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Abstract

This chapter provides an overview of the information th&or®undations of cooperative
communications. Earlier information theoretic achievatmas well as the more recent develop-
ments are discussed. The analysis accounts for full/hgifek nodes, and for multiple relays.
Various channel models such as discrete memoryless, \alditiite Gaussian noise (AWGN)
and fading channels are considered. Cooperative comntigrigaotocols are investigated using
capacity, diversity and diversity-multiplexing trade¢fiMT) as performance metrics. Overall,
this chapter provides a comprehensive view on the foundsitaf, and the state-of-the-art

reached in the theory of cooperative communications.

Index Terms

compress-and-forward, cooperation, decode-and-forwgiversity-multiplexing tradeoff,
fading channels, full-duplex relay, half-duplex relay, Itiple-access channel with generalized

feedback, multiple-input multiple-output (MIMO), relayhannel, wireless networks.

. INTRODUCTION

In traditional communication networks data transmissioedally occurs between the

transmitter and the receiver. No user solicits the assista another one. However, in
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a general communication network, there are many interneediades that are available
to help. For example in wireless networks, when one nodedoasts its messages, all
nearby nodes overhear this transmission. Processing amndrfting these messages to the
intended destination, system performance, whether it tmeighput, lifetime, or coverage
area, can be improved. To understand how much performangewament can ideally
be possible by this “cooperative” network, we need an inftion theoretical study.
Such a study also elucidates how cooperation should take plad helps construct the
backbone for future cooperative communication applicesio

In information theory the idea of cooperation was first pnésé in van der Meulen’s
1971 paper [1], which established the foundations ofréh@y channel. The relay channel
is a three-terminal network, in which Terminal 1 (sourcepsito transmit to Terminal
3 (destination) with the help of Terminal 2 (relay) as in FIg.The aim is to attain the
highest communication rate from Terminal 1 to Terminal 3ganeral the intermediate
relay enhances communication rates of the direct link frarminal 1 to 3.

To elaborate the idea of enhanced communication rates hagmg, here we introduce
an example from [1]. Table | gives the channel output proiigds P(ys,ys|zi, z2)

conditioned on input pair§e, x2) when the destination is assumed to be silegt= 0).
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Fig. 1. The three-terminal communication channel.



Observe that ifr, = 1, bothy, andy; are equal to 1 no matter whai is. Neither the
relay, nor the destination can distinguish the corrgceind hence, communication rates
between the source and the relay, and the source and thealiestiare equal to zero
givenz, = 1. Whenz, = 0, the channels between the source and the relay, and theesourc
and the destination both become equivalent to a binary syrnoahannel with crossover
probability 1/2, whose capacity is also equal to zero. Hence, no direct caruation
is possible from the source to the relay, or from the sourcdeodestination. However,
non-zero communication rates from the source to the destinaan be achieved with
the help of the relay. Observe thatif, = 0 and the destination knows the channel
output i, then the source can send 1 bit noiselessly to the destmaba the other
hand, the destination can learn abaut if the relay helps the source and transmits
its output signal after its own observation is complete.sTihformation can be sent at
rate 0.32 bits/channel use when is set to0. By appropriate time division between
these two strategies, [1] proves that the capacity of thegte channel is equal to
0.243 bits/channel use with vanishing error probabilitg. this example clearly shows,
relaying can substantially increase achievable rates mggpect to direct transmission.
The relay channel is essential to both wired and wireleswarés. In wired net-

works many source and destination pairs are connected taamediate relay nodes. In
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wireless networks, due to theireless broadcast advantage idle nodes overhear nearby
transmissions. These nodes can relay the information anuliloote to achieving higher
rates.

The capacity of the relay channel was calculated in [1] oy $ome particular
example channels. Guidelines for communication/relayanigciples in a general relay
channel were developed later in the landmark paper by CowtrEh Gamal [2]. In [2],
the memoryless relay channel is investigated and two fuediéeh relaying techniques;
decode-and-forward (DF) and compress-and-forward (G€)peesented. The paper also
includes capacity theorems for both degraded and revedstiyaded* relay channels
and the relay channel with feedback.

Despite the substantial advancement [2] provided, the aigpaf the general relay
channel has been unsolved for over thirty years. The reagivitg on cooperative com-
munications mostly stems for the potential wireless apilims and is spurred by recent
papers [3], [4] and [5]. In [3] and [4], motivated by Willemsiultiple-access channel with
generalized feedback (GMAC) model [6], the authors considi¢he benefits of mutual
cooperation in fading environments and suggested how catipe can be carried out
in code-division multiple-access (CDMA) systems. In [5¢ tAuthors suggestesimple
yet high performance relaying protocols. Promising sigaift gains and having vast
application areas, the ideas presented in these papegsrii)an extensive literature on
cooperative communication systems.

Later, Kramer, Gastpar and Gupta generalized the DF and G@Bqmis suggested in
[2] to arbitrary number of relay nodes [7]. Even though thpazaty of the relay channel
is unknown, this paper proves that the DF and CF protocolsbeanapacity achieving
depending on the location of the relay node(s). Recenttesual multiple relay terminal

!In the physically degraded relay channel the destinatiob&ervation is a physically degraded version of the relay’s

observation. It is the opposite for the reversely degraééal/rchannel, where the relay’s signal is physically degdad

with respect to the destination’s.



networks suggested strategies that are a fixed number odwéyg from the capacity [8],
[9].

An important constraint in the relay channel is the procegssiapability of the re-
lay node. The relay can either be full or half-duplex. If treday is full-duplex it
can transmit and receive simultaneously in the same freyuéand. In half-duplex
systems, transmission and reception takes place in omtabghannels. Although the
full-duplex assumption is not practically feasible, it pelus understand the fundamental
characteristics of the relay channel. On the other handh#teduplex assumption is
required to study practical aspects. Half-duplex openatiothe relay channel was first
considered [5]. Later [10] and [11] investigated the cafyaof the relay channel under
the half-duplex assumption.

The above mentioned papers consider probability of errdraaievable rates to mea-
sure the level of reliability and the throughput of relaycwpperation schemes. Another
performance measure is the diversity-multiplexing trad@@MT) [12], which unifies
the reliability and rate perspectives. The DMT is a hiffiR analysis suitable for fading
channels and establishes the fundamental tradeoff betdensity and multiplexing
for multiple-input multiple-output (MIMO) systems. DMT ialso a useful performance
measure for cooperative/relay systems. While the capadityhe relay channel is not
known in general, it is possible to find relaying schemes #natoptimal from the DMT
perspective. In the literature [5], [13], [14], [15] wereetliirst to investigate the relay
channel DMT. In these works, either the source or the ddstimgor both) has a single
antenna. The multiple-antenna multiple-relay channel firas studied in [16]. In [16]
DMT upper bounds are found, and a relaying strategy, whitieses the bound for both
full and half-duplex relays, is suggested.

