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1 INTRODUCTION

WP 6 addresses the potential of cooperative behavior in the view of obtaining significant capacity and
multiplexing gain in wireless communications. This encompasses strategies and codes (including error
correcting codes, linear precoders or both) which exploit relaying diversity in order to realize seamless
communication and reduce complexity of routing in highly volatile/mobile networks.

WPR6 is organized for the time being in 6 tasks, described hereafter. Task 6.1 is entitled "Design
of distributed Space-Time/Frequency codes for Multiuser OFDM systems with relay, relaying strategies
and resource allocation". The goal of this task is to investigate and design Space-Time/Frequency codes
for multiuser systems based on OFDM and relays. Assuming first CSI at the receiver side, codes will
be optimized from the point of view of diversity gain. For CSI available at the transmitter side, the
power allocation and the carrier allocation will be optimized for various criterions. These designs will
be addressed for different relaying strategies (DF, AF, ...), and various levels of knowledge about the
CSI. The optimization of MIMO relays will also be considered. The linear processing operated by the
relay will be optimized for a number of criteria. Section 2 reports the achievements related to this task
whose goal is in fact to present practical solutions to exploit the rate and/or diversity potential in relayed
systems. In a first contribution, considering that several future air interfaces under consideration are based
on OFDM, a setup has been investigated where point to point transmission operated by means of OFDM
is helped by means of multiple relays implementing the DF protocol. Assuming perfect CSI is available,
power allocation to the source and to the relays is optimized in order to maximize the rate of the system.
This problem is investigated for a sum power constraint. The solution obtained shows that the power
can be allocated according to the seminal waterfilling algorithm, how the water container has to be built
and finally that a reallocation step has to be implemented. In next three contributions, communication
systems enhanced by means of MIMO relaying is studied. A first scenario considers multiple single
users link interfering with each other, that is to say an interference channel. Assuming perfect CSI,
several MIMO relays are optimized to help the different links, according to different criteria. Computer
simulations verify the improved performance of the jointly optimized MIMO relays when compared to
zero-forcing (ZF) relays. A second scenario is considered where a multiantenna terminal communicates
with a multiple antenna receiver. A MIMO relay equipped with a Zero forcing receiver and retransmitting
the successfully decoded signals helps the systems. The outage probability of the setup is studied and
obtained. The next contribution considers a similar setup. This time, CSI is used. The TX performs
beamforming and matches his vectors either to the source-relay link or to the source-destination link. The
outage probability is again investigated. Another way to benefit from diversity in systems with a relay is to
use error correction coding, in a distributed arrangement. Two contributions deal with this technique. First
LDPC codes are considered for relay channels in a slowly varying fading environment and with iterative
decoding. Random LDPC codes cannot exhibit full-diversity for the maximum achievable coding rate
yielding full-diversity. A new family of rate-compatible root-LDPC codes is introduced, which combines
the rate-compatibility property with the full-diversity property for any coding rate fulfilling a certain
condition. It is shown that the error rate performance of root-LDPC codes is close to the outage probability
limit and this occurs for all block lengths (finite and infinite) and all rates fulfilling the condition. Its
flexibility and high performance makes rate-compatible root-LDPC attractive for wireless cooperative
communications scenarios with slowly varying fading. Next, LDPC codes are studied for the multiple
access relay channel in a slowly varying fading environment under iterative decoding. LDPC codes must
be carefully designed to achieve diversity on this channel and network coding must be applied to increase
the achievable coding rate yielding full-diversity at a maximum rate Rcmax = 2/3. Combining network
coding with full-diversity channel coding gave rise to a new family of full-diversity joint network-channel
LDPC codes. Full-diversity is achieved for all rates. The results of this section originate from UCL and a
close cooperation between Ghent University and Politecnico di Torino.

Task TR6.2 is "Linear Receiver Structures for Virtual MIMO Systems". Its goal is to develop lin-
ear receiver structures for virtual MIMO systems with various degrees of performance and complexity.
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The first step is to design optimal linear algorithms according to the MMSE criterion, which facilitates
optimal utilization of space and multipath diversity. For the cases in which the MMSE algorithm is com-
putation intensive, multi-stage MMSE algorithms that provide complexity-performance trade-offs will
be considered. Depending on the amount of sub-optimal combination of signal components from space
and multipath domains, various degrees of computational complexity reduction can be obtained. In this
deliverable no result is specifically reported for this task which will be mixed with others in the future.

Task TR6.3 is entitled "Randomized Distributed Space-Time Coding for Cooperative Networks and
Adaptive Relay Schemes". In a first part of this task, distributed space-time coding schemes will be in-
vestigated for cooperative networks. One of the challenges in cooperative systems is that since there is
no central control unit, often the cooperating nodes are not aware of each other. Randomized space-time
coding schemes have been shown to attain diversity gains even when the number of cooperative nodes
are unknown. However, as these coding schemes take advantage of diversity gain inherent in the channel
only, one can provide further gains in spectral efficiency by designing space-time codes exploiting spatial
multiplexing gains as well. Randomized distributed space-time codes will be investigated that can pro-
vide varying levels of diversity-multiplexing tradeoffs. Practical issues such as the decoding complexity
and the asynchronism among the nodes will also be addressed. A second part of this task is to design
“universal” estimate-and-forward protocols that are based on joint source-channel coding. Ideally the
proposed scheme should be able to approximate any reference strategies such as amplify-and-forward
and decode-and-forward in the regime where each of these strategies dominates the others. Additionally
receiver design will be addressed. It has to be optimally adapted to the chosen relaying scheme. This
issue appears in half duplex relay channel and can be critical for relays under bad reception conditions.
Additionally these issues will be addressed both from the PHY- and cross-layer standpoints. In a first con-
tribution reported in section (3), two relaying strategies have been considered: AF and EF. AF relaying
with feedback has been considered. One of the weaknesses of AF is that it amplifies the reception noise
at the relay, which is a critical issue when a cheap relay is used or/and a large amount of interference is
received by the relay. To make the AF protocol more robust to this type of bad scenarios, two aspects
have been studied: how to tune the amplification factor in order to maximize the information rate from
the source to the destination and how to tune the clipping threshold in order to maximize the end-to-end
distortion (mean square error on the channel input symbols). Then the interference relay channel has
been studied. The contribution has been to analyze the case of the AF and EF protocols. Two EF relaying
schemes have been proposed: a version based on a single compression level and a second one which is
based on two compression levels. Still about the IRC channel resource (power) allocation is considered.
For so called multiband IRC channels, the authors have tackled the existence issue of Nash equilibria
(NE). Another important class of cooperative channels is the class of cooperative multiple access chan-
nels. So far as in intermediate and more simple case, multiple access channels have been studied. More
precisely the network spectral efficiency of distributed vector multiple access channels (MACs) when the
number of accessible dimensions per transmitter is strategically limited has been studied. The contri-
butions of this section originate from cooperations between Laboratoire des Signaux et Systémes (LSS,
France), Poznan University of Technology (PUT, Poland), and Supélec (France).

