the following DMT:

d(r) = min(dgc(r), dprac(r)) (48)

where dpc, d3r4c correspond to the outage of broadcast and
MAC cutsets, as follows:

ming . ) P 9,9a ] 2,) < rlog p)

dpc(r) £ _ lim

e log p
P(log|T HroHL log
= — lim (log|I + pHpcHpc| < rlogp) (49)
e log p
A g Wiy e, PO 205 ya) < 7logp
darac(r) = — lim pas @) P i ) )
e ogp
_ _ qyy Plog|I+2pHy acH, o] < rlogp)
e log p :
(50)

The transmit signals x;- and z, are from random code-
books that are drawn according to complex Gaussian dis-
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tributions with zero mean and variance ,/p. We define
A e

Hpo = [h I, Harac = [hiva hea] and ()T denotes the
bi* d

Hermitian operator. The derivation of (49), (50) uses the fact

that a constant scaling in the transmit power does not change
the DMT [18].

Using the techniques in [18], [28] and following the NAF

MARC DMT proof, it is possible to calculate the following:

(n+1)-= r<t< g
dpe(r) = ((i 3 t < min (r ﬁ) (51)
(n+1)(1 —r) t>
n+1) -1, 1-r2it>5
dyrac(r) = n(lt—r), t > Inax{l -, m} (52)
(n+D)(1—r), t< 25

Details of the derivation are similar to, e.g., Theorem 4 and are
omitted for brevity.
From (48)—(52), it follows that the genie aided DMT upper

bound can be achieved for any value of —= < 7 < " . The
maximum achieved DMT is given by
diry=(n+1)(1-r)" (53)

C. Optimality of the Achievable DMTs

Although the previous DMTs were calculated using simpli-
fied selection schemes that only observed the source-destination
direct link, one can show that for each of the relaying protocols,
no improvement in DMT is possible by more sophisticated se-
lection schemes.

This fact is self-evident for the CF relaying result, since it
meets the genie-aided upper bound. The NAF and DDF do not
meet the genie-aided bound; therefore, it is not obvious that they
perform optimally under the simplified selection scheme. We
now proceed to investigate this question for DDF and NAF.

The DMT of the multiple access relay channel with oppor-
tunistic user selection is given by

logP(Oy, ...,
log p

On)

d(r) = lim

p—00

(54)

where O; represents the outage event for the access mode char-
acterized by source ¢ transmitting to the destination with the help
of the relay.

In a manner similar to [28] and (129), the probability of
outage P(O1, ..., 0,) can be expressed as follows:

do(r) = inf
(’U(i1> Jull) ,...,'Uin),u(") 02)EO

- @ 1 )
u?+j§_:1( i +uJ) (55)

The random variables v%j ) .u) and v, represent the exponential

order of 1/|h;4|%,1/|hjr|* and 1/|h,q)?, respectively. Each of

6525

these random variables has a probability density function that is
asymptotically equal to

p() = 0, <0
P = p~ " x>0

The set O represents the outage event for the opportunistic net-
work. We know O = Of n...N O}, i.e., the opportunistic

system is considered in outage when no access mode is viable.
For NAF the outage region is defined by [28]

OT :{ ('U:gj)7 Vs, u(j)) € R3+‘ (I—2m) (1 — 'Ugj))—i—

+m max {2 (1 — fugj)) 11— (UQ + u(j)) })+ < 7'1} (57)

where m is rank of the relay amplification matrix and [ is the
block length. The solution to (55) and (57) is facilitated by the
knowledge that d, () is maximized when m = [/2, leading to

(56)

dyap(r)=n{l—1r)+ (1 — 2r). (58)
This is the best diversity obtained for NAF, which is similar
to the simplified selection based on the source-destination link.
Therefore, the optimality of the simplified selection rule is es-
tablished for NAF.

For DDF the outage region is defined by [28]

o} = { (119),7;2#(7)) c R3+‘ ) (1 _ HEJ))J“
+ (1 — t(j)) (1 — min (1J§J), 7)2>>+ < r} (59)

where £\) is the listening-time ratio of the half-duplex relay
when source j is transmitting, with r < t() < 1. In the fol-
lowing we outline the solution of (55) and (59) for a two-user
MARC. The generalization to » users is straight forward.

Our strategy for solving the optimization problem is to par-
tition the optimization space into eight regions, solve the op-
timization problem over each region as a function of +(*) and
t® | maximize over t() and (2 and then find the minimum of
the eight solutions. The eight regions correspond to the Carte-
sian product of whether each of the three positive variables
'ugl), 'u§2), vy 1s greater than or less than 1. Following the cal-
culations, which are straight forward, the DMT for DDF is
(n+1D)(A=7) Fg=>r 2 0
nl=r 12r>— +1

r

dppr(r) = { (60)

which matches the DMT of simplified selection based on the
source-destination links. Therefore, the optimality of simplified
selection for the DDF is established.

We can follow essentially the same steps for the broadcast
relay channel and obtain the same DMTs for both the NAF and
DDF. The optimization problem in the broadcast case is slightly
different: the shared link in BRC is the source-relay channel
while it is the relay-destination channel in the MARC. Never-
theless, very similar strategies follow through for the BRC with
only small adjustments.
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Fig. 13.  X-relay channel.

VIII. OPPORTUNISTIC X-RELAY CHANNEL

The X-relay channel is defined as a . X n node wireless net-
work with a relay, where each of the n sources has messages
for each of the n destinations (see Fig. 13). The sources are not
allowed to cooperate with each other, but the relay cooperates
with all sources.

There are only a few results available on the X channel,
among them, it has been shown [43] that the 2 X 2 X-channel
with no relay has exactly % degrees of freedom when the
channels vary with time and frequency. The X-relay channel
introduces a relay to the X channel for improved performance.
For the purposes of exposition we focus on a 2 x 2 X-relay
channel, but the results are extendable to the n x n channel.