This chapter surveys the above mentioned models for cotbperas well as how
cooperation is useful under achievable rate, diversity BMII metrics. It is important

to note that there has been a large body of information thieatevork on cooperative



communications in the past few years [17], [18] and this t&rapnly covers some of the
fundamentals. For example, we consider neither the ergoajacity, nor the resource
allocation problems. Similarly, scaling laws in large cemgiive networks and cooperative
channel coding are out of this chapter’'s scope.

In Section Il we first introduce the DF and CF protocols andoihtice the generalized
multiple access channel model. In Section Il we extendeHhsssic models to multiple
relay/ cooperating nodes. In Section IV we explain the effdcrelay processing con-
straints on achievable rates. In Section V we examine trey rehannel when there is
fading. Next, in Section VI we provide the DMT analysis foetrelay channel. Finally,

in Section VII we conclude.

[I. THE BASIC MODELS FORCOOPERATION

In this section we introduce the full-duplex relay chanmetapture unilateral cooper-
ation and describe the two fundamental relaying protocdisaDdd CF. We then explain

the G-MAC model to explain two-way cooperation.

A. The Relay Channel

The basic relay channel model is illustrated in Fig. 2, wheig;, yp|z,, xr) indicates
the discrete memoryless chann®l, denotes the messag&,; and Xy are the signals
the source and relay transmity andY, are the received signals at the relay and at the

destination, andV is the destination’s estimate oF .

F{ Relay Encode
a{W Encodeﬁﬁ— p(Yr, Yp|Ts, TR) -—-{YD Decodeﬁﬂ»

Yr XRr

Fig. 2. The relay channel.



If the channel is real additive white Gaussian noise (AWGNgn we can write

Yr = aspXs+ Zr (1)

Yp = aspXs+arpXr+ Zp, (2)

whereasr, asp andagp (€ R) are respectively the channel gains between the source and
the relay, the source and the destination, and the relay lddstination. The AWGN

at the relay and destination are respectively denoted pwnd 7, which are assumed

to be zero mean and unit variance. Both the source and the lalge individual power
constraintsPs and Pr. The objective is to find the capacity, the maximum achievabl
rate beyond which reliable communication is not possibleteNthat the cut-set upper

bound [19] suggests that & is an the achievable rate, then

R < (max)min{I(Xs;YR,YD);I(XS,XR;YD)},
which becomes

1
R < max min {— log (1 + pa%RPS + PQ%DPS) )
pe(0,1] 2

1
3 log <1 + a%DPS + a%DPR + 2\/(1 - ,O)a?qDPsa%DPR> } 3)

for the Gaussian case.

DF and CF are two of the relaying schemes proposed in [2] fergéneral relay
channel. In DF, the relay decodes its received messagacuaes it, and forwards it to
the destination. In CF, the relay first compresses its redesignal and then forwards
the compressed signal through the relay-destination @amhe compression is Wyner-
Ziv type [20]; i.e. the relay compresses its received sigaking into account that the
destination has side information available directly frame source. Next, we introduce

the ideas behind these two protocols. The formal proofs @fobnd in [2].
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Fig. 3. The decode-and-forward block structure.

1) Decode-and-forward: In the DF protocol, the source, and the relay perform block
Markov superposition coding. The destination can do stjdwindow or backward de-
coding [21], [7], [22], [23]. We will briefly describe the blaward decoding here. The
encoding structure is depicted in Fig. 3. Transmissionggiace inB blocks, where
each block consists oV symbols, with N and B both large. The source transmits a
length-V' codewordzY (w;,_1,w) in each blockb, for which wy = wp = 1, wherew,
denotes the new message transmitted in block

The source rate is chosen so that the relay can reliably éedodsatisfy this constraint

the source rat&’”") should satisfy
RPF) < [(Xg; Yr|Xr) (4)

for a fixed input distribution. Under this condition, the aglfinds an estimatey; for
wy, at the end of block and sendsc} (wj) in block b + 1. In the first block the relay
sends a predetermined codewarfi(1). With very high probabilityw;, = w, and the
relay decodes the source message reliably. This way, tag reinoves the effects of the
channel from its received signal, and thus obtaindean copy of the original source
message. As the source repeaisn block b+ 1, the relay can then act collectively with
the source. Note that the full-duplex assumption is ciiittoarealize the block Markov
encoding structure, which requires the relay to transmiit @teive simultaneously.

The destination starts decoding after &l blocks are received and moves back-
wards [7], [22], [23]. At blockB, no fresh information is sent and the destination is

interested in decodingvz_;. The correct message index can be identified with high



probability if
RPF) < [(Xg, Xg; Yn). (5)

Once the destination decodes;_, it can move backwards to decode;_», ..., w; In

a similar manner. Combining both constraints (4) and (5),caeclude that for a fixed

input distributionp(zg, xr)
RPE) < min{l(Xg;Yr|Xr), [(Xg, Xr: Yp)} (6)

is achievable. Maximizing over all input distributions, wan write the maximum rate

the DF protocol achieves is

RPE) — max min{I(Xg; Yz|Xg), [(Xs, Xg; YD)}

mazr
p(zs,wr)

For the Gaussian relay channel using Gaussian code hRHKS becomes

1
RIPE) = max min< = log (1 + paks P
max pe[%ﬁ:} m 9 Og( +pa’SR S) )

1
3 log (1 + a%,Ps + a%p Pr + 2\/(1 - p)a%DPSa%DPR> } . (7)

The first term in the minimization accounts for the rate thiayrecan reliably decode.
The second term is the rate, which the destination can deedusn the source and the
relay transmit together. The paramepedenotes the correlation between source and relay
signals and is related to the coherent combining gain atéls&rdation. As the source and

the relay are synchronized, their signals add coherentheadestination. This leads to the

additional gain in the received signal-to-noise ratig/ (1 — p)a2, Psa%, Pr. Changing
p the source node divides its power among sendiiegh information and repeatingld
information to coherently add with the relay’s signal.

It is interesting to note that the DF protocol achieves thpacdy, when the relay
channel is physically degraded [2]. Physical degradedeassres that decoding at the
relay does not impose an additional constraint on the systewh DF becomes optimal.
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When the relay channel is not physically degraded, thendiegoat the relay may
impose strict constraints; i.e. the source-relay chanael lonit the achievable rates.
In such cases partial decode-and-forward (PDF) can be usstdad of DF. As its
name suggests, in PDF the relay is required to decode paneasdurce message only,
and the remaining part is directly sent to the destinatiotheut the relay’s help. This
strategy improves upon DF achievable rates [2]. We will asscthe PDF strategy more
in Section 1I-B.