Task TR6.4 is named "Oblivious cooperation protocols and scaling laws for relay networks". A first
part addresses topological uncertainty, namely where the user is unaware whether a helper (relay) is
present or not. Yet it benefits in cases such a helper exists and is not damaged if this is not the case. The
research will be guided by information theoretic considerations, adhering to these practical assumptions.
Within this procedure techniques will also be investigated that take advantage of side information present
at the receiving end, as well as different broadcast and incremental Wyner-Ziv joint source-channel cod-
ing techniques. A second part is devoted to how the capacity scales with the use of relay nodes (virtual
MIMO) in the case of full and partial cooperation between the nodes. Attention will in particular be
focused on the system design and analysis for different level of channel knowledge at the transmitters
(sources and/or relays) The framework will use asymptotic results of random matrix theory. Section (4)
reports the results achieved after 18 months. A number of channel configurations have been investigated
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from the capacity viewpoint: the compound multiple access channel with a relay (¢t MACr) and a multire-
lay channel with non ergodic link-failures. Throughput scaling has been studied for wireless networks
over channels with random connections. The multiple access relay channel with relay-source feedback
is also studied and achievable rate regions are identified. For a system with multiple relays, operating
with randomized Distributed Space-Time Coding, an asymptotic analysis is conducted for the Outage
Probability and the Diversity. Results are provided for AF and DF relays. Then a cooperative ad hoc
network is considered. Nodes are grouped in three types of cooperative clusters. This system forms a
virtual MIMO multi-hop relay network. Using tools from random matrix and free probability theories,
the asymptotic instantaneous end-to-end mutual information between the source input and the destination
output is obtained, as the number of nodes in all clusters grows large. Finally a relay assisted CDMA
network with a large number of sources and half duplex relays and a unique destination is considered.
Direct relaying (DR) and full relaying (FR) are proposed. An analytical framework for the analysis of the
achievable rates in such a network, as the number of nodes and relays becomes asymptotically large, is
proposed. The results of this task originate from Technion, CNIT (CRS), CTTC, and CNRS (Eurecom,
Supelec), and a starting cooperation between UCL and TUM.

Task TR6.5 is named "Cooperation in mobile ad-hoc networks (Virtual Antenna Arrays/VAAs)".
This task intends to investigate the following issues: which neighbors should assist the transmission, and
with which processing, and how to perform the cooperative relaying so the battery life of a mobile relay
node is kept at a reasonable level. This task will target the selection of the appropriate network layer
protocol and cross-layer optimisation technique. The examination and the choice of the network layer
protocol and optimisation across multiple OSI layers is essential so that additional routing information
can be used for the purposes of organising cooperative relaying at the link layer. A possible selection is
the well-known Optimised Link State Routing protocol (OLSR) which features some advanced neighbour
discovery and pre-selection mechanisms that seem also applicable for selecting the mobile relays forming
VAAs. Section (5) reports the results associated with this task. For cooperative ad hoc networks strategies
are first discussed for the selection of wireless nodes which should assist data communications in order
to maximize network performance. In order to exploit cooperation at the receive side, linear combining
schemes are then presented for Virtual MIMO Systems. Finally, the design and analysis of a MAC
protocol that allows executing a Cooperative Automatic Retransmission reQuest (C-ARQ) scheme in
wireless networks is presented and analysed. Its principle is that whenever a destination station receives a
data packet with errors, it requests retransmissions from any of the stations which overheard the original
transmission and can act as spontaneous relays or helpers. This work originates from Bilkent, Technion
and CNIT/MORE, and from a cooperation between CNIT/MORE and UCL, and from CTTC.

Task TR6.6 is entitled "Distributed inference". Distributed estimation problems rely on inexpensive
pervasive nodes that individually could be unreliable but the exploitation of their interconnections makes
them a powerful tool capable of achieving complex network-wide goals. Distributed signal processing
is based on nodes with communication, processing and possibly sensing capabilities that self-organise
and adapt themselves to the variations of the network as well as of the topology conditions. The nodes
process signals in a distributed manner by taking advantage of their density and redundancy. Distributed
estimation and decision making are part of the self-learning approach of cognitive networks. The goal
of this task is to study distributed synchronization, distributed localization and distributed interference
mitigation. No specific results are reported here but rather in WPR.B.

Reference NEWCOM++_WPWR.6_UCL_001_001_EXT_Report-6-2
6/69



216715 NEWCOM** Deliverable Number: DR6.2

2 TASK TR6.1: DESIGN OF DISTRIBUTED SPACE-TIME-FREQUENCY CODES FOR
MULTIUSER OFDM SYSTEMS WITH RELAYS, RELAYING STRATEGIES AND RE-
SOURCE ALLOCATION

2.1 Power loading for point to point OFDM transmission enhanced by multiple DF relays

In previous contributions we have considered OFDM (orthogonal frequency division multiplexing) trans-
mission schemes improved by means of a single relay operating in the decode and forward (DF) or
regenerative mode. Two protocols have been considered, differing by the behavior of the source during
the second time slot. In a first case, the source is always idle during the second time slot even when the
relay is non assisting. In an improved protocol, the source sends during the second time slot a new symbol
on each carrier for which the relay is non assisting. The power allocation problem has been solved for an
objective function which is the rate of the system. The problem has been solved with a proper handling
of the decodability constraint at the relay, and for both types of constraints on the power: a sum power
constraint or individual power constraints at the source and at the relay. These results have been reported
in [VDLZ08, LTV08, VLOZ0S].

In the current section we consider a similar setup where now the transmission is helped by means of
multiple DF/regenerative relays. The goal of this contribution is to solve the power allocation problem
again for a constraint on the sum of the powers at the source and at the relays. This appears as a natural
step to solve the problem for individual power constraints, which will be reported in a future contribution.

Setups with multiples relays have also been considered in the literature. In [GC07], the authors have
considered OFDM with multiple decode and forward relays. The objective of their work is to minimize
the total transmission power by allocating bits and power to the individual subchannels. A selective
relaying strategy is chosen. In the current section, the objective function chosen is the maximization of
the rate. Besides that, the truly optimum allocation is obtained and shown to use several relays. It is
compared with a suboptimum selective relaying strategy. Li et al. in [LLO6] investigate the resource
allocation problem for a scenario with multiple source nodes, multiple relays and a single destination.
During each slot there is either a single source or a single relay transmitting at a time. They optimize the
rate of the system under fairness constraints. They solve their problem by means of a graph theoretical
approach. In the current section, we consider a single source. We actually show that it is optimum to have
multiple relays sending at the same time and not a single relay, even if we make a comparison with a relay
selection mode. Besides that we handle properly the constraints on the decode and forward capability of
each node. Moreover an explicit solution is obtained by means of a waterfilling formulation.

2.1.1 System description

Assuming the cyclic prefix technique works properly everywhere, the system can be described by looking
at each individual carrier. The block diagram associated with the system for one particular carrier is
depicted in figure 1.

During the first signaling period, a symbol is sent by the source on each carrier. The relays then
decode and possibly relay some of the symbols during the second time slot. When assisting, the relays
are constrained to use the same carrier as that used by the source. Based on the two signaling intervals,
the destination implements maximum ratio combining for the carriers with relaying.

Let us denote by +/Ps(k) (resp. \/P:i(k)) the amplitude of the symbol at the source (resp. ith relay)
for carrier k, and by A4 (k) (resp. A,4(k)) the complex channel gain for tone k between source (resp. relay
i) and destination. The noise sample observed by the destination at tone k during the first period is n; (k),
and ny (k) during the second period. These two noise samples are zero-mean circular Gaussian, white and
uncorrelated with the same variance 6. Denoting by s(k) the unit energy symbol transmitted over tone
k, the destination gets at the end of the first time slot,

Ysa (k) =/ Ps(k) Asa (k) s(k) +n1 (k). (1
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Source |/ Destin.

I:)r,Nr(k)

Figure 1: Structure of the system for carrier k.