The opportunistic X-relay channel has four access modes as
shown in Fig. 14. These modes avoid interference across dif-
ferent message streams and satisfy our working definition of op-
portunistic modes in relay networks.

A. DMT Upper Bound

To find an upper bound for the DMT of opportunistic X-relay
channel, we assume a genie transfers the data from the sources
to the relay and also allows the sources to know each other’s
messages. For the upper bound we also allow the destinations to
fully cooperate, noting that it can only improve the performance.
Fig. 15 shows the genie-aided opportunistic modes, where the
two-sided arrows indicate the free exchange of information by

nsert shows the high-multiplexing gain region.

@ @)
N
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(a) (b)
(@) (7]
-
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O

(a) (
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Fig. 15. Opportunistic modes of genie-aided X-relay channel.

the genie. From this figure, it is easy to see that the genie-aided
X-relay channel is equivalent to a MIMO system with 3 transmit
antennas and 2 receive antennas.

The performance of the opportunistic X-relay channel is,
therefore, upper bounded by a 3 x 2 MIMO system with an-
tenna selection, choosing for each codeword two transmitting
and one receiving antennas. It is noteworthy that the 3 x 2
antenna selection allows one configuration that does not have a
counterpart in the opportunistic modes in the X-relay channel;
therefore, due to the extra flexibility, the MIMO system
with antenna selection upper bounds the performance of the
genie-aided opportunistic X-relay channel.
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Fig. 16. DMT of the opportunistic X-relay channel under orthogonal AF and
DF, Nonorthogonal AF, Dynamic DF, and CF. The CF achieves the DMT upper
bound.

Using the result from (29), a 3 x 2 MIMO system with two
antennas selected from the transmitter side and one antenna se-
lected from the receiver side has a DMT that is upper bounded
by d(r) = 6(1 — 7)™ This in turn is an upper bound to the per-
formance of the opportunistic X-relay channel.

B. Achievable DMT

For deriving achievable rates, we consider the following sim-
plified opportunistic scheme. First, we choose between the two
access modes (a) and (b) in Fig. 14. If both these two modes
are in outage, we consider only the direct link of the two access
modes (c) and (d), i.e., the relay is not allowed to cooperate in
modes (c) and (d). Note that this is only a simplification for the
purposes of achievable-DMT analysis, the idea being that if the
relay is useful in neither of the access modes (a) and (b), it is
unlikely to be useful at all. The approximation involving the
conditional removal of the relay from (c) and (d) allows the ac-
cess modes to become independent and simplifies the analysis.
The resulting achievable rate is tight against the upper bound for
compress-forward, as seen in the sequel, but not demonstrably
so for other protocols.

Access modes (a) and (b) do not share any common links;
therefore, their statistics are independent. Each of them is an
ordinary relay channel which can achieve d(r) = 2(1 — r)*
via the CF protocol [30]. The (c) and (d) access modes, which
were reduced to a single link, each achieves the DMT d(r) =
(1—7)™. Furthermore, the source-destination links in (c) and (d)
are disjoint from the links in (a) and (b); therefore, the statistics
are independent, and we can use Lemma 1 to find the overall
DMT d(r) = 6(1 — r)™. Note that this achievable DMT meets
the upper bound; therefore, the DMT of the X-relay channel
under CF is exactly d(r) = 6(1 — r)™*

Achievability results for relaying protocols other than CF can
be obtained along the same lines. We begin with NAF. Recall
that the DMT of a simple relay network (source, relay, destina-
tion) under NAF is d(r) = (1 — r)* + (1 — 2r)*. Combining
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the four access modes (a), (b), (¢), (d) mentioned earlier for the
X-relay channel together with the NAF protocol results in

dXNAF("') = 2(1 — ’I‘)+ + 2[(1 — 'r‘)+ + (1 — 27‘)+]
=4(1-r)"+2(1-2r)" 61)
A similar result exists for the DDF where the DMT is given by
) _f6(1—r), 0<r<s
d_XDDF(T)—{2¥+2(1_T)7 Lor<l (62)

Applying the same analysis to orthogonal AF and DF yields a
diversity d(r) = 2(1 — 7)™ + 4(1 — 2r)™, but there is more to
be said for orthogonal transmission. In orthogonal transmission
it may be beneficial at high multiplexing gains to shut down the
relay; therefore, a complete analysis requires two more oppor-
tunistic modes that are derived by shutting down the relay from
modes (a) and (b). Using this extended set of six access modes,
the DMT of the opportunistic X-relay channel with orthogonal
AF or orthogonal DF is

d(r) =4(1 =)t +2(1 —2r)* (63)

which matches the DMT of NAF.

Thus far, to find achievable DMTs for the X relay channel we
used simplified selection rules and access modes. In the case
of CF, this simplified achievable DMT is in fact optimal since it
matches the genie upper bound. One can show that for NAF and
DDF also, no DMT gains can be obtained by more sophisticated
selection rules and access modes, as outlined below.

To find the overall optimal DMT without the simplifications,
we need to solve a linear optimization problem similar to (55)
where

do(r) =

inf Z (Z G7) | U( 74 u(JT))

( (u) (m)u(Jr))EO ige{l, Q}J ] Py
(64)

where ug vl

and u") represent the exponential order of
21 / |h, 4> and 1 / |2, respectlvely The outage event
Ois characterlzed by OF NnOF N ofn O7F . ie., the system is
in outage if all access modes are in outage. The outage event is
given by (57) for NAF and (59) for DDF. In a straight forward
manner, the optimization above gives the same DMTs found
by the simplified selection criterion; therefore, the calculated

DMTs cannot be improved upon and are optimal.

IX. GATEWAY CHANNEL

The gateway channel [44] is a multinode network with M
source-destination pairs that communicate with the help of a
relay (see Fig. 17). Each source communicates only with its
corresponding destination. A two-hop communication scheme
is used, where at the first hop the sources transmit to the relay
and at the second hop the relay transmits to the destinations. No
direct link exists between the sources and destinations; there-
fore, if the relay is in outage, the destination will surely be in
outage. Under these conditions, the most natural mode of opera-
tion is decode-and-forward, although amplify-and-forward may
also be considered due to practical limitations. In this work we
concentrate on the DF gateway channel.
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Fig. 17. Gateway channel.