2) Compress-and-forward: In the DF protocol the relay performdhard decision about
the source message. Forcing the relay to make a decisiomcanlosses in achievable
transmission rates. In some cases compression based gsptadich forward relay’s
soft signal are desirable.

A simple B-block compression protocol, which we call simple comptasg-forward
(SCF), is as follows: The relay compresses its receiveda$ign in block b to form Y,
maps this to the channel codewaXxd; and sendsX; to the destination in block+1. As
the relay is full duplex, the relay can listen and compresstlessage in the current block
while transmitting the compressed signal of the previougkl The received signal),
in block b is a function of both the source and the relay signalsand X transmitted
in the same block.

The destination starts decoding after Bllblocks are transmitted. It first decodes the
relay signalXg, treating the source signal as noise and recoVersThe reliability of
these steps are ensured, if the relay’s compression rateas lthe relay-to-destination

achievable rate considering the source signal as noisethbr aords, the condition
I(Yr; Ya|Xg) < I(Xg; Yp), (8)

has to be satisfied for a fixed input distributipfxs)p(xg)p(Jr|xr, yr)D(Yr, YD|Ts, TR)-

After the destination decodés;, the destination uses boit; and Y, from the previous
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block to determine the original source sigma. This can be done reliably if
RSP < [(Xg; Y, Yo| Xg). )

The performance of the above scheme could be improved if W¥ivetype com-
pression [20] is used instead of simple compression. ThegWifiv technique allows for
lower compression rates in the presence of correlated sidemation at the decoder. This
is indeed the case in the relay channel, in which the dirgetadifrom the source received
at the destination in the previous block can be thought ohasstde information. This
side information lowers the compression rate frétWy; Yi|Xz) to (Y Y| Xk, YD)

leading to the condition
I(Yr; Yr|Xgr, Yp) < I(Xg; Yn). (10)
Other decoding steps remain the same and the overall CFvableerate is
RCF) = [(Xg; YRrYp|Xr) (11)

subject to (10) where the joint probability distributioriscs)p(xg)p(Jr|xr, yr)P(YR, Y| TS5, TR)-
Since (10) is looser than (8), achievable rates are pothrtigher when Wyner-Ziv type
compression is employed.
For the Gaussian cas&(“") becomes equal to
a%, P
SR

1
RCF)  _ 3 log (1 + a%,Ps + N ) (12)
R

subject to

Np > (13)

afp Pr
Note that two termsy2, Ps anda%,Ps/(1 4+ Ng), contribute to the receive$INR at the
destination. The former is the receiv8tiR due the direct source-destination link. The
latter is the receive8NR at the relay except the additional; in the denominator. This
shows that the destination receives the relay’s observatith an additional compression

noise.
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Fig. 4. DF, CF and SCF achievable rates in comparison to tperupound and direct transmission [7].

Kramer, Gastpar and Gupta [7] provide an extensive anabfsiee achievable rates
of DF and CF for general channel models. One of the modelsideresl is the path loss
model, which follows the Gaussian channel in (1)-(2) with= 1/\/d7¢“., 1,7 =S,R,D,

i # j, wherea indicates the path loss exponent, aldindicates the inter-node distances.

In Fig. 4, we plot the DF and CF rates of (7) and (12) o~ 2, and Ps = P = 10.
The source and the destination are respectively locat@daaid 1. The relay’s location
varies on the line joining the source and the destinatioe DR and CF rates are also
compared to the upper bound of (3) as well as the direct tressson rates. Whensy
distance is small, the first terms in (3) and (7) become vergelaThe second term
dominates both equations and DF becomes optimal. Similadyen dzp, distance is
small, the compression noise in (13) approaches zero an@kheate in (7) becomes
equal to the upper bound in (3). The figure clearly confirms tiva DF protocol achieves
the capacity when the relay is close to the source, and the réteqol achieves the

capacity when the relay is close to the destination.
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Fig. 5. The multiple access channel with generalized fegkdba

B. Multiple-Access Channel with Generalized Feedback

The relay channel model describes the basic form of codpardh the relay channel,
the relay node does not have its own information to send; Iy assists the source
node to enhance achievable communication rates. On the lwdihe, the full cooperation
model captured in the multiple access channel with gerredlieedback considers two
or more sources, which mutually help each other to attaitebeerformance.

The two-user discrete-memoryless GMAC is shown in Fig. 5emsH1; and 11,
denote the messages of the first and second soukgesand X s, are the source signals,
p(Ys,, Us,, Ypn|Ts,, Ts,) IS the channelYs,, Ys, and Y, are respectively the received
signals atS;, S; and the destination, and’, and W, are the destination’s estimate of
Wi, and Ws. This generalized feedback model allows for both usersveshear each
other and thus mutual cooperation can take place. In the GMA€ relay is another
source node, which has its own information to send. The aahle rate region, which is
the collection of all achievable rate pairs. This model rEduto the relay channel model,
if Wy =0andYg, =0.

The achievable rate region suggested in [6] for the GMAC id-Riased. In PDF
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some part of the message is directly sent to the destinatittrout the help of the other.
Similar to the DF in Section 1I-A.1 communication lasts #8blocks. In each block, each
source’s messages are considered to be composed of thteeRmarthe first part neither
of the sources seek the other’s assistance. This part of éssage is sent directly to the
destination. The second part 8f's message in block is aimed to be decoded only at
S, at the end of block. Decoding this part of the messag®, forms the third part of its
message in block + 1. Similarly, at the end of block, S; decodes the second part of
Sy’'s message, and re-encoding it forms the third part of its avessage in block+ 1.
This way, each source node can help each other simultaryet\sirefer the readers to
[6] and [24] for the achievable rate region characterizatio

Although the GMAC results existed for more than 20 yearsir timerpretation as a
means for mutual cooperation was not until [3], [4]. We wilention these results in

Section V within the context of cooperation in wireless conmications.

[1l. EXTENSIONS TOMULTIPLE RELAYS

In Section Il, we considered the relay channel and GMAC, Wwltionsist of only two
transmitters. In a general multiple-terminal network mtran one relay is available to
help or multiple users form coalitions. Communication tetgées and achievable rates for
the multiple relay channel is another important questiohictv was considered in [21],
[7]. The paper [21] generalizes the DF protocol, and [7] galees the CF protocol to
multiple relays, which we explain next.