During the second time slot, for coherence issues at the receiver side, each assisting relay 1 <i <N, (N, is
the number of relays) sends +/P,; (k) exp~/¢*(*) (k) which requires the relays to know their respective
gains A,.4(k). Hence the destlnatlon receives during the second time slot

For a carrier with relaying, after proper maximum ratio combining over the two time slots at the destina-
tion, the decision variable r(k) obtained at the k-th output of the N,-FFT (Fast Fourier transform of size
N,, N; being the number of carriers) and the related signal to noise ratio ¥,(k) are given by

r(k) = VP l )}sd
+ (Z Pr,i(k)’lrid(k)’)*yrd(k) (3)

1

( )‘A‘sd \/ rl Mfr, ' (4)

n

Yr(k) =
For a not relayed carrier, the signal to noise ratio ¥ (k) is given by

R AsalK)P

1(k) = o2 (5)
2.1.2  Rate optimization for a sum power constraint
The rate achievable by the system for a duration of 2 OFDM symbols is defined by [LTWO04c]:
R = 2 log(1+7y(k)+ Y log(1+%(k)) (6)

keSs keS,

where S; is the set of carriers (or tones) receiving power at the source only, and S, the complementary set,
that is, carriers receiving power at the source and at one relay at least. At this point the sets S; and S, are
not known. The optimization procedure should tell us in which set to allocate each carrier. For a relayed
carrier, one has to remember the assumption on the decode and forward operating mode of the assisting
relays. For any relay j assisting in the relaying phase for carrier k, one must have that

> 1(k) (N
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where A, (k) is the channel gain between the source and relay j for carrier k. This constraint means that
for each relay which is assisting for carrier &, the global signal to noise ratio at the destination has to be
lower than or equal to the signal to noise ratio at each one of the contributing relays. As a matter of fact,
the signal to noise ratios translate into rates. Hence the global rate of the system between source and
destination cannot be above the rate achievable on any of the links between the source and the assisting
relays, otherwise some relays would not be able to decode which is in contradiction with our assumptions.
Note that for each relayed carrier, the set of relays assisting for that carrier has to be determined.
We want to maximize the rate under a constraint on the sum power, given by

[Z 2P(k)+ ) [P(k) + ) Pr,i(k)]] <P (®)

keSs keS,

where P, is the total power budget. The objective function together with the constraints lead to the
following Lagrangian:

4o 2 s AT

keSs n

" Zlog<1+a(k)|7w(k)|2

2
kes, Oy

(% \ﬁPr,kar,d(k)r)z)
o2

_l’_

u [Z 2P, (k) + ) [Bi(k)+ ) Puk)] - P
kes, keS, i
— Y Y 0w [PK) A (K

keS, j

+ (C PR A )~ P8 A, <k>12] . ©)

From constraint (7) a first conclusion can be drawn about the allocation of a carrier to set S; or set S,.. If
for carrier k and relay j, |Ag, (k)|* < [Asq(k)[*, obviously Py (k)| A, (k)|* < Py(k)|Asa(k)|*. Because of the
DF constraint (7) the rate of the carrier if relayed by relay j would be limited by Py (k)| As, (k)|*. Therefore
the power is better used by not using relay j on that carrier.

On the contrary, if relay j satisfies |Aqy, (k)| > |Asq(k)|?, then it might be beneficial to use this relay
on the considered carrier and it should be further investigated in the optimization procedure. Let us now
consider the relayed carriers i. e. for which we have at least one j such that |, (k)|* > [Aq(k)[*.

It is known that when a constraint is inactive, its associated Lagrange multiplier is 0. On the contrary
when a constraint is active or saturated its multiplier may be different from zero. Assuming that none of
the decodability constraints is active (all multipliers are 0), let us take the derivative of Lagrangian (9)
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with respect to the source power and to the relay power. Forcing them to zero leads to

oR Pi(q) | Asa(q)]?
oP(q) (H 2
. & fPr,l-<q>Ar,.d<q>\>2> o)
p ors
= u (10)
IR P(q)|A(g)?
B (” o2
. \ﬁ (@) Aralq )
% iV rt M'r, ||lr,d(Q)|
o-n2 Pn,j(‘])
_— (11)

From the last equation we must have that, for any j and j’ belonging to the set of relays assisting for
carrier g,

Rra@)] _ 1Asala)]
CNONNCYION

(12)

Considering also that we must have

2
JTIM ) Ara(@)] [Au(q)| (13)

n Prj(‘]) a Gr%

and using result (12) this is only possible if
ZM’;’, | - M'sd( )| : (14)

When this is not fulfilled, what we assume here, not all constraints can be inactive at the same time.
On the other hand, if two relays j and ;' assisting for carrier k have the constraint saturated, it means
that

Py(k) [Asr, (K)[* = Po(K) | Ay, (R) . (15)
This is only possible when all the |, (k) |? are equal for the active constraints. As this is generally not the
case (two channel gains statistically never have the exact same amplitude), we can only have one relay at
a time per carrier for which the constraint is saturated. In conclusion, for each relayed carrier, there must
be exactly one (and no more) relay with a saturated constraint. At this point the question which is still
open is to know whether we might have for carrier k one relay with the saturated constraint and one or

more additional ones which are assisting but with the nonactive (or nonsaturated) constraint. Assuming
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this is the case, we have the following Lagrangian:

L o= 2) log<1+)MSd>‘>

= o}
Py(k) [Aga(K)|?
+ log <1 IRl s
kg, o7

+

(Zmﬂ%%)MAHW>
o2

- U [): 2P,(k) + Y (B (k) + ) Pri(K)]

keSy keS,
- Zpklk[ ) [ Asa (k )|
kesS,
Z (k)| Ar,a (k))? = Py(k) | Asr, (K )!] (16)

where j, is the index of the only relay with the active (saturated) constraint for carrier k. The derivatives
are given by

R (1 Bl utaf

<z\ﬁa@>aﬂ@nv>ﬂaawv

o} oy

= 1+ Py, [IAsa@)P = Ao, (@] a7

R Py(q) | Asa(q)
3P.,(q) (1+ o2

n

(% /Pl w, ) B
\/ rz |lr, ’ M'rjd(QN

6}12 Pr,j(Q)

Z @) Aralq )I]

= K+ Pgj,
Ar,a(q)]
Pr,j (q)

From the last equation we must again have for any two assisting relays j and j’ that

Aa(@)] 1Ara(q)]

VEi(@)  Pja)

Because of the saturation or active constraint for relay j, we also have

(18)

19)

Pi(q) [Asa(q Z a)|Ana(q)])?
= ( ) Asr,, (q)]- (20)
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Using (19), the active constraint leads to

EVR@ha@))* = P@) |12, (@F = Aula)F

2 2
nafpi) e

This leads to the following values for the relay powers:

Pi(a) = P(@) [P, (@)~ Asala) ]
M’rjd(Q)lz

— (22)
(% [Ara(g)?)?
The power allocated to carrier ¢ is given by P(g) which is obtained by
P(q) = P(g)+) Puilq)
M’sri (Q)P - |7Lsd(61)’2
= P(g) |1+ 2% (23)
@ L, nala)P

which shows the link between P(g) and Ps(g). In view of all these, we can conclude that for a carrier
with one assisting relay fulfilling the constraint, and several other assisting relays with non-saturated
constraint, the power P(q) leads to a contribution to the rate given by

lvr
R.(q) = log (1 + (”62()'>
2
o (HP(q)I/lsr,g(zq)l /3@)) o1
with
Zz |)“rid(Q)‘2

Blq) = (25)

|Asrs (@) = [Asa (@) P + Ei | Ara(q)[*

It appears that the impact of P(¢) on the rate is increased with the factor |4, (¢) 1>B(q). As |Asr, () |> >

|A5a(q)|?, B(q) increases with the value of ¥; |4,.4(¢)|>. Therefore, for a given choice of the saturated
relay j,, all possible additional values of |A,4(¢)|* should be retained. In other words, all relays i for
which decoding is possible, which means |Ay.(q)|* > |Asr, (g)|, should be used. The choice of the
saturated relay j, is a compromise between a high value of |4, (@)
|2

that is directly beneficial to the
rate, and a lower value that allows to select more relays |A,.4(q)|~ fulfilling the decoding constraint.
Hence all the values |, ()|* > A4 (g)|* should be ranked in increasing order. For each one considered
as candidate for the relay with saturated constraint jg, the value of |4y, (¢) 1> B(g) should be computed.
The maximum is then kept.