With an infinite buffer at the relay, the gateway channel
decomposes into a concatenation of a MAC and a broadcast
channel. An infinite buffer would thus simplify the analysis
but also increase the overall latency and relay complexity. One
of the interesting outcomes of the forthcoming analysis is that
that data buffering in the asymptotic high-SNR regime does not
provide a performance advantage (in the sense of DMT).

We start with the nonopportunistic gateway channel, and then
move to the opportunistic scheme.

A. No Transmit CSI

We first consider the case where all nodes have receive-side
CSI, but the nodes, and in particular the relay, do not have
transmit-side CSI. Under these conditions, we cannot choose
source-destination pairs according to their SNR. Then the
choice of transmission strategies on the MAC and broadcast
side of the network are as follows.

On the broadcast side, the channel gains are random and un-
known to the relay. In light of symmetric rate requirements, the
transmit strategy must be symmetric with respect to the destina-
tions. Under this symmetry, the best achievable rate is according
to orthogonal transmission [45] and superposition coding does
not give better results.

For the multiple-access side, under symmetric rate require-
ment, both orthogonal and superposition channel access are vi-
able. It has been shown that superposition access gives slightly
better performance at medium SNR, while at high and low SNR
the two methods have asymptotically the same capacity under
symmetric rates [45, pp. 243-245].

In the absence of transmit-side CSI, and with symmetric rate
requirements, the network does indeed decompose into a cas-
cade of a multiple-access and a broadcast subnetworks, and the
overall outage probability is given by

Pop=1—(1— Pryac)(l - Pge)

= Pyrac + Ppe — PuacPpe. (65)

Where Ph;ac (respectively Ppc) denotes the outage of the
MAC (respectively broadcast channel), defined as the proba-
bility that one or more of the users in the MAC (respectively
broadcast channel) cannot support rate I2. In a slowly fading en-
vironment, for a power allocation vector Ps = ( Py, ..., Py),
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a fading state H = (hy,,..., h,MT)iand superposition coding,
the outage is given by Parac = P(R ¢ Cprac) where

_ 1 1 .
CNIAC(Hg P): {RZRLS 5 lOg (1 + N Z |hir|zpi> }

ies ies
(66)

With a time-sharing MAC, the outage probability is

1 _ 2 .
Prac=P ({R > S log(1 4 plhs ?), i = 1M})
(67)

On the broadcast side, the outage is given by Pgc = P(R ¢
Cgc¢), where

_ 1
= A 3 Pt < — i 2 .
Cho {R R < - log(1 4+ plhd >} (68)

Without transmit CSI, the DMT is the minimum of the DMT
of the MAC and the broadcast channel. For the MAC channel,
it has been shown [19] that for multiplexing gains » < Aﬁq ,
the diversity d = 1 — /M is achievable, while for higher rates
% < r < 1, the diversity of d = M (1 — r) is obtained.

For the broadcast channel, since time sharing achieves the
maximum sum-rate bound, the broadcast DMT is similar to the
single-user DMT. The DMT of the network is bounded by the
DMT of the broadcast part of the network. Thus, including the

half-duplex consideration, the best achievable DMT is

d(r) = (1-2r)". (69)
The same DMT can be obtained with orthogonal channel access;
superposition coding has no effect on the DMT.

B. Opportunistic Channel Access

In this scenario, the relay is assumed to have channel state
information (either perfect or incomplete) about its incoming
and outgoing links. Using this information, during each trans-
mission interval the relay selects the best overall source-desti-
nation pair and gives it access to the channel. Form Lemma 1, it
is easy to see that the DMT of an opportunistic gateway channel
is upper bounded by d(r) < n(1 — 2r)*. We start by assuming
perfect CSI at the relay.

1) Full CSI at the Relay: We start by defining

A
vi = min(|hi |2, [he]?).

In the decode-and-forward protocol, end-to-end data transmis-
sion is feasible if and only if both source-relay and relay-desti-
nation links can support the desired rate; therefore, ~; is the ef-
fective channel gain that governs the rate supported by a DF pro-
tocol for any node pair ¢. In the opportunistic mode, we would
like to support the maximum instantaneous rate; therefore, user
+* will be selected such that

i = arg max ;.
K3

(70)
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We now investigate the statistics of y;« . Since the channel fading
coefficients A,; and h;. are complex Gaussian random vari-
ables, the channel gains |A..;|? and |h;,.|? obey exponential dis-
tributions with exponential parameters ] hflﬁ_,‘z] and Pl hlw‘g],
respectively. It is known that the minimum of M exponential
random variables with parameters A, is an exponential random
variable with parameter 221:1 A, therefore, the pdf of 7, is an
exponential distribution with parameter A = 2. Therefore, the
cdf of the maximum SNR for all the source-relay-destinations
links ~;~ is

P (a) = (1— e ),

(71

The network is considered in outage when none of the source-
destination pairs can support the desired transmission rate I?.
The outage condition is therefore

1
Po=P (R > 5 log(1 + p%))

2r 1
P
2 \\M
= (1exp (2[) >) .
P

The block sizes in our analyses are large enough so that the error
events are dominated by outage events; therefore, the proba-
bility of error can be approximated by the outage probability.
Using the Taylor approximation 1 — exp(—z) =~ z, we get:

2\ M
(2
P

—M(1-2r)

(72)

=p (73)
where the Taylor approximation is valid for 2» < 1. Hence, the
opportunistic gateway channel achieves the following DMT:

d(r) = M(1—2r)*. (74)

Remark 6: If the path selection criterion uses one set of
channel gains, i.e., either {%;,.} alone or {h,.;} alone, no diver-
sity gain would result. For example, selecting on the MAC side
of the network would give ; = min(|h;«,|2, |+ |?) where
i* = argmax |h;.|?. Since the channel gains on the two sides
are independent, |h,.;- 2 is still exponential and dominates the
diversity order.