When we described the DF protocol in Section 1I-A.1, we obsérthatR(P") is the
minimum of two rates, the source-relay communication ratel the rate the source and
relay collectively transmit to the destination. When thare multiple relays and all relays
perform DF, this idea can be generalized. Suppose therenareeiays. Then the DF
achievable rate is the minimum of three rates: the rate socan reliably send to the

first relay, the rate source and the first relay can reliabhyds®e the second relay, and



15

the rate the source and both relays altogether can send tegti@ation. Of course, this
depends on the relay assignment; i.e. which relay will befitiseé and which relay will
be the second. Therefore, the minimum of the above menticated can be maximized
over all relay permutations. If there ard relays, then the DF achievable rate is the
minimum of M + 1 rates maximized over all relay permutations.

Generalizing the CF protocol to multiple relays is more igatte. When there are
multiple relays, the relays observe correlated signalsw&aling by the relays becomes
equivalent to sending arbitrarily correlated sources aveultiple access channel, whose
complete solution is not known [25]. Moreover, the desiorathas side information
available in addition to the signals it receives from theysl

In the case of multiple relays, all relays do not have to perfehe same relaying
strategy. When some relays do DF and the rest do CF an acleenedb region is given
in [7]. Here, we explain this scenario for the two-relay casbere the first relay does
DF and the second does CF after listening to the first relagnTine achievable rate

becomes
RPCF) — min {I(XS; Y| Xn), I( X, Xy Vi YD|XR2)} (14)

subject to
I(YViy: Y| Xro, YD) < I(Xpy: Vi), (15)

for the joint distributionp(zs, xr, )p(vr, )P(Ur, | TRy YR, )P(YRy s YRs, YD TS, TRy TR,). ThE
first mutual information expression in (14) indicates thte rine first relay can decode.
If the first relay can decode, then the source and the firsy telgether act as a joint
transmitter. Via the second relay the destination obtairseeond observatiols, in
addition to its ownY,. Therefore, the second relay and the destination mimic rat joi
receiver. Overall, the second term in (14) mimics the 2 multiple-antenna system. In

a path loss model as in Section II-A, this mixed strategy [gacéy achieving when the
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first relay is in close proximity with the source and the setoglay is in close proximity
with the destination [7].

The multiple relay channel problem has also been recentigidered in [9]. In this
work, inspired from a deterministic model [8], the authorsdfia lower bound on the
capacity of Gaussian relay networks that is within a cortstamber of bits away from
the cut-set upper bound. This constant depends on the gpolothe network but not
on the channel parameters. This result provides a good &pmxton of the capacity,

which becomes tight as signal-to-noise ratio increases.

IV. HALF-DUPLEX

In Sections Il and Ill, we had the idealized assumption thatrelay is full-duplex.
However, full-duplex operation is not possible in pradteaplications. Wireless transceivers
cannot transmit and receive at the same time in the same lvaiids section, we consider
a half-duplex relay and study the impact of half-duplex agtien on relaying protocols
and achievable rates.

We can model half-duplex operation using the state vari@btbat controls the relay
operation() takes the value; if the relay is listening, ands if the relay is transmitting.

A more general state configuration assumes that the relaypean sleep, listen or talk
states [11], the fundamental idea in both configurationadgéhe same. In this chapter
we consider the former for simplicity. We also consider fiygdtocols, in which the
relay listens for a fixed time interval fractiom, (with 0 < ¢ < 1) and then transmits in
the remaining portion1(— t), Fig. 6. The relay does not aim to pass along additional
information by breaking its transmission and receptioernvels into smaller blocks and
controlling its state variable [16].

The cut-set upper bound on achievable rates for the halieduplay channel is found
in [26]. We will state this upper bound for the multiple-amt@ half-duplex relay channel
in Section VI-B.
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Fig. 6. Fixed relaying: the relay listens forfraction of the time and transmits in the remainihg- ¢ fraction.

For the half-duplex relay channel, the DF achievable raterels from (6), if the
half-duplex constraint is taken into account. When theyrédahalf-duplex and employs
DF

RPH = min{tl(Xg; Yalq) + (1 — )[(Xs; Y| XR, ¢2), (16)

tI(Xs; Yplq) + (1 —t)1(Xs, Xp; YDlg2)} (17)

is achievable for a fixed input distribution and a fixeadtan be maximized over all input
distributions and < [0, 1]. The first term in (17) is the sum of two mutual information
expressions. The first one indicates the amount of infoonatie relay can decode tn
fraction of the time. The second is the mutual informatioa tlestination collects from
the source during the time the relay is transmitting. Theosdderm in (17) is also a
sum of two terms, the first of which is the mutual informatidnttee destination while
the relay is silent, and the second is the rate the sourcehenetliay can together send in
1 —t fraction of the time. Similar to the full-duplex case, if thalf-duplex relay channel
is physically degraded, then the above rate is capacityediiy.

When the relay employs CF, the Wyner-Ziv type compresside is such that the
compressed signal at the relay can reach the destinationfeze in the remainingl —¢)
fraction of time, in which the relay transmits. Then, for aefi¢ the instantaneous mutual

information at the destination is

RCF) = t1(Xg; Y, Yolg) + (1 —)I(Xs; Yp| X, ¢2)
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subject to
t1(Yr; Ya[Yp, q1) < (1= 1)I(Xg; Yplgs). (18)

Note that the above equations incorporate the half-dupberstcaint into (11) and (10)
and can be maximized overc [0, 1].

The real Gaussian noise half-duplex relay channel is venjlai to the full-duplex
case of (1)-(2). However, in half-duplex case the relay camransmit and receive at the

same time. Then we can write
Yri = aspXs1+ Zr1
Ypp = aspXsi+ Zp,
for stateq;, and
Ypo = aspXsa2+ arpXro+ Zppo,

for stateq,. The channel gaingsg, asp andarp are defined similarly as in Section II.
For the Gaussian half-duplex relay channel the DF achieveadie becomes [26]

1—-t
2

t
R —  max min {5 log (14 agzPs1) + log (1+ pagpPsyz) ,

e p.te[0,1]

t
5 log (1 + a%DPS,l)
1-—1¢
2

+ log (1 + a%DPSQ + a%DPR + 2\/(1 — p)a%DPSQa%DPR) } ,

Similarly, the half-duplex CF achievable rates are [27]

t 2P 1
RCEF) max - log (1 + a%pPs1 + 2SR 191) +
t€(0,1],Ps,1,Ps 2 1+ Np

—t
5 log (1 + a?gDPgQ) ,

where

: 1+ (agp + agp) P
Nr = 1t

a2 Pr Tt ‘
(1+a2pP) ((1 . 1)
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In the above expression;; and Ps, are the average source power constraints in states
¢ andg, respectively withPg ; + Ps o = P. Both rateskR”*) and R(“F) can be optimized
over Ps; and Ps 5 as well.