About a non relayed carrier, we have by taking the derivative of the Lagrangian (9) that

OR P(a) | 2sa(@)]P\ " 1Asal@)?
anlg) (1 T > o

For a total power P(q) allocated to carrier g (over the two instants), the rate evolves as

2
<1+p<q> \zx;?w) ] | o
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Let us denote by |A(q)|* the maximum value that can be found for Asr, (@) >B(q). When |Ay(q)|* >

|Ag(q)|* we have for any value of P that Ry(q) > R.(g). On the contrary, when |4 (q)|* < [Ag(q)[* we
have R;(¢q) < R,(q). However this is valid only for P(q) < A,(q) where

(@)1 —1Asa(q)?
Asa(@)*

Based on this a new form can obtained for a Lagrangian:

2 ¥ tog (178 AAYL;(k)P)

keS; 20,

+ ) log <1+P<k) ’if(k)’2>

M) = 402128 8)

2

kesS, n

— ulY Pk)-F (29)

keSs

with P(k) = Ps(k)+Y; P.i(k) for a relayed carrier where the relay powers can be computed from (22). For
a non relayed carrier, P(k) = 2P;(k).
Equating to O the derivatives of this Lagrangian with respect to the power, we get for k € S;,

1 o2
Pk = 2|———" 30
(k) LL Asd<k>12L 30

where [.]+ stands for max|0,.]. Similarly, for k € S,

1 o}
Pkk) = [u_llﬁ(k)lzk' (31

All these derivations basically show that our constrained optimization problem can actually be solved

2
using the seminal waterfilling algorithm, applied to a water container built either from M:#)\Z or from
o} l

W. The latter values actually show that the constraint related to the use of the relay leads to particular
values to be used for the container. More specifically, for the set S,, these values are modified values with
respect to the |y, (k) 2. It is also important to note that for the non relayed carriers two identical values
have to be used for the water container, corresponding to the two protocol instants.

At the end of the waterfilling one checks if any of the relayed carriers receives an amount of power
above the threshold given by (28). If this happens, the relayed carrier fulfilling this condition and for
which the rate increase is the largest one, is moved from the set S, to the set Ss. The waterfilling is applied
again. This procedure is iterated till none of the relayed carrier receives an amount of power larger than

its associated threshold. This procedure is referred below as the reallocation step.

2.1.3 A simplified approach based on relay selection

In the previous section we have obtained the optimum allocation rule for each carrier, to the set S or to
the set S,. For a carrier in this second set, one further has to decide about the relay which saturates the
constraint on decodability and that is helped by nonsaturated relays.

In this section we investigate a simplified approach for a relayed carrier, based on the selection of a
single relay for which the constraint will be saturated. The main advantage of this simplified approach is
that it removes the need for channel knowledge at the relays, which was assumed in (2), and is essentially
necessary to benefit from multiple relays simultaneously. In addition, the process of selecting one relay
to use is also simpler than the selection of the saturated relay described above.
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Actually the results derived in the previous section can be used to decide about which relay to use. If
a single and saturated relay is used for carrier g, the value |4g(q) 2 will be given by

M’SV,'(, (q) ’2 M‘rjqd(‘I) |2
|Asriy @ = 1Asa (@) ? + |Ar a (@) P
|2

Ap(@) = (32)
The relay selection amounts to choosing the relay with the largest |Ag(q)|~ out of all relays j having
Asr; (@)1* > |Asa(q)|*. If at least one of the |Ag(g)|* is large enough such that |Ag(q)[* > |As(g)|* then
the carrier is allocated to set S,. Otherwise the carrier is allocated to set S.
Once the selection has been achieved for each carrier, we are again faced with a waterfilling problem
o} c?

where the container is made of the (o O from W. The difference with the optimized approach

is in the way the |Ag(k)|* are obtained. The reallocation step to move carriers from set S, to set S; when
relevant is maintained.

2.1.4 Results

In order to illustrate the theoretical analysis, numerical results are provided and discussed. The number of
carriers is set to N; = 128. Channel impulse responses (CIR) of length 32 taps are generated. The taps are
i. 1. d. zero-mean circular complex random variables. They have a unit variance for all links except the
links Ay, which are computed from CIRs with taps of variance 10. From these CIRs, FFTs are computed
to provide the corresponding A,,. We set c2=1.

For the purpose of illustration, a situation with N, = 3 relays is first considered. The sum power
constraint is chosen to be P, = 300. Figure 2 provides the gains |Ay, (k)|* (solid curve), |Ay(k)|? (dash-
dotted), |4,,4(k)|* (dashed) in dB for the realization under consideration. Figure 3 shows, for the sum
power constraint, the result about the power allocation (o) obtained for the optimized approach including
the reallocation step. The possible further split where appropriate among source power (solid line) and
relay power (dashed) is shown. The xs indicate that at least one relay is assisting (x at the top of
the figure) or none is helping (x in 0). When no relay is assisting it has to be remembered that the
corresponding amount of power (o) has to be shared over two successive time slots. Figure 4 shows
for each carrier the associated rate over two time slots, after the reallocation step. The total rate here
is 488 bits per 2 OFDM symbols duration before the reallocation step (not shown here for the sake of
concision) and 525 after the reallocation step. It turns out that for the parameters of the setup used here
the reallocation step brings an additional rate increase of 7.5%.

For the suboptimum relay selection, similar results have been produced but are not shown here. Before
the reallocation step the bit rate achieved here is 482 bits per 2 OFDM symbols duration, and 512 after this
step. It appears that the penalty associated with the relay selection rather than the correct implementation
is around 3% for the parameters used here.

Systematic results have also been produced for the optimum and the selection methods. Situations
with N, = 3, 6, 12 and 24 relays have been considered. The rates (bits per duration of 2 OFDM symbols)
obtained with the two approaches are reported versus 10log(P, /o). Figure 5 reports the rates obtained
when the CIRs associated with the A,.4(k) and A4, (k) all have unit variance, and those associated with the
Agr. (k) have a variance 10. Figure 6 reports the bit rate gain (in %) for the optimum approach compared
to the relay selection approach, for the same variances of the A’s. For each value of the power F;, the
results are obtained by averaging over 200 channel realizations. As mentioned above the 32 taps are i. i.
d. zero-mean complex gaussian. The difference is rather important up to a value of 10log(P,/c?) where
the power is high enough so that all carriers are mainly allocated to the set S;. In this case, the optimum
method and the relay selection method are the same, because relaying is not used anymore.

2.1.5 Conclusions

This section is devoted to the optimization of the power allocation for the rate of an OFDM transmission
between a source and a destination, helped by several relays. The relays are of the decode and forward
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Frequency responses of the different channels (dB)
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Figure 2: Gains |As-(k)|?,|Asa (k) |?, | Arq (k)|? in dB.

or regenerative type. The optimization problem is solved for a sum power constraint and by handling
properly the decode and forward constraints. The protocol under consideration enables the source to send
a new symbol during the second time slot when the relays are all non assisting. A major conclusion is
that for a carrier assisted by relaying, a single relay has the saturated constraint (associated with decode
and forward). It is shown how to decide about the number of other assisting relays. Further to this
optimized approach a suboptimum solution based on relay selection is proposed. The theoretical results
are illustrated by numerical simulations. The two approaches are compared.

As shown by previous contributions the solution for a sum power constraint is a natural path to the
case of individual power constraints that will be reported in a future contribution.

2.2 Joint Optimization of Multiple MIMO relays

In this work, we propose algorithms to jointly optimize the multiple multi-antenna relays which assist
the multi-point to multi-point communication in wireless networks. Assuming that perfect channel state
information (CSI) is available for all channels, we design the multiple-input-multiple-output (MIMO)
relays with three different methods; 1) maximize the minimum of the signal-to-interference-plus-noise
ratios (SINRs) of all destinations satisfying the transmit power constraint of each MIMO relay, 2) mini-
mize the sum of the powers of the relays while fulfilling the SINR requirements for all destinations (also
quality of service (QoS) approach), and 3) minimize the total interference and noise power received at
each destination under the conditions that the desired signal is preserved and the transmit power of each
relay is kept below its power budget. It is shown that the former two problems are non-convex but they can
be solved accurately and efficiently using the standard semidefinite relaxation and randomization tech-
niques. However, the last problem can be reformulated into a second-order cone programming (SOCP)
problem. Computer simulations verify the improved performance of the jointly optimized MIMO relays
when compared to zero-forcing (ZF) relays.
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Figure 3: Final power allocation to source and relays in the case of a sum power constraint after the
reallocation step for the optimum approach.