Remark 7: The outage calculations assume that upon se-
lection each source must be connected to its corresponding
destination within one transmission interval, implying that no
long-term storage and buffering is taking place at the relay.
In addition to simplifying the relay, this is also helpful in
terms of reducing the end-to-end delay due to opportunistic
communication.

Remark 8: An infinite buffer at the relay may increase the
throughput, but it does not improve the DMT. If the relay can
hold onto the data, the incoming packets could wait indefinitely
until the path to their destination is dominant. Under this con-
dition, the opportunistic MAC and opportunistic broadcast op-
erations can be performed independently, each giving rise to a
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diversity d = M(1 — 27)%; thus, the overall diversity would
also be d = M (1 — 2r)*. However, this is no more than the
diversity obtained without the buffer.

To summarize, a buffer would not improve the DMT, how-
ever, it would allow us to achieve the optimal DMT via local
decision making (using MAC information on the MAC side,
and broadcast channel information on the broadcast side).
Without buffering, the relay must make decisions jointly in
order to achieve optimal DMT.

2) Limited Feedback: We now assume the relay does not
have perfect CSI but rather has access to one bit of information
per node from each destination and is further able to send one
bit of information per node to each of the sources. We wish to
explore the DMT of this network under the one-bit feedback
strategy.

Each destination node knows its incoming channel gain via
the usual channel estimation techniques. Each destination com-
pares its incoming channel gain to a threshold «, reporting the
result via the one-bit feedback to the relay. The & destination
nodes that report “1”(and their respective channels) are charac-
terized as eligible for data transmission in that interval. From
among these % eligible destinations, the relay chooses the one
whose corresponding source-relay channel is the best.

The network is considered in outage if there is no source-
relay-destination link that can support the target rate . We de-
sign the threshold of the second hop of the network such that
each destination reports “1” if the conesponding relay-destina-
tion link can support this rate R, i.e., & = ”Tp—*l The outage
event occurs if no destination reports positively, or if some desti-
nations are eligible, but none of the corresponding source-relay
links can support the rate E. If according to this methodology
the relay detects more than one end-to-end path that can support
the rate R, the relay selects one of them randomly.

We define A,,, as the event of m destinations reporting “17,
and P(e| A, ) as the probability of error given that m destina-
tions report “1”. This is the probability that none of the m el-
igible relay-destination channels have a corresponding source-
relay link that can support the rate K. The probability of outage
in this case is

M
Po =P(4g) + Y _ P(4,)P(e| Ap).

m=1

(75)

The probability of m destinations reporting “1” and M — ¢ des-
tinations reporting “0” is

P(Am) = (%) Fo(a)™(1 — F(a)M ™

— (M) (ean)m(l - 67)\(,1)1me (76)

m

where F. () is the cdf of the channel gains v = |h|?, which is
exponentially distributed with parameter A = 1. The probability
of error given that /. destinations report “1” is

P(e|An) = P(max |hj.|? < @)
JES

G—Aa)m

== Fla)" =01~ a7
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where S C {1,.... destination links are shown to achieve optimal performance, for
source-relay and relay destmation channel gains have the same example the CF multiple access channel. In some network ge-
distribution F,. Assuming nonidentical exponential distribu- ometries, opportunistic selection using 1-bit feedback is shown
tions introduces more variables into analysis but the end results  to achieve the optimal DMT performance.

will be identical. Substituting (76), (77) in (75), the outage prob-

ability becomes

—(1- e*”’) APPENDIX |
- o OPPORTUNISTIC DF ORTHOGONAL RELAYING
Z ( > SAaym(] g AayMom(] _ -Aaym OVER A SIMPLE RELAY CHANNEL
me1 \TT The DMT of the opportunistic orthogonal relaying is given
M by
M ; ,
— < ) =Xy (.Y m(l _ e—)\a)fw—m(l _ e—Aa)m.
d(r) = dy(r) + da(r) (81)
(78)
where
To calculate the DMT, from (75), the outage probability is
logP(e
1 di(r) = lim log P(e1) (82)
Po=P (5 log(1 + max |h;|?p) < rlog p) p—oe logp
* logP
o I do(r) = lim logP(esler) (83)
M 1 9 p—oo log p
+ Z <m)P (51og(1 + |hra|?) £ 'rlogp)
m=1 The events ey and es represent the error in the nonrelay and the
1 " relay-assisted modes, respectively. The nonrelay access mode
x P { = log(1 + |hyal?) > rlog Y > 5P J Y
( og(L+ |hral") 2 rlog p) is a simple direct link, whose DMT is d1(r) = (1 — 7)*. The

1 9 DMT of the relay-assisted access mode is known; however, the
P 3 log(1 + je én‘g‘xzm |fje") < rlogp DMT of the relay channel conditioned on the outage event of
. . he direct link requires new calculations.
~p B2 < p2rt t q
(m? x[heil " < p ) Recall that the orthogonal DF relaying works as follows:
The transmission interval is divided into two halves. In the first

2 2r—1\M— 2 2r—1 .
+ Z P(heal™ <o )7 P(heal® 2 7)™ half, the source transmits. If the relay cannot decode the source
m=1 ) N message, it will remain silent and the source will continue to
x P( egl@\x |hje]® < p™"70) transmit into the second half-interval. If the relay decodes the
ki S |=m

source message, the relay forwards the decoded message to the
. Z ( “ap? 4)’” (1 B 67>\,,2'-71)M”” (1 C e A,)Q"‘fl)"” destination in the second half of the transmission interval and
the source remains silent.