In addition to DF and CF based protocols, amplify-forwaré)46] and non-orthogonal
amplify-and-forward (NAF) [28], [13] are two linear relayg protocols that are important
for the Gaussian half-duplex relay channel. In AF the soarwtthe relay share the time
equally, and the source node remains silent while the rekaysimits in the second half
of the time. In AF the relay simply scalés;; according to its own power constraint
and forwardsXy = 3Y% to the destination, wherg < \/PR/(agRPg + 1). Assumings

is equal to its upper bound, the AF protocol achieves the rate

1 a?,Psa? . Pr
RWF) — = log (1 +a%,Ps + Sh” 2 RD )
4 5D 14 a2 Ps + a%pPr

The NAF protocol is an extension of AF, where the source camubaneously transmit

with the relay in stateys.

V. WIRELESSAPPLICATIONS: COOPERATIVE DIVERSITY

In the previous sections we have considered cooperatiomsgorele memoryless and
Gaussian channels. One of the most important advancenmect®perative communica-
tion has been the unearthing of its potential in wirelessvaeks.

Wireless channels experience fading, which degrades thterayperformance when
signal components that are received over different prapaggaths add destructively
[29]. Most of the error correcting codes can recover fromnevery deep fade levels, if
the fading coherence time is on the order of a symbol time.iBine fading coherence
time is much longer than the symbol duration, then a deep &idets many symbols
consecutively. Retransmission or forward error correctame too costly in this case
and no recovery is possible. These slowly fading channels\atoguarantee reliable

communication for any transmission rate and have zero dgpgor these channels, error
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probability is due to two main causes: deep fade levels, drahreel noise. When the
wireless channel experiences a deep fade and the chanmeltcapport the transmission
rate, it is said that the channel is in outage [30]. The proipalof error can then be

written as
P(error) = P(erroffjoutage P(outage + P(errofino outageP(no outage.

If the channel is in outage, then the error probability is @dimequal to 1. Similarly, if
there is no outage, good channel codes ensure arbitrardyt smor probability. Thus the
outage event dominates the error event and probability rofr @ approximately equal
to probability of outage.

To mitigate the adverse effects of fading, time, frequencgpatial diversity techniques
are employed. For example when there are multiple anteriribe geceiver, each antenna
observes an independent copy of the transmitted messagéeds likely that all observa-
tions are bad, and thus reliability is increased. Similafligen there are multiple transmit
antennas, each antenna can suitably repeat the same méssageease reliability. In
addition to these traditional diversity techniques, coapen/relaying can also be used
to provide diversity [3], [4], [5].

In this section, we first assume the relay is full-duplex. &mnthding, the received
signals at the relay and at the destination are given by (d)(2)) but now the channel
inputs, outputs and the channel noise are complex valueslmisg Rayleigh fading,
a;; = hij, 1,5 =S,R,D.i# j, are independent, identically distributed (i.i.d.) zerean
complex Gaussian random variables with zero mean and umange. We consider slow
fading, which stays constant for the duration of a channetll There is no channel
state information at the source. We assume there are pgobks to measure receiver
channel gains, and thus the relay and the destination knewviticoming fading levels.
In addition, the relay knows its outgoing gain and the sowestination channel gain,

which can happen at a negligible cost with proper feedbablks hformation becomes
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necessary to implement the CF protocol and will become cldéwn we explain CF later
in this section and in Section VI-A.

As the source node does not have channel side informatiah then application is
delay-limited and constant rate, the source node transhidixed target data rate™.
An outage occurs if the mutual information at the destimaii® not large enough to

support this fixed target rate, and we can write the outagbagiibty as
P(outage = P(I < R™),

where I is the mutual information at the destination when receivde £hannel state
information is available.

Under fading the DF protocol is slightly different than theeodescribed in Section
lI-A.1 for non-fading channels. When there is fading, thetwali information at the
destination depends on whether the relay decodes the smessage or not [5]. The
relay can reliably decode the source message and repedhé testination if the mutual
information it collects/ (Xg; Yg) = Ir

Ir =log(1 + |hsr|*Ps)
is larger than the target data rate. If not, we assume thg retaains silent. Let
Isp = log(1+ |hsp|*Ps)
Isgp = log(1+ |hsp|*Ps + |hrp|*Pr).
Then the mutual information at the destination is equal to
[P _ Isp  if the relay cannot decodg
Isgp if the relay decodes
2 Note that unlike the Gaussian case, there is no coherentinmghgain between the
source and the relay, when they transmit together. This¢ause the source node does
not have channel state information and cannot synchrotszghiase with the relay.

Note that this DF protocol is different than the one definegbinin which the signal received from the source is

completely ignored if the relay cannot decode the message.
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Then we can write the probability of outage at the destimatie

P(outage at D = P(outagérelay decodesd’(relay decodes
+P(outagérelay cannot decod®(relay cannot decode(19)
which becomes equal to
P(outage atD = P(Isgp < RD|Iz > RT)P(Iz > R™)
+P(Igp < ROz < RTYP(Iz < RD). (20)

When the relay employs CF then the mutual information at #sidation is same as
in (12) if af; are replaced withh;;|*, and thel/2 is removed. Note that the relay has
to know all to channel gains in the system to determine thepression noise in (13).
The probability of outage for CF is theR(1(“") < R(™)),

Fig. 7 shows the outage probability of DF and CF protocols dsnation of the
target data rateR(”) for P, = P, = 10. Direct transmission and x 2 MIMO outage
probabilities are also included in the figure for comparistie observe that cooperative
protocols significantly improve upon direct transmission.

The above analysis shows the probability of outage as aimadf the target data
rate for a fixedPs and Px. It is also important to understand how probability of owtag
behaves as a function é% and Py for a fixed target data rate. In particular the probability
of error decay rate is of interest, as fast decay implies rsoupeeliability. This decay
rate is called the diversity gain and is defined as

d=- Sl\Ilfi{rEoo %'
Here SNR denotes the average received signal-to-noise ratio. fghr3iWR values (21)

(21)

can be restated to write
1

SNR*
Diversity gains do not change with a constant scaling in taasmit power level$s

P.(SNR)=

and Pg. In the relay channel, we thus assutRe = Px without any loss of generality.
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Fig. 7. Probability of outage as a function of rafé. = P, = 10.