2.2.1 System model and description

We consider the scenario where the signal transmissions from K single-antenna sources to K single-
antenna destinations are supported by R MIMO relays. The block diagram is shown in Fig. 7. Let N;;
be the number of antennas of ith MIMO relay. It is assumed that each destination is targeted by a single
source. More, specifically, kth destination sees only the signal from kth source as a desired signal. The
MIMO relays linearly process the signals received from all sources and forward them to the destinations.
Note that the direct links between the sources and destinations are not considered since we assume that
these direct links undergo relatively larger path attenuations compared to the links via MIMO relays.
Furthermore, we assume that the MIMO relays have complete CSI which in our case is the knowledge
of all instantaneous channels. It is also important to emphasize here, that the methods to be presented in
the sequel can be easily applied to the cases where only the second-order statistics of the channels are
available. We consider flat fading channels between sources and the relays as well as between the relays
and destinations.
The instantaneous SINR for kth destination can be expressed as [CV(9a]

szHak.kaH 7y,
"= — - | k. (33)
Y1tk zf! [PjakJakH,j + Dk] ZL+ Gc%,k
where
vec(gi+hll)) ZL
aj = : czL=| 1 | e GEEN g = vec(Z;) € €N (34)
vec(gg thg) ZLR
X 2 AH H e e NZ-XZR N2.
Dk = Z O'm-Al- (IN”- ®gi,kgi7k)Ai7 — Ai = [Alv e >AR:| € GHiri* Li=1 i, (35)
i=1
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Sum power: Rate per carrier and average rate. Total in bits/2 OFDM symbols: 525.456
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Figure 4: Rate for each carrier and average rate in the case of a sum power constraint after the reallocation
step for the optimum approach.

{Pk}kK:1 are the powers of source-signals, and Gi « 18 the noise power at kth destination. Note that in (34),
h;; € ¢Neix1 and g€ ENeix 1 represent the vector channels between kth source and ith MIMO relay,
R
j=Lj#i
are all-zero matrices of sizes Ny; x Ny, Gr%l- is the noise power at ith relay and the symbol ® stands for
Kronecker product. The transmit power of the relay in terms of z,

and ith relay and kth destination, respectively. In (35), A;is Ny x N;; identity matrix and all {A j}

K
Pr,i = Z PkaCi,kZL + GSiZEAﬁAiZL, where C,"k = Afl(ﬁgl ®IN,,,-)A1'7 and I:Ikﬂ' = hk,ihgi- (36)
k=1

2.2.2 Optimization methods

Max-min Approach: The objective of Max-min approach is to maximize the minimum of the SINRs
{yk}f:l under the condition that the power of each MIMO relay does not exceed its predetermined power
budget. This optimization problem can be expressed as

max min Y s.t.
o {kl,

P;<PR ie{l,--- R} (37

where {P,-R}f:l are the powers available for all relays. Using the semidefinite relaxation (SDR) technique,
the bisection algorithm, and the randomization method, we solve this problem in terms of Z = szf
[CVO09a].

QoS Approach: In this method, we minimize the sum of the powers of MIMO relays such that the
SINRs for all destinations are maintained above a predetermined threshold value . This problem can

be formulated as

R
i P st
n%inl;l QS
Ykz’}/thvke{lf"vK} (38)
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Figure 5: Rate for the optimum method and the suboptimum selection based approach vs 10log(P,/c2).
The number of relays is N, = 3,6,12,24. Tap variances for A,,4(k) and Ay (k): = 1. Tap variances for
Agr,(k): 10

Applying the SDR and randomization techniques, the above QoS problem is solved in terms of Z.

Minimize interference plus noise power: We minimize the interference and noise power received at
each destination while preserving its desired signal response and maintaining the power constraint of each
MIMO relay. This optimization problem can be expressed as

K
min t S.t.
ZL7{tk}kK:lk;1
Z{:IQkZL < Ix, ke {1’ aK}
2Bz <PR, ic{l,--- R} (39)

VPaga = fi, ke{l,--- K}
where Q; = Zj:L#kPjak,jagj +Dy, E; =YK PCiy + Gr%l-AlHA,- and f; is the scalar (assumed to be
known) used for keeping the desired signal response to the kth destination constant. This problem
is solved using the SOCP method. Note that if only the desired signal power |f;|? is known instead
of fi, then the last constraints in (39) will be Pk]akH_kzL\z = | fi|?, Yk which are non-convex. In this
case, the optimization problem can be only approximately solved by changing the latter constraints into

e {VPiaflz} = il k.

2.2.3 Numerical results

T,i

R K
For numerical simulations, we take K = 3, R = 2, {Nr,i}f_1=3, {62 } = o2 and {ng}k = Gg,
= i=1 A k=

and {Pk}f:1 = 1. All channel coefficients are zero-mean complex Gaussian distributed with the unit
variance. As a benchmark, we also include the performance of ZF-MIMO relays that are given by Z; =
;GGG [HIH,]~'HY Vi, where G; = i1, - g k] and H; = [hy ;,---hg ;] are N;; x K matrices and
«; is the scaling factor that needs to be properly selected for satisfying the power constraint of ith MIMO
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Pro 2 Rate Gain vs power sum/select optimum LSR 10 LSD LRD 1
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Figure 6: Bit rate gain (in %) of the optimum method compared to the relay selection method vs
10log(P;/0?2). The number of relays is N, = 3,6,12,24. Tap variances for A,4(k) and Ay (k): = 1.
Tap variances for A, (k): 10
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Figure 7: MIMO relays for multiuser cooperative communications (S; sources and Dy, destinations, Vk).

relay. All simulation results are obtained by averaging over 1000 independent channel realizations. It
can be observed from Fig. 8 that the proposed methods perform significantly better than that of the ZF-
MIMO relays while the Max-min approach outperforms (39) for smaller 62. The average powers of all
MIMO relays and their sum are shown in Fig. 9 for different %, using the proposed QoS approach. We
take 62 = —20 dBw. Here, no randomization technique is required since the optimal Z are found to be
always rank-one. It can be seen from Fig. 9 that the relays require more power when the QoS level and
the destination noise power increase.

2.3 Performance analysis of linear receivers in MIMO relay channels

We investigate the performance of linear receivers in a cooperative system which consists of a source, a
decode-and-forward (DF) relay and a destination that are all multi-antenna nodes. The relay uses zero-
forcing (ZF) equalization whereas the destination employs maximum ratio combining (MRC) as well as
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Figure 8: SINR for all destinations versus relay noise power (Gg = —5dBW).

ZF techniques. Considering that perfect channel state information is available at the relay and destination,
and the fading is Rayleigh, we derive a closed-form approximate expression for the outage probability
of the post-receiver signal-to-noise ratio (SNR) of each data stream at the destination and analyze the
diversity order. The validity of the outage probability expression is confirmed with the numerical results.