1
" Because of orthogonality and with the use of long codewords,

= M=) (79)
it is trivial to see that error is dominated by outage. The condi-
So, we have tional outage probability of the relay-assisted mode is given by
1
d(r) = M(1 - 2r)*. 80) P(O2/01) =P ({5 log(1+ Up) < rlog p}‘
Thus, even 1-bit feedback is enough to achieve optimal DMT. {log(1 + |hea|?p) < rlog p}) (84)
2r i
pr =1 pr—=1
X. CONCLUSION =P ({U < H {|hsd|2 < }) (85)

The high-SNR performance of opportunistic relay networks
are investigated. Except for a handful of simple relay selection
scenarios, there are two main difficulties in the analysis of op- {

where the random variable U is given by

s el <O

portunistic relay networks: (1) the decision variables often de- 5!
|hsd‘2 + |hrd|27 |h57’|2 Z %

pend on more than one link gain, complicating the performance
analysis and (2) the opportunistic modes may share links and
thus are statistically dependent, which complicates the order sta-  The cdf of U is given by

tistics that govern the performance of opportunistic systems. In o
this work, several relaying geometries are studied and the cor-  f7; (u) = (| ha|? < 71) P (| har|? < P - 1>
responding DMTs are developed for a number of well-known P
relaying protocols, including the AF, DF, CF, NAF, and DDF. In
several instances, selection schemes based on the direct source-

. P —1
P(|hsal® + [hra|* < u)P <h5r|2 > T) .
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Hence

1p7 -1 -1
moﬂonzp({mmﬁ<§” H{MMF<3——})
p p

xP (|h5,,‘|2 <

p27‘ _ 1)
P
27"_1 r_1
o ({oet o < Z2) <)

. 2r 1
x P (w > "—) (87)
P

20
One can show that % %

., 1 p7—1 . T 1
IFD ({|}Ls{l|2 < 2 p }‘ {|h5d2 < p }> i 1.
2 p P

(8%)

> prTfl, therefore

To analyze the second conditional term in (87), we begin
with the pdf of Z = |hs4|? + |hra|? conditioned on the event

B = {|h5d|2 < % . The channel gain ~y 2 |hsa|? has the
following conditional distribution:

g

a
]
IA
’n

T—1
Jpp(a)=q 17 (89)
€z > g
’
. A | Ay ..
Defining g1 (7, p) = and go(r, p) = , the conditional

pdf of Z = |hsy|? + |hra|? is calculated as follows, for z <
g1(r, p)

_ ' 7(27;E)L e
fz15(2) = /0 € o non™

S (90)

1—e 3 (r.p)”

For z > g1(r. p), the conditional pdf of Z = |ha|? + |hra|? is

given by
g1 ('f’-ﬁ) —x
N o ,—(z—x) C ”
fz18(2) = ,/0 © 1 —e—91(rp) da

_ gi(r,p)e””?
T 1 —emnlnp)’

oD

The conditional probability of outage is calculated as follows:

P ({I7sal® + [hral® < g2(r, p) } [ {1Bsal* < 91(r,)})

_ r91(p) ze ? s + "92(re) g1(r.ple”?
“Jo 1—e aln”

910mp) 1 —e-91(rp)

1 — e-91(me) _ a1 (7, p)e—yz('mp)
1 — e—91(rp)

1 _2r—1
. p’l 16 P
= 1 —_ 77‘_1
1—-e*

- p27‘7 1 . (92)
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Substituting (88) and (92) into (85), the conditional probability
of outage is given by

P(05]01) =p@r 1) 4 pr=b(1 — pr-b)

=pl2r =1, (93)

Using (81), (82), (83) and (93), the DMT of the orthogonal op-
portunistic DF relaying is given by

diry=(1—-7r)"+ (1 -2r)". (94)

APPENDIX II
OPPORTUNISTIC AF ORTHOGONAL RELAYING OVER
A SIMPLE RELAY CHANNEL

The outage probability of the relay-assisted mode, given that
the nonrelay mode is in outage is given by

P(O2|01)

1
=P ({5 log(l + |h€(1|2p + f(|hs'r|2p7 |h,rd‘2p)) < ,’,logp}‘

{log(1 + [hsal*p) < rlog /)}> (95)
1 . 2r_q
_p ({msdﬁ + Lo 20, hral20) < © }]
P P
T—1
{|hsd|2 < "TD - (96)

At high SNR, (96) can be approximated by

hr || PP =1
P(O;]0) =P heal® + | SULERI
oy =P ({iml*+ 5 <

-1
{|h5d|2 < : }>
P
ULST\QULMIZ

where Tho Z 4Tk, F fepresents the harmonic mean of two inde-
pendent exponential random variables. Using the result of [47],
the harmonic mean of two exponential random variables with
exponential parameters A can be approximated by an exponen-
tial random variable with exponential parameter 2.

In order to calculate the conditional outage probability dis-
tribution, we first calculate the cond_)itionz;l density function of
Z = |heq|* + V where V LI WLEY 1 Again, we are as-

0

’ = —‘hsr‘z_,’_']lgﬁlz'.
suming ¢1(r,p) = £ ;1, ga(r,p) = L ;1, and conditioning

is over the event 3 = {h5d| <

bility density function of Z = |hyy|?> + V is given by

£ 7‘;1 } The conditional proba-

2672:((’,:71)
T z < gi(r, p)

fZ‘B(Z) = Zle—ézz;g1(i,p)_1> (98)
e 2> nlnp)
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The conditional probability of outage is calculated as follows:

P(|hsal® + |hral® < g2(r, p)l|heal® < g1, p))
91(rp) o=22(pz _ q
0

1 — ¢—9:1(rp)

dz

92(rop) =22 (pg1(rp) _ 1
+2/ e (e )

g1(r.p) 1—eo:(n)

e 292(rp) _ om91(rp) _ p—202(rp)Fai(rip) 4

= 1ot
r—1

52r—1 1 —ef
- —2p%771
=l+e e

ip2T71 . (99)
Using (81), (82), (83), and (99), the DMT of the orthogonal
opportunistic AF relaying is given by

diry=(1-7r)7T+(1-2r)". (100)

APPENDIX III
GENIE-AIDED DMT UPPER BOUND FOR THE
SHARED RELAY CHANNEL

The indexing of the access modes does not affect the problem;
therefore, we can order the conditional events in Lemma 1, 2 ar-
bitrarily. In the following, we index the outage events according
to the order of selection that is described below, which is de-
signed to sort out the dependencies in a way to make computa-
tions tractable.