Note that the average transmit power is equal to the avesadde as we assumed the
noise variance is equal to 1.

Now, we find the diversity gains for DF and CF protocols. Ashaoility of error
dominated by outage, we simply investigate the outage jbibtyadecay rate.

For the DF protocol, we first look into the relay outage proligbwhich is

R™M
P(Ip<RM) = P <|hSR|2 < u)
Ps

oR™ _q
= 1— - -
exp< - )

1
SNR'
This also implies thatP(Ir > R™))=1. Note that direct transmission outage proba-
bility also results in the same limit as the channel gainsaasumed to be identically

distributed. Similarly, one can show th#t(outagérelay cannot decodeé-SNR™ and
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P(outagérelay can decode=SNR 2. Overall,

o1
P(outage at %W
and the DF protocol diversity gain is equal to 2.

Similar to the DF protocol, the CF protocol also achieves\&lk of diversity gain
[16]. Intuitively, from a diversity perspective, the CF pvool makes the relay channel
equivalent to a single-antenna source, two-antenna @é#stm point-to-point system,
while DF results in a two-antenna source, a single-anterasdirgaition system. In the
point-to-point system each receiver antenna suffers fraditiae noise. In the CF protocol
it is as if one of the receiver antennas experiences additionise due to compression.
However, the relay can adjust this compression noise tolerfalh diversity. We omit

the details and refer the reader to [16] for a more completdiscussion.
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Fig. 8 displays DF and CF outage probabilities as a functigreo useiSNR Ps = Py

for R(T) = 5 bits/channel use. The figure clearly shows that DF and CF Bdeeels of
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diversity as inl x 2 MIMO, whereas direct transmission has only 1 levels of diitgr
This result implies that DF and CF protocols can be used tm fartual antenna arrays
and to provide diversity gains similar to spacial diverggghniques.

It is important to note that half-duplex DF and CF and the Al &AF protocols
introduced in Section IV also achieve 2 levels of diversiy, [28]. This is because
the source-destination and the relay-destination linkseole independent channel gains,
and the diversity gain mainly depends on the number of indeget observations at the
destination even when half-duplex constraint is imposed.

Another protocol, which achieves 2 levels of diversity, e tdynamic decode-and-
forward (DDF) protocol suggested in [13]. Unlike DF in DDFethelay listens to the
source until it is able to decode reliably. When this happéms relay re-encodes the
source message and sends it in the remaining portion of ameefrin DDF the fraction
of the time the relay listeng, depends on the source-relay link quality. If this channel
is of good quality, the relay can decode quickly, and tram$amia longer time interval.

If this channel is bad, the relay has a short time left for graission.

When there are multiple relays in the network, protocolepthan DF, CF, AF, NAF
or DDF can be used to obtain diversity gains. One method igripl@y the relays to
form a distributed space time code [31]. The other methoa ishtbose the best relay

and to use one relay at a time [15]. Both strategies resultlirdfversity gains.

VI. DIVERSITY-MULTIPLEXING TRADEOFF OFCOOPERATIVE COMMUNICATIONS

In the previous section we investigated the diversity gahsooperation for single
antenna terminals. We showed that cooperative protocalslerihe formation ofirtual
antenna arrays to increase reliability. In a general ndkwoodes can have multiple
antennas, increasing the system’s degrees of freedominfipigrtant to understand how
these additional degrees of freedom affect diversity gaind how other resources, such

as rate, coverage area, or network lifetime, need to befisacrifor higher reliability. In
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this section we provide such an analysis for the single reéee under Rayleigh fading.

The tradeoff between reliability and rate, known as diwgssiultiplexing tradeoff
(DMT), is established for point-to-point multiple antenslaw-fading channels in [12].
In DMT the reliability measure is the diversity gain as define (21). The transmission
rate R is measured by the multiplexing gain, which is

RT)(SNR)
1m ——-—.
SNR—oo  log SNR

It shows how fast the actual rate of the system increases $itR. The DMT of an

r =

m x n MIMO is defined as the tradeoff betweerandd and is given by, (). dp.,(7)
is the best achievable diversity, which is a piecewisedlirfanction connecting the points
(k,dpn(k)), whered,,,,(k) = (m — k)(n — k), k = 0,1,...,min{m,n} [12]. Note that
Ay (1) = (7).

The DMT is a powerful tool to evaluate the performance ofedight multiple antenna
schemes at higBNR,; it is also useful for cooperative/relay systems. In the oéghe
chapter, we study the multiple-antenna relay channel frobVA perspective, first for

a full-duplex, then for a half-duplex relay.

A. Full-duplex relay

We assume the source, the destination and the relay hgve and k& antennas
respectively. Note that our model is general enough to adctmr the already existing
spatial diversity in the form of multiple antennas. The reeé signals at the relay and

at the destination are
Yr = HepXs+Zg (22)
Yp = HspXsg+HrpXp+Zp, (23)

whereZyr andZp are the independent complex Gaussian noise vectors at tfespond-

ing node.Hsr, Hgp andHpyp are thek x m, n x m andn x k channel gain matrices
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between the source and the relay, the source and the destinand the relay and the
destination respectively. These channel gain matrices hiad. complex Gaussian entries,
with real and imaginary parts zero mean and variah&e each. Next, we first find an
upper bound on DMT, then study the DMT the DF and CF protocolsexe.

An upper bound on DMT can be derived using the well-knownsaitupper bound
[19], [16]. In the relay channel there are two cut-sets otriest: the cut-set around
the source and the cut-set around the destination. Thessetuhutual information

expressions are respectively

]C = I(Xs;YR,YD|XR) (24)

S

Ic, = 1(Xs,Xg;YD). (25)

D

To find the best DMT upper bound, we need to find the maximum esd¢hmutual

information expressions. We can further upper bound thauatuhformation expressions

as
Ieg, < It =logKgsrp (26)
Ie, < Ip, =log Kggp, (27)
where
Kspp = ‘Ik+n +HS,RDHE,RDP5 ; (28)
Kspp 2 |L,+HsgpHig p(Ps+ PR)‘ : (29)
and
Hsp
Hsrp = , Hsrp = [ Hsp Hgp ] : (30)
Hsp

Note that P(I, < R™)=SNR %), i = § D, with the target data rat&”) =
r1og SNR, d¢ (1) = dpnsr)(r) @nd de, (1) = dnirya(r). Then one can easily upper
bound the system DMT by

d(r) < min{dmm+x)(7): dontryn ()}
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for R,

This DMT upper bound is quite intuitive. The cut-set arouhd source node idealizes
the relay-destination link and assumes it to be perfect. §fstem becomes equivalent
to anm x (n + k) MIMO, whose DMT iSd,,(+x)(r). Similarly, the cut-set around the
destination assumes that the source-relay link is peréactihg to the DMTd 1), (7).