2.3.1 System description

We study the decode-and-forward (DF) cooperative MIMO relay system as shown in Fig. 10. The
source, relay and destination have ng, n, and n, antennas, respectively. We consider flat fading spatially
uncorrelated Rayleigh MIMO channels where Hy € ">, H| € ¢"*", and H, € ¥"*"s represent
the source-destination, relay-destination, and source-relay channels, respectively. The entries of Hy, H;
and Hj; are assumed to be independent, zero-mean circularly symmetric complex Gaussian (ZMCSCG)
random variables with unit variance. We also assume that the shadowing is negligible by considering
the scenario where there are no big obstacles in the vicinity of the source, relay and destination. It is
considered that the communication from source to destination, source to relay and relay to destination
takes place in two time-slots. In the first time-slot, the source sends its spatially multiplexed (SM) signal
to the relay and the destination. During the same time-slot, the relay uses ZF equalizer and decodes the
signal from the source. It is assumed that the relay transmits the decoded signal in the second time-
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Figure 9: Powers of the relays versus Gg for the QoS approach.
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Figure 10: MIMO relay cooperative system with linear receivers.

slot if the relay can correctly decode all source symbols otherwise the relay remains idle. Hence, in our
protocol, the instantaneous SNR for each source symbol at the relay is compared with a certain predefined
threshold value 7}y and the random binary integer Br is assigned to the relay for determining whether the
relay transmits the source symbols or remains idle.
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2.3.2 Performance analysis

The SNR for ith symbol at the destination when the relay is active (Bg = 1) is given by [CV09Db]

Pr 1
b _ 40
1 lpe=1 2n,62, [(coH{ Ho + ¢ HYH, ) 1] 0

where Pr is the total power available for the network, n; is the number of antennas at source node,
Gfd is the destination noise power, and ¢y, and ¢ are the distance-dependent power transfer factors for
source-destination and relay-destination channels, respectively. Similarly, the SNR for ith symbol at the
destination when the relay is idle (Br = 0) is given by [CV(09b]

1
PPlpeco = —1 @1)

- 21,67, [(coHEHg) 1]

The performance measure such as the outage probability of ith source-stream is thus given by [CV09b]

Pr{y’<w} = Pr{1lse—0<%}Pr{Br=0}+Pr{y’s—1 <%} Pr{Br=1} (42)
In (42), we have

" 1 ,
Pr{BRzl}:Pr{{yiR}l.:lzyo} - Pr{z(ﬁ}rns KQHQ,HZ)1}“2;/0,\716{1,;%}} 43)

where c¢; is the distance dependent power transfer factor of source-relay channel. It has been shown in
[CV09b], that the outage probability for ith source signal can be approximated as

~ b
’}/(nd_nx_‘_laE) _nsY Y(l’l—l’ls—l-l,&) nsY
Pr{y’<n} = 2L (1—e )+ b le o

e ,where
['(ng—ns+1) I'(fi—ng+1)
_ 2cocy cg+ct s Pre s Preco A Pr
" { * 3 —i—c%} d: cotcr’ P 2n,02 " P2 2n,02, P 2n,02, “44)

where ¥(a, x) is the lower-incomplete Gamma function and I'(-) is the Gamma function. In this case, the
asymptotic analysis (assuming G,%d = anr = 62) is given by [CV09b]

nsy(')'d—nx-&-l—l-lpof[("d*"s+1)+1] (Yob)ﬁ7n3+1 p()*(ﬁ*ns+1)

ng—nx—l—lCzF(nd —n,+ 1)(nd —ng+ 1) F(ﬁ —ng+ 1) (ﬁ —ng+ 1)
ns%ﬁfnx+1+lbﬁfnﬁlpof[(ﬁfns+l)+l]

cr(i—ns+1)C([AA—ng+1)

(45)

where p; £ poca, P2 = poco and p3 £ py = 1L The outage probability at high SNR (pp) is dominated

2n,02"
by the first two terms. Therefore, the diversity order is given by min(ng + 1,7) —ng+ 1.

2.3.3 Numerical results

Monte-Carlo simulations are used to assess the accuracy of the closed-form expression (44). We take
ng=n,=2,c0=0.8,c1 =09, c; =095, =5 dB and Pr =3 dBw. Fig. 11 compares the outage
probability obtained via simulations and theoretical evaluation versus py for cooperative scheme with
different numbers of antennas at the destination. As a benchmark, we also show the outage probability
for non-cooperative scheme where the destination receives the signal only from the source. It can also be
observed from this figure that the cooperative scheme outperforms the non-cooperative scheme in terms
of diversity and the performance of the former method improves with increasing n,. Furthermore, Fig.
11 demonstrates a fine agreement between the theoretical and numerical results, and verifies the validity
of outage probability analysis.
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Figure 11: Comparison of analytical and simulated outage probabilities.

24 Selective source beamforming

We investigate the performance of selection diversity for a relay system that consists of a source, an
amplify-and-forward (AF) relay and a destination, which are all multi-antenna nodes. The beamforming
technique is applied at the source and destination and the linear processing operator of AF-MIMO is
optimized. The source matches its beamforming vector either to the source-relay channel or the source-
destination channel depending on the channel conditions of direct link and the link via relay. Considering
that perfect channel state information is available at the source, relay and destination, and the fading is
Rayleigh, we derive a closed-form approximate expression for the outage probability of the post-receiver
signal-to-noise ratio (SNR) at the destination and analyze the diversity order. The validity of the outage
probability expression is confirmed with the numerical results.

2.4.1 System model and protocol description

We study the cooperative MIMO relay system as shown in Fig. 12. In the first-time slot, if the source finds
that the source-destination link is stronger than the link via relay, the source matches its beamforming
vector wy € €"™*! to the source-destination channel and also asks the relay to be silent. However, if the
source observes that the link via relay is stronger than the source-destination link, the source matches its
beamformer wg to the source-relay link while informing the destination to be silent during the first-time
slot. The relay processes its received signal and transmits the resulting signal to the destination in the
second-time slot. In this way, the destination receives signals either from the direct link or the link via
relay depending on the corresponding channel conditions. Thus, at any instant of signal transmission
from source to destination either the relay is active or idle. Let Br denotes the state of the relay which is
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1 if the relay is active and 0 if the relay is idle.

z Relay
Y Y "

Source j H, ZDe%tinalion

Figure 12: Selective source beamforming for AF-MIMO relay channel.

2.4.2  Performance analysis

It can be easily shown that for the optimized relay Z € €" ", and the optimal source and destination
beamformers wy and w,, respectively, the destination SNR for the case Br = 1 can be expressed as
[CV09c]

PsProy 0 a ooy
PRG,%OQ—FPSGZ o + 02 o2 eo + fop+1

ng = ny

Y |Be=1 = (46)

where o = |c7,}1|2 ?
P R PR
o2 ol o2,

respectlvely Slmllarly, the optimal destination SNR when Br = 0 is given by [CV(09c]

and op = ‘6}12 are the largest eigenvalues of HYH; and HoHY, respectively, ¢ =

e= and f = ;’ 3. Note that, here, Pr and Ps are the powers allocated to the source and relay,

Psog
Y |Be=0 = —5- 47
oz,
where oy = \Gh 2
by [CV09c]

is the largest eigenvalue of H Hjy. The outage probability of destination SNR is given

Pr{y"<n} = Pr{yo‘wx:w‘,o < yo}Pr{ws = V]lm} —kPr{)/°|WS:V/112 < }/O}Pr{ws =v,} (48)

where V}m and V}lz are the right singular vectors corresponding to the largest singular values of the singular
value decompositions (SVDs) of Hy and H», respectively, and the conditions wy = V}l and wg = V;l, are
equivalent to Br = 1 and Br = 0, respectively. We use the following criteria for evaluating Pr {wb V}lz }

o Pr{iop > o}

e Pr{opa; > op}
o O

® Pr{aliozzz - a()}

o Pr{f5% > 0o}

The first criterion does not need the knowledge of relay-destination channel at the source whereas the
last three criteria require that knowledge. We obtain closed-form solutions for the above mentioned
criteria as well as the outage probabilities for (46) and (47) to evaluate the overall outage probability
(48). The diversity order has been analyzed, and it has been found that the diversity order is given by
min(nyns, min(ng,ng)n,) [CV09c].
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Figure 13: Comparison of analytical and simulated outage probabilities (n; = n, = ng = 2).