The selection algorithm is as follows: If the nonrelayed con-
figuration (shown in Fig. 8 part (c)) can support the required
rate R = rlogp, it is selected. We shall call this Mode 1 in
the remainder of Appendices. If Mode I is in outage (an event
denoted by ¢/;) we will check to see if either of the two direct
links can individually support half the rate, i.e., & = 5 log p.
If one of the direct links can support this reduced rate, we con-
sider the relayed mode sharing that direct link. (If none of the
direct links can even support half the rate, we can consider ei-
ther one at random.) This relayed mode shall be called Mode 2.
If Mode 2 can support the full required rate, it is selected. The
outage of Mode 2 is denoted Uf> . If both Modes 1, 2 are in outage,
the remaining relayed mode, which will be denoted Mode 3, is
selected. The outage of Mode 3 is denoted {3 in this and the fol-
lowing appendices. The error events corresponding to the three
modes are denoted e/, €5, e in this and subsequent Appendices.

The total DMT of the genie-aided system is

d(r) = dy(r) + dy(r) + d(r) (101)
where
di(r) = _,,lil,q;o % (102)
do(r) = — lim % (103)
di(r) = — lim 08Pl €1) (104)

p—0o log p
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Although the expressions above are in terms of error events,
in the remainder of this Appendix the diversities are expressed
in terms of outage events instead of error events due to the fact
that the genie-aided modes are equivalent to MISO channels and
the codewords are assumed to be long enough.

Mode 1, access mode (c), represents a parallel Rayleigh
channel. The outage of a parallel Rayleigh channel, P(O3), is
given by

P(O3) = P(O31) + P(Os2) + P(Os3) (105)
where Oz1,030 and Osz3 partition the outage event Oz ac-
cording to whether the first, the second, or both direct links are
in outage

.
P(O31) =P (log(1 + b1 ) < S logp)

x P (1og(1 + [h22?)p 2 Slogp)  (106)
P(Os2) =P <108'(1 + |hua|?p) > glogp)
x P (1og(1 + [h22l?)p < Slogp)  (107)
P(Os3) =P <108'(1 + |ha|?p) < glogﬂ)
x P (log(l + [haa[*)p < glog p) . (108)
Therefore, in the asymptote of high SNR
P(O3) = pr/2 L /2Ly e = /2t (109)
The unconditional DMT of the nonrelayed mode
dy(r) = (1 - %)+ (110)

To calculate d5(r) and d5(r), we study the outage of the re-
spective access modes. We start by calculating the conditional
outage of Mode 3 and use the result to calculate the conditional
outage for Mode 2

PUs|ty, Uy) = P ({log(l + (|hiil* + [hei]?)p) < rlog p}|

T‘/2 -1
- 5 P
{|hss? < fo (R |hea, 1)} {h11|° < T}

/2 _ 1
<222
P
T _ 1 7'/2_1
(o S fr 222
p p

(111)

where ¢ is the index of the source selected in Mode 3 and j is
the index of the source selected in Mode 2. The channel gain

}

/2
r/2_q

A o
vii = |hi;|?, conditioned on the event B = {|h;| < £ P
has the following conditional distribution
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Defining g1 (7, p) 20”1 and g2(r, p) 2 21 the condi-

tional probability density function of Z = || + |h.;|? is

Az

% 2z < gi(r, p)
fZ\B(Z) = { 1g1(r,0)672 (113)
et 22 g1(r, p).

The probability of outage P(43 |Ua,U7) can be calculated as
follows:

g1(r.p) se?
P(Us|idy, L) :A mdz
g2(r,p) -z
n / 91(7“7/))6 d

Jg1(r.p) 1 — e 91(rp)

1 e=91P) _ g (1, p)e92(rp)

1 — ¢ 91(rp)
1

r/2—-1,—
f)/ e’ r—1

=1 - = pr L (114)

1_ c,pr/z—l

To facilitate the analysis of the conditional outage of Mode
2, we introduce a partition of f;. Define V' as the event that at
least one of the direct links can support half the desired rate, i.¢.,
5 log p, and introduce

Vi=VNl Vo=VNU. (115)
Thus, V; is the event that the nonrelayed Mode 1 is in outage,
and yet at least one of the two direct links can support at least

half the desired rate, i.e., 5 log p

P(Uy, L)
P(Uy)

P(Uz|V1)P (V1) + P(Us|V2)P(Va)
P(V1) + P(Vs)
29,51 4 -1 20
25D ¢ 2D

= D)

P(Us|thy) =

(116)

where P(V)) = P(O3;) 4+ P(033) = 2p("/2-1) from (106) and
(107), P(Vy) = P(O33) = p*(/2=1 from (108). The proba-
bility of Us conditioned on Vs is equivalent to (111) and, hence,
P(Us|V2) = p'"~1). The conditional probability P(Us|V;) is
given by

P(Ua|V1)

-1 r/2 _q
=P ({|h| b2 < ? H {wz N L}) |
P p

(117)

6533

We notice that

1
p ({M2 + | hil? < "—}) =
P
T _ 1 7‘/2_1
] ({h'i'ilz + | heil? < : p H {lh”|2 < %})
‘ /2
x P <{|hii|2 < L })
p
r_1 7‘/2_1
({2 s 22
7’/271
" P<{'hui2 > LD
P

At high SNR, using result from (114), (118) leads to

(118)

P2 = D) /2o L p ({Ihm? 4kl < p”p— 1 H

r/2 _
{lhmz > u}) (119)
P

where the random variable |k;;|?> + |h,;|*> has Gamma distri-

bution. Using (117) and (119), one can see that P(Us|Vy) =
2(r—1)
0 .