We first study the CF protocol and argue that itis DMT optinrathe multiple antenna
CF protocol the relay performs vector Wyner-Ziv compressidth side information taken
as the destination’s received signal. The CF protocol aeki¢he rate in (11) subject to
(10) if the random variableXs, Xy, Yz, Yp and YR are respectively replaced with their
vector counterpartXgs, Xz, Yz, Yp and Y z. Note that the relay needs to know all
the channel gains in the system to ensure that the compness® constraint in (10) is
satisfied. Then CF achieves the rate [16]

L
RCP) = log S,RD - (31)
Ls,rD
< \ Lsr,p T 1)
subject to
L L
log S’RPk <lo SR’D,
S,DIVR LS,D
where
P
Lsp = HSDHED—S +1,
P P
Lspp = HSDHSD_S+HRDHRD kR +1L,|,
P (NR+1)Ik 0
Lsrp = Hs,RDHL,RD—S + ;
m 0 I,
/ A Ps
Lsrp = |Hs RDHS RD + Lt -

Then it can be shown that CF achieves the DMT

dor(r) = min{dpmir) (1), dmakyn(r)}-
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We avoid the mathematical details of the proof in this chapted refer the interested
readers to [16].

In the CF protocol as the relay knows all the channel gainsgteork, it adjusts its
compression rate such that the destination can alwaydkeldecode the relay signal.
The destination then obtains a perfect copy of the compdessesion ¥ ) of the relay’s
observation Y z). The compression noise at the relay is never too large aed dot
hinder diversity gains. The CF protocol adapts well to theent channel conditions, the
relay and destination work in accordance and imitate (n + &) MIMO behavior. It is
worth mentioning that the SCF protocol in Section II-A.2 lmasuboptimal performance
and the CF adaptivity is required for DMT optimal behavior.

As an alternative to CF, the relay can use the DF protocol. Wihe source, the
destination and the relay all have a single antenna eadbwialy the analysis in Section
[I-A.1 we can show that the DF protocol also achieves the DNdpar bound, which is
equal tod;»(r). But this optimality does not generalize to arbitrany n andk. The DF

protocol achieves the DMT

dpp(r) = min{dm iy (1), dpn (1) + de(r)} if 0 <7 < min{m,n, k} ‘
-y if min{m,n,k} <r <min{m,n}

If m or n (or both) is equal to 1, we find that DF meets the DMT upper bound
Similarly we can show that for cases such(as n, k) = (3,2,2) or (m,n, k) = (4,2, 3),
aSd(m+kyn (1) < dpn (1) + dmi(r) for all r, DF is optimal. A general necessary condition
for DF to be optimal for all multiplexing gains is: > n. If m < n, thend,,,(r) +
Ak (1) < dinnk) (1) < dintryn, and DF is suboptimal. Whenevetin{m,n,k} = k,
the degrees of freedom in the direct link is larger than thgreks of freedom in the
source to relay link, that imin{m,n} > min{m, k}. For multiplexing gains in the range
min{m, n, k} <r < min{m,n}, the relay can never help and the system has the direct
link DMT d,,,,(r). Therefore, DF loses its optimality.

Intuitively the suboptimality of DF is because of the harcidmn at the relay. The
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—&— Tradeoff for CF (Optimal)
—e— Tradeoff for DF

Fig. 9. The source has 2, the destination has 2, and the ralyl antennaim, n, k) = (2,2, 1).

point-to-point MIMO DMT, which is the piecewise linear fui@n connecting the points
(k,(m—k)(n—k)), k= 1,...,min{m, n}, suggests that each additional unit of multiplex-
ing gain uses an antenna both from the transmitter and tleévezcwhile the remaining
antennas provide the diversity gain. Similarly, in the DBtpcol each additional mul-
tiplexing gain effectively uses an antenna at every noder¢sy relay and destination)
due to hard decision. So the cost of each additional mukipéegain costs is, in terms
of antennas, is one more than the ideal MIMO behavior.

In Fig. 9 we compare CF and DF DMT fd¥n, n, k) = (2,2,1). We see that the CF
protocol is always DMT optimal, but the DF protocol is sigcéintly worse. Note that
any minor difference in the DMT curve is quite important besm diversity gain is the
exponent ofl /SNR at highSNR. The suboptimal behavior of DF arises because the out-
age event when the relay cannot decode can dominate forajemet andk. In addition
to this, for multiplexing gains larger thamin{m,n, k}, the relay never participates in
the communication because it is degrees of freedom limitetl Gannot decode large

multiplexing gain signals. For this region, we observe tived link behavior. For DF,
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the available relay CSI does not improve the DMT performacmepared to the case
where the relay only knows the source-relay channel gaingh this CSI the relay can

at best perform beamforming, which brings in power gainsrouimprovement on DMT.

We conclude that soft information transmission, as in thep@#tocol, is necessary at
the relay not to lose diversity or multiplexing gains.

In Section Il we showed that there is a symmetry between DF@HRdJDF achieves
capacity when the relay is close to the source, and CF acheseacity if the relay is
close to the destination. However, the above analysis Ige¥eat CF and DF protocols
do not always behave similar, unlike the single antennayrsistem. The degrees of

freedom available also has an effect on relaying strategies

B. Half-duplex relay

In the previous section, we studied the relay channel whenre¢hay is full-duplex.
Although this is an ideal assumption about the relay’s ptatstapabilities, it helps us
understand the fundamental differences between the DF Brgt@@ocols. In this section
we assume a half-duplex relay to study how this affects theTOidhavior of the relay
channel. In this section we investigad&tic half-duplex channels, in which the relay
state is not controlled based on channel realizations. &lag can also perforrdynamic
behavior as in the DDF protocol. In dynamic protocols, tHayeletermines the fraction
of time it listens and transmits depending on the channelsgai

In the previous subsection we found an upper bound on DMTnwthe relay is full-
duplex. As this bound may not be tight when the relay is halftdx, next we consider
a half-duplex DMT upper bound. The cut-set mutual informatexpressions for a half-

duplex relay are respectively [10]