2.4.3 Numerical results

With the help of Monte-Carlo simulations, the validity of the analytical expression (48) is verified. The
analytical and simulated outage probabilities are compared in Figs. 13 and 14 with ny = n, = ny = 2 and
ng = n, = 2,ny = 3. The channel coefficients of Hy, H; and H; are all zero-mean complex Gaussian
random variables with unit variance. It can be observed from these figures that there is fine agreement
between the theoretical and simulated results. The fact that the diversity order obtained by the system is
given by min(ngng, min(ng,ng)n,) is validated by these results. It is interesting to note that the diversity
order is same for all the selection criteria which suggests that even by applying the simplest method
(Criterion I), which does not need the knowledge of relay-destination channel, the diversity order of the
system can be achieved.

2.5 Full-diversity LDPC Codes for slow fading Relay Channels

Cooperative Communications yields significant gains in slow fading environments. Consider a simple
relay channel with one source (S), one relay (R) and one destination (D). All channels have a single
intrinsic diversity order, because the distribution of the fading gain is different from zero around the
origin, the channel is frequency non-selective and devices do not use more than one antenna [TVO05]. In
the following, we will denote these channels as block-fading (BF) channels [BPS98]. Using cooperative
communications, a double diversity order can be obtained, resulting in a high performance gain in terms of
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Figure 14: Comparison of analytical and simulated outage probabilities (n; = n, = 2, ng = 3).

signal-to-noise ratio (SNR) wrt. a given error rate. Furthermore, DF automatically achieves this diversity
order, without the need for any special code structure. The reason is that R is repeating the transmission
from S (in the case of successful decoding of the message from S at R), and this “repetition code” achieves
full-diversity. But there is also its weakness. From a coding point of view, a repetition code is a weak
code, in terms of coding gain. Therefore, coded cooperation [Hun04], a variant of DF with a smaller
outage probability than the latter, has been introduced. In coded cooperation, R does not simply repeat
the transmission from S, but sends additional parity bits, related to the message of S. Unfortunately, a
practical implementation of coded cooperation does not automatically achieve full-diversity. Considering
algebraic codes and ML-decoding, it is not too difficult to obtain the intrinsic diversity, offered by the relay
channel. When using capacity achieving codes, such as low-density parity-check (LDPC) codes [RU08],
and their iterative decoding, codes have to be carefully designed to achieve full-diversity [DBMO9].

An error correcting code is full-diversity if the diversity order d is equal to L, where L is the number
of fading instances per codeword, i.e., the intrinsic channel diversity. In the case of the relay channel,
the overall code has L = 2 fading instances. According to the blockwise Singleton bound [KHO0], the
coding rate for a L-order full-diversity code is upper bounded by R,.x = 1/L. Hence, for a relay channel
we get R. < 0.5. An excellent error-correcting code is a code whose performance is close to the outage
probability. Therefore, it must fulfill two criteria:

1- full-diversity, i.e., the slope of the word error rate (WER) is the same as the slope of the outage
probability at Yy — oo;
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2- minimizing the gap between the outage probability and the WER performance at high SNR.

The criteria are given in order of importance. The first criterion is independent of the degree distributions
of the code [BGiFBZ07], hence serves to construct the skeleton of the code. It guarantees that the gap
between the outage probability and the WER performance is not increasing at high SNR. The second
criterion serves to select the appropriate degree distributions. In this contribution, the most attention goes
to the first criterion. Via techniques from [Bou(09], the coding gain can be improved, which is subject of
future work.

For the BF relay channel, there was a lack of a near-outage LDPC code. Hu et al. [HDO7] obtained
interesting results by designing random LDPC codes for cooperation over fading channels, but they did
not tune the parity-check matrix in order to achieve full-diversity. Considering diversity, we show the
link between a BF relay channel and a BF point-to-point channel. Error-correcting codes designed for BF
point-to-point channels can be inserted as a constituent code in the overall code for BF relay channels.
The other constituent code provides the rate-compatibility property, necessary for cooperative commu-
nications, because R must be able to decode after receiving only the first part of the codeword (hence a
higher-rate codeword). WER performance is determined for infinite length codes through density evolu-
tion (DE) as well as for finite length codes. We show that our code construction exhibits near-outage limit
performance for all block lengths and for a range of coding rates up to 0.5, which is the highest possible
coding rate for two cooperating users.

2.5.1 System model and notation

The most elementary example of a cooperative network is the relay channel, introduced by van der Meulen
[Meu71]. Channel-State Information (CSI) is assumed at the decoder. We consider half-duplex devices,
assuming that simultaneously receiving and transmitting data in the same frequency-band is too compli-
cated due to the limited isolation of directional couplers. In addition, we also restrict the protocol to be
orthogonal (S and R transmit in different timeslots) for simplicity.

The transmission of a codeword is organized in two frames which form together one block. Therefore,
a codeword C from § is split in two parts: C; and C;. In the first frame of a block, S broadcasts C; to R
and D. In the second frame, R cooperates and sends C; if it is able to decode the transmission of § in the
first frame. Hence, two cases are distinguished, as shown in Fig. 15, depending on whether R is able to
decode the message from S.

Framel| Frame 2 Frame 1| Frame2

Source| () Source| (¢,

Relay C, Relay

Figure 15: Both cases encountered in coded cooperation on a relay channel. On the left, the S-R transmis-
sion has been decoded successfully. R cooperates in the second frame. On the right, the S-R transmission
was not successful.

A codeword will consequently be split over 2 frames. The first part of the codeword has length N
and the second part of the codeword has length N,. We consider codewords to have a total length equal
to N binary digits, so that N = N; + N,. We define the level of cooperation, 3, as the ratio N /N.

The S-R, S-D, and R-D channels are modeled as memoryless with additive white Gaussian noise and
multiplicative real-valued fading which is Rayleigh distributed. The fading gains (¢, for the S-D channel,
Q4 for the R-D channel, and @, for the S-R channel) are constant during 2 frames and independent from
block to block due to interleaving. This means that in the left case considered in Fig. 15, C; and C; are
received at D with constant but independent fading gains.

We focus on binary LDPC codes €[N, K], with block length N and dimension K, and coding rate
R. = K/N. The code % is defined by an (N — K) x N parity-check matrix H, or equivalently, by the
corresponding Tanner graph [RUO8]. Regular (dp,d.) LDPC codes have a parity-check matrix with d
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number of ones in each column and d. number of ones in each row. For irregular (A(x),p(x)) LDPC
codes, these numbers are replaced by the so-called degree distributions [RU08]. For simplicity, we only
use regular LDPC codes in this contribution.

The average signal-to-noise ratios on the S-D, S-R and R-D channels are the same, and are denoted as
_E _ 1
’y_ No = 2R.02"

2.5.2  Full-diversity on Relay Channels

When only considering diversity, and making abstraction of coding gain for the moment, designing good
codes becomes much easier. In this section we will show that is sufficient to assume an errorless S-R
channel and furthermore, block Rayleigh fading channels can be reduced to an extremal case, the block
Binary Erasure Channel (block BEC), where the fading gains belong to {0, +occ}. This is a surprising
result, but very useful.

2.5.2.1 Errorless source-relay channels

In a cooperative protocol, where R has to decode the transmission from § in the first slot, two cases can
be distinguished, see Fig. 15. The decoding error probability (i.e. the WER) at D, P,, can be written as
follows:

P, = P(case 1)P(e|case 1) + P(case 2)P(e|case 2). (49)

The probability P(case 2) is equal to the probability of erroneous decoding at R; for large v we have
P(case 2) < Jl, [TVO05]. The probability P(e|case 2) is equal to the probability of erroneous decoding on

the S-D channel; hence, for large y, P(e|case 2) < 71/ . Now, the error probability P, is proportional to

Poc (1— ;)P(e\case 4o (50)

?7

where c is a positive constant. Full-diversity means that P, o< % We see that this only depends on the
behavior of P(e|case 1) at large ¥, because the second case where R cannot decode the transmission from
S in the first slot does automatically give rise to a double diversity order without the need for any code
structure. This means that as far as the diversity order is concerned, it is sufficient to assume errorless S-R

channels (yielding P, = P(e|case 1)) to simplify the analysis.