Equations (116) and (114) indicate that

1—r)7" (120)
(121)

d(r) = (1 - g)+ +21-r)T+ (-t (122)
4— Iy 0<r<1
- { (1 —25) , l<r<e. (123)

APPENDIX IV
NAF ACHIEVABLE DMT FOR THE SHARED RELAY CHANNEL

The DMT of the NAF protocol for the shared relay channel
will be calculated according to the selection algorithm devel-
oped in Appendix III, which we invite the reader to review be-
fore continuing with the present Appendix.

The overall diversity is governed by (101), and we need to
calculate d (r), dy(r), ds(r).

To begin with, the DMT of the nonrelayed mode does not
depend on the relaying protocol, so there is no need to calculate
itagain: itis d; (r) = (1— %) as calculated in expression (110).
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For calculating d5(r), the equivalence of error and outage
analysis is nontrivial and will be relegated to Appendix V. In
this Appendix we analyze the conditional outage of Mode 3

Do =
—_

P(Z/{SV/{Q.MI) =-P(h, < R“_),Iz < R)

i

+-P(I; < R|V,I; < R)
/2 _
~p <11 < RHMHF < %}) (124)

where I; and Is are the instantaneous mutual information of
the simple relay channel for User 1 and User 2, respectively.
Symmetry arguments have been used to simplify the expression.
We will use the exponential order of channel gains, defined thus

(NN

. log |h/?
v=— lim ——

(125)
p—oc  logp

where v itself is a random variable. Recall that the conditional
pdf of the source-destination channel gain |h1; |2 , subject to fi11
not supporting rate 5 log p, is given by (112). The exponential
order of this conditional random variable is denoted v; whose

pdf can be calculated as follows

e—r YL

Inpp=™

flor) = e T P (126)
0, v <1— %
As p — 0o we can show that
3 - p—vl—("/z—l)’ /Ul Z 1 - %7

Also, the channel gains |5,1]? and |Ay,|? (exponentially dis-
tributed, unconditioned) have exponential orders that are de-
noted vy and vs, respectively. Furthermore, the pdf of vy, va, w3
are in turn characterized by their asymptotic exponential orders
f(v;) = p~™, over their respective regions of support.

In a manner similar to [28], the outage region is more conve-
niently addressed in the space of the exponential orders, i.e.,

O = {(v1,v2,03) : T <rlogp} (128)

We can now calculate

P(I <rlogp) = /// f(v1,v2,v3) dvy dvg dus
JJJo

. e I
=/// logp p= " ———7—logpp e’
JSSO 1—e

»

x log p p*“Be*pfm dvy dvs dug

= /// /fz"""'dvl dvy dvs
= ‘p-do'

(129)
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where (' is the intersection of () and the
f(’Ul, Vo, U3), and

support of

d, =

(v1,

T
inf E U,
Ug,U:;)GO/ .
J=1

= inf v+ (r/2 = 1) + v2 + v3.

(v1,v2,v3)EOQ!

(130)

Following the same steps as those used in the proof of [28, The-
orem 2]

O = {(1;1,1)2.,1)3) € Rt v > (1 - g) :

|:1nax ((1 — 1), %(1 — (v2 + 1}3))]+ < r} .

(131)

Solving (130), we can show that
do = (1 —2r)". (132)
It remains to show that dj(r) = dg, which will be done in

Appendix V.

For calculating d(r), we follow steps essentially similar to
those leading to (116), except this time we need to make explicit
the relationship between outage and error events

P(esler) = Ples|th)

P(eévul)
P(lh)
_ PesV)P(V1) + P(es[Vo)P(V2)
N POV1) + P(Vy)
D D, (51) 4 por—1) 2(5-1)

20D 4 p2(5-1)

(133)

(134)
(135)

- pf(lfr)+7(172r)+.
where (133) is true because €] is the error of a nonrelayed link;
therefore, with long codewords, it is exponentially equivalent to
the outage event U{;. Equation (134) is derived by substituting
the known error exponents and noting that the third term is dom-
inated by the first two in both the numerator and denominator.
Overall, d5(r) = (1 — r)* + (1 — 2¢)T can be obtained.
To summarize, we have calculated d/ (), d5(r) and d3(r).

APPENDIX V
RELATION OF OUTAGE AND ERROR EVENTS FOR THE
SHARED RELAY CHANNEL

In this Appendix, we show that the outage and error events
have the same exponential order. The approach follows [28,
Theorem 3] and is adapted to the specific case at hand. We need
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to show P(¢)<P(©) and P(e)>P(0O). The former is a straight-
forward application of [18, Lemma 5]. For showing the latter
inequality, note that

(136)

where the last equation is valid whenever P(e, O)<P(O),
whose verification is the subject of the remainder of this
Appendix. The pairwise error probability conditioned on the
channel coefficients is given by

—1/2

1
P volision iy < det (12 n 5252;1> (137)

where £ is the codebook codeword length and 3 and X,, are
the covariance matrices of the received signal and the noise,
respectively. The pair wise error probability is given by

Prseforom iy < p 20, 1= (b)) (138)
where
(v1,v2,03) € RN {v1 > (1 — g) } . (139)
The total probability of error is
Pe‘ﬂwwsép*é([maX(Q(lf’vl)717('vz+vs))]+727’)‘ (140)

The probability of error while no outage P(e, O) satisfies (141),
shown at the bottom of the page, where O = {(vy, v2,v3) €
R* i (v1,v9,v3) ¢ O'}, the area in the positive quadrant that
is the complement of O'. Recall that O is the outage region
in the space of exponents, as defined in (131). The integral is
dominated by the minimum value of the SNR exponent over O,
ie.,

P(e, 0)<p~h(r) (142)
where
di(r) =
it {21 = 0.1 = ()} - 20

6535

Note that the multiplier of £ is positive throughout the region
O . Now recall from the previous Appendix that the outage
probability is

(144)

where

d()(’l‘) =

inf

+(r)2 1) + 03 + vy,
ot (r/ )+ v2 + vs

(145)
The expression for di(r) has one extra term compared with
do(r) which, as mentioned above, is positive and can be made
as large as desired by choosing ¢ to be large enough. There-
fore, the condition P(e, O)<P(O) is established, leading to
P(e)<P(0O), which completes the proof that the probability of
error and outage events are exponentially equivalent.