Ie,(t) = tI(Xs; YR, Yplq1) + (1 —)1(Xs; Y| Xk, q2) (32)
Ie,(t) = tI(Xs;Yplg) + (1 =) I(Xg,Xg; Yplga). (33)
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Note that these expressions depend:othe amount of time the relay listens. Then an

upper bound on these expressions are

Ieg(t) < Iés (t) =tlog Ksrp + (1 —t)log Ks p (34)
ICD(t) S IéD(t) = thg KS,D + (1 — t) 10g KSR,D (35)

where Ks pp and Ksr p are respectively defined in (28) and (29), and
Ksp 2 |HgpHL,Ps+1,]. (36)

For a target data rat8™) = rlog SNR, and for a fixed, if P(I},(t) < R™)=SNR %",
i =S, D, thend(r,t), the best achievable diversity for the half-duplex relagratel for
fixed ¢, satisfies
d(r,t) < min{de_(r,t),de, (7, 1)}. (37)

Optimizing overt we find an upper bound on the static multiple antenna halfedup

relay channel DMT as

d(r) < max min{d;_(r,t),d¢, (7, 1)}. (38)

te[0,1]

In general it is hard to compute the exact DMT of (38). In mauttar for static protocols,
to find d¢ (r,t) and d (r,t) for generalm, n and k we need to calculate the joint
eigenvalue distribution of two correlated Hermitian mees,HspHY, andHs zpHY ;)
or HspHY, andHgg pHj, . However, whenn = 1, bothHgpHY, andHs zrpHY ;)
reduce to vectors and. (r,t) is easier to compute. Similarly, when= 1, HspHL ),
and HSRDHER,D are vectors, and;_(r,t) can be found. An explicit form fod;_(r, 1)

for m =1 is given as

n+k—kt if r<t andt< .
dey(r,t) = ¢ n () if r>t¢ andt <A .

(n+k)(1—r) if t>-k
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Forn =1 and for arbitrarym andk, d;, (r,t) has the same expressionds (r,t) if n
andt are replaced withn and (1 — t) in the above expressions [16].

Although we do not have an explicit expression & (r,t) or d; (r,t) for general
(m,n, k), we can comment on some special cases and get insights abltijfierantenna,
half-duplex behavior. First we observe th&t (r,¢) andd;, (r,t) depend on the choice
of ¢, and the upper bound of (38) is not always equal to the futilelu bound. As an
example considefmn, n, k) = (1,1, 2), for whichdg_(r, ) is shown in Fig. 10. To achieve
the full-duplex bound for alr, d; (r,t) needs to have > 2/3, whereas;, (r,t) needs
t < 1/3. As both cannot be satisfied simultaneousdly; ¢) is less than the full-duplex
bound for allt.

On the other hand, to maximize the half-duplex DMT it is ogiro choose = 1/2
wheneverm = n. To see this, we compare (34) with (35), and note that Woth,, >
Ksp and Ksgp > Kgp for m = n. Furthermore, form = n dg (r,t) = d¢ (1,1 — 1),
anddg,(r,t) is a non-decreasing function i Thereforemin{d;_(r,t), d¢, (r,t)} must
reach its maximum at = 1/2.

Similar to the full-duplex case, in the multiple-antenn#fddaiplex relay channel [16]

the CF protocol is DMT optimal and achieves the half-duplekset bound DMT

der(r) = max min{de, (1) dg, (1))

Note that if the relay is dynamic, CF can also behave dyndipjczhoosingt as a
function of CSI available at the relay, and still achieve ERdT upper bound for dynamic
protocols at higlSNR.

Fig. 11 shows the CF DMT in comparison to DDF and NAF DMT fon, n, k) =
(1,1,1). For this single antenna case the half-duplex DMT bound igktp the full-
duplex case. We observe that DDF does not meet the upper b‘our%dg r <1, as
in this range, the relay does not have enough time to trarth@ihigh rate information
it received [13]. NAF protocol is also suboptimal. Howevef: is DMT optimal for

(m,n, k) = (1,1,1) as well as arbitrary antenna configurations.
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Fig. 10. DMT upper bound for the cut-set around the soufge, The source has 1, the destination has 1, and the
relay has 2 antennagn, n, k) = (1,1,2). Note that asn = n, d¢(r,t) = d¢, (r,1 — t). The upper bound in (38)

reaches its maximum far= 1/2. The solid line in the figure is also equal to the full-dupleouhd.

We showed that for a multiple antenna full-duplex relay sgystthe probability that
the relay cannot decode is dominant and the DF protocol bes@mboptimal. Therefore,
we do not expect any relay decoding based protocol to achievé©MT upper bound

in the multiple antenna half-duplex system either.

VIlI. CONCLUSION

In this chapter we outline some of the major information tletioal advances in the
cooperative communications literature. For discrete nrgtass and Gaussian channels,
we show that the relay has a large potential to improve aabievrates with respect
to direct transmission. We explain two fundamental stiae@F and CF for the relay
channel. We also provide an overview of mutual cooperatimoreg two users under
the generalized multiple access channel model. For meltiplay systems we give an
example on how multiple relays can be coordinated.

In addition to non-fading channels, cooperation offersssattial gains under fading.
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d(r)

Fig. 11. The DMT for CF, DDF, and NAF protocols for single amia nodes.

We show that via cooperative protoceistual antenna arrays can be formed and spatial
diversity gains similar to physical antenna arrays can lbeesed. To provide a complete
characterization, we also study the diversity gains in tMllzontext. We investigate the
effects of increased degrees of freedom and relay procgssipability on cooperative
DMT. We show that although full-duplex DF and CF have the s&&T when each
node has a single antenna, this is not the case for multigknaa relay systems. DF
can be suboptimal, yet CF is DMT optimal for arbitrary antemonfigurations. For the
half-duplex relay CF remains to be DMT optimal. Althoughsdthard to find the DMT
upper bound explicitly for arbitrary number of antennasha hodes, we have solutions
for special cases. We also show that the static half-duplei ound is tighter than
the full-duplex bound in general.

Despite the recent significant advances we outlined in thapter, there are many
open problems related to the relay channel in particulartantboperative networks in

general. For example there are no practical channel codsggneel for CF, which hinders
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the implementation of this robust protocol. On the otherdhd@F protocol performance
strongly depends on the channel state information availabthe relay. Suggesting new
relaying protocols, which process the soft informatiort,dmnot require this information
are of utmost interest. In general, utilization of feedbackhe relay channel is not fully
understood. In addition to suggesting new protocols, lomntmerateSNR, studies need
to be carried for the relay channel to complement the IR results of DMT. To
understand larger cooperative networks better and to eéxtes cooperation benefits to
large networks we also need to understand the role of rej&yeoperation in interference,
broadcast and multiple-access channels, and to exploveoriegains of cooperation,

relay assignment, synchronization and coordination ssaed incentives to cooperate.
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