APPENDIX VI
DMT FOR DDF OPPORTUNISTIC SHARED RELAY CHANNEL

We derive an achievable DMT for the DDF opportunistic
shared relay channel, employing the mode selection rule defined
in Appendix III. The DMT is given by (101), (102), (103) and
(104). The reader is referred to Appendix III for the definition
of the access modes as well as the selection rule.

The DMT for Mode 1 is not affected by the relay and is
given by d{(r) = (1 — »/2)*, as seen in previous appendices.
For Mode 2 one can employ the techniques of Appendix III to
show that outage is dominated by the event of one link being in
outage; hence, using results from [28], one can prove that

To calculate d5(r), we consider the conditional outage of
Mode 3; the equivalence of error and outage analysis can be
shown in a manner similar to Appendix V and [28], and is
omitted for brevity. In the following we directly derive diver-
sity from the outage events. The conditional outage of Mode 3

was calculated in (124)
0

P <[1 < R‘{|h112 <
Given that |h11]? < 2 /;7 the exponential order of |h11]? i
proved in (127) to have the following distribution at high SNR.

P(Us |Us, Uy ) =

. pfvif(r/?fl) p>1-1
Fuor+(r/2—-1)+wv2+w3 . (143) flv) = ' = ,2 (146)
0, v <1—35.
(e,0)< /// Poi oy vp0,P((v1,02,03) € O) duy dvs dus
— /// P ([max(2(1 01),1—(va4v3))] T — 2r)tu1+(5—1)+vatws dvy dvy d’(}3 (141)
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The outage as shown in (129) is given by

P(Us | Uy, Uy) = p~ %) (147)

where

ds(r) = inf

v1 +(r/2 = 1)+ vo + vs.
(v1,v2,03)E0 ! ( / ) 2 3

(148)

Following the same steps as the proof of [28, Theorem 5], the
outage event (' is defined as

O = {(v1,v2,v3) € R*F, w1 > (1= 1/2)
¢(1 "Ul)+-+'(1 "t)(l‘*lnin(vljvz))+ <} (149)

where £ is the listening-time ratio of the half-duplex relay, with
r<t< 1.

To get the DMT, we need to solve the optimization problem
of (147), (149). Solving the above optimizations and combining
the results, the DMT is given by

1- - (1-3%), 0<r<05
dyry=4 LD _(1-1), 05<r<2-v2 (150)
0, 2-V2<r<l.

Adding df (), d5(r) and d5(r) completes the proof.

APPENDIX VII
DMT FOR CF OPPORTUNISTIC SHARED RELAY CHANNEL

The methods of this Appendix closely follow [30], with the
notable exception of implementing the effects of our selection
algorithm and the dependence between the nodes.

We use the selection criterion defined in Appendix III, and
the DMT is given by (101), (102), (103) and (104). The DMT
of nonrelayed Mode 3 is given by d}(r) = (1 — r/2)*, as
seen several times already, since it is not contingent on the relay
protocol.

To calculate d5(r) and df(r), we borrow the following re-
sult from [30]. For the random half-duplex single-antenna relay
channel, the dynamic-state CF protocol is DMT optimal and by
random here we mean that the random binary state of the relay
(listen/transmit) is used as a channel input and used in designing
codebooks to convey information through the state of the relay.

For Mode 2, one can employ the techniques of Appendix I1I
to show that outage is dominated by the event of one link being
in outage; hence, using results from [30], one can prove that

dy(r) =2(1 —7r)".

For Mode 3, the DMT is given by

dy(r) = max min{darac(r,t), dpc(r,t)) (151)
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where
dper = — lim log ming, e, .19y P(Ic < rlog p|Us, Uy)
' p—0o0 log p
i — lw log min, ., 4. 1) P(Inrac < rlog plUs,Uy)
MAC faiy Tog \

where q represents the state of the relay (listening versus trans-
mitting), (. z | ¢) is the probability density of the codebooks
generated for the source and the relay, and /g~ and Iy 4 rep-
resent the total mutual information across the source cutset and
the destination cutset, respectively. It can be shown [30] that

Ipo <(1 —t)log(1 + (|hsea- > + |hsr
+ tlog(1 + |hseg» 2p)

Inpac <(1 —t)log(l + |hgear

+ tlog(1 + (|hs=g-

*)p)

Zp)
24 har

)p)

where s* and d* are the selected source and destination for
Mode 3. Using the same technique as in Appendix VI, we have

P(Ipc < rlogplids,Uy) = p~ue ™) (152)
where
dpe(r)=inf w1+ (/2-1)+u; (153)
(v1,03)€0’

and the outage event O’ is defined as

O = {(’Ul,’l]3) S R2+,111 > (1 — 7“/2)
(1 -1 — o))t + (1 — minfvy, v3))t < v}k
(154)

Solving the optimization problem, the DMT for the source
cutset is given by

(1*’?<1*%) t>3,r< 11—7(1(1—;)72

0 t> 3,1 > tras
dpe =< 1-r(3-14) t<i r<t

lr o tS;%zwt

0 E< 37> s

(155)

Similarly, The DMT for the destination cutset is given by

1_1;(1_%)

1
t< TS 1o
1 1-t
0 i< 3,7 > /2
darac = 1—7-(g—%) t> L r<(1-1)
1-r T 1 1 1-t
7oty 1 25 1p2r>-1)
1 1-t
0 tZ2 5, 1> 153



The two functions are equal at ¢ = % and that gives the max-

imum DMT. The DMT is given by

3 +
ds(r) = (1 - 57") . (157)

Adding the DMT of the three modes completes the proof.
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