2.5.2.2 Full-diversity on BF relay channel if and only if full-diversity on BF point-to-point channels

Assuming errorless S-R channels, R always sends additional parity bits to D. It is easy to see the link
between a BF relay channel and a BF point-to-point channel with two channel states per codeword. The
decoding at D boils down to decoding a codeword where the first part C; has been faded by ¢, and the
second part C, has been faded by «,4, where o,y and @,, are independent. This is equivalent to a BF
point-to-point channel with two independent channel states. Full-diversity LDPC codes on this channel
have been studied in [BGiFBZ07].

2.5.2.3 Block BEC channels

In the belief propagation (BP) algorithm, probabilistic messages (log-likelihood ratios) are propagating
on the Tanner graph. The behavior of the messages for ¥ — oo determines if the diversity order can
be achieved [Bou09]. Unfortunately, the BP algorithm is numerical and messages propagating on the
graph are analytically intractable. Fortunately, there is another much more simple approach to prove full-
diversity. Diversity is defined at Y — oo. In this region the fading can be modeled by a block BEC, an
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extremal case of block-Rayleigh fading. Full-diversity on the block BEC is a necessary and sufficient
condition for full-diversity on the block Rayleigh fading channel [BGiFBZ07]. The analysis on a block
BEC channel is very simple (bits are erased or perfectly known) but very powerful to check the diversity
order of a system.

To have a diversity order d = 2, assume that one frame is erased

and check whether all information bits can still be recovered. (&2))

This rule will be used in the following of the paper to derive the skeleton of the code.

2.5.3 Coding rate, random codes and full-diversity

In this section, we will derive an upper bound on the coding rate yielding full-diversity. The diversity of
a system can be checked by erasing a link and checking whether all information bits can be recovered
(see (51)). In this system there exist two links: the S-D link which corresponds to N; coded bits (linear
combinations of the K information bits of ) and the R-D link which corresponds to N, coded bits (linear
combinations of the K information bits of S). The overall coding rate is R.. let us express N, and R, in
function of K, N; and f3:

N1
N> 1—p (52)
_ K(1-P)
R, = N, (53)

It is clear that error-correcting codes will never be able to decode all the unknowns, i.e., K information
bits, if the decoder has less equations than unknowns. Assuming that one link has been erased will give
rise to a maximum coding rate such that the number of equations is always bigger than the number of
unknowns.

1-Erased R-D link: D must derive K information bits from the codeword of S, hence we get:
N > K. (54

2-Erased S-D link: D must derive K information bits from the codeword of R, such that N, > K or
via (52)

N1 B
> K. 55
52 (55)
Combining (54) and (55) renders N; > Kmax (1, %), such that via (53) we get R, < ](II?B) or
max | 1,5~
R. <min(1—j,B). (56)

The maximum achievable coding rate R, = 1/2 can be achieved if § = 1/2, in which case R and S
send K bits each. It can be proven that a random rate-1/2 (A(x),p(x)) LDPC ensemble cannot achieve
full-diversity [Bou09]. Here we propose a semi-random rate-1/2 LDPC ensemble that achieves full-
diversity.

2.5.4 Rate-compatible Full-diversity LDPC codes
2.5.4.1 Rootchecks

let us repeat the rule to check if an error-correcting code has full-diversity: assume that one frame is
erased and check if all information bits can still be recovered. Applying this to the relay channel leads to
two possibilities:
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- §-D channel is erased: a,; =0, 0,y = o0

- R-D channel is erased: 0y = o0, 0,y =0

Dealing with the last case only is not difficult: let S send its information uncoded and R sends extra parity
bits. If D receives the transmission of S without errors, it has all the information bits. So the challenging
case is the first one. Let us assume that the bits transmitted by S are filled red and the bits transmitted by
R are filled white. Assume all red bits are erased at D. A very simple way to guarantee full-diversity is
to connect a red information bit node to a rootcheck, which is a special type of check node, where all the
leaves have a color, that is different from the color of its root, see Fig. 16. Assigning rootchecks to all the
information bits is the key to have full-diversity.

Figure 16: Rootcheck: a guarantee that root can be recovered if the leaves are not erased.

S transmits information bits and parity bits and R transmits information bits and parity bits related to
the information of S. The previous description naturally leads to 4 classes of bit nodes. Information bits
of § are split into two classes: one class of bits is transmitted on ¢, (red) and is denoted as 1i, the other
class is transmitted on o,; (white) and denoted as 2i; similarly, red and white parity bits are of the classes
1p and 2p respectively. In the remainder of the contribution, the vectors 1i, 2i, 1p, and 2p collect the bits
of the classes 1, 2i, 1p, and 2p respectively.

Above, we concluded that all information bits should be the root of a rootcheck. The class of
rootchecks for 1i is denoted as 1c¢. Translating Fig. 16 to its matrix representation renders:

Li lp  {2i,2p}
[T 0 Hey | 1e

The identity' concatenated with a matrix of zeros, assures that bits of the class 1i are the only red bits
connected to check nodes of the class 1c. Hence, a full-diversity code construction for the relay channel
can be formed by assigning this type of rootchecks (introducing the new class 2¢) to all information bits:

1i Ip  2i 2p
I 0 Hy; H,, lc

H = .
Hy; Hy 1 0 2c

S transmits 1i and 1p and R transmits 2i and 2p, hence the level of cooperation is f = 0.5 and the coding
rate is R. = 0.5. Because of the rootchecks, this code construction is denoted as a root-LDPC. The reader
can easily verify that if only one color is erased, all information bits can be retrieved immediately. This
full-diversity code construction has another advantage. If R receives 1i and 1p without errors, it can de-
rive 2i and consequently 2p (after encoding).

2.5.4.2 Rate-compatibility

The previous paragraph established a code construction which exhibits full-diversity. The analysis as-
sumed an errorless S-R channel. Now let us go back to a Rayleigh distributed fading gain and additive
white Gaussian noise. The first part of a codeword, transmitted during the first frame should protect

"Note that the identity matrix can be replaced by a permutation matrix. For the simplicity of the notation, in the rest of this
contribution I will be used.

Reference NEWCOM++_WPWR.6_UCL_001_001_EXT_Report-6-2
30/69



216715 NEWCOM** Deliverable Number: DR6.2

information, here 1i and 1p, on the noisy S-R channel. Consequently, a channel code, compatible with
two distinct rates is to be devised. In non-cooperative communications, this property is known as rate-
compatibility where parity bits of higher rate codes are embedded in those of lower rate codes [Hag88].
For LDPC codes, two techniques have been used: puncturing and extending [LNO2], [HKMO04], [YB04].
A fraction of parity bits of a mother code could be punctured to obtain higher rate codes. However, the
resulting rate range is limited because the deletion of too many bits has a negative effect on decoding via
belief propagation. To obtain a more dynamic range in rates, the technique of extending has been used.
The extension is made by adding extra parity bits p) as illustrated in eq. (57):

li lp  py 2 2p

H] 0 0 1c
H=|1 0 0 Hy; H, | 2. (57)
Hy; Hy, 0 I 0 3c

The overall code is the intersection of two constituent codes defined by H, and H; padded with zeros
on the right. The matrix H, is the root-LDPC of the previous paragraph, guaranteeing diversity. H
expresses the code of the S-R channel. Since R only receives 1i, 1p, and p}, H; can only be defined
over these vectors. For simplicity, we only used the technique of extending to acquire rate-compatibility,
but this may be further optimized by combining puncturing and extending via known techniques [LN02,
HKMO04, YB0O4].

Eq. (57) is a rate-compatible full-diversity LDPC code, but there is a loss in coding gain because
1i may have have a higher coding gain than 2i due to the asymmetry of (57) wrt. the information bits.
Futhermore, the cooperation level beta is now smaller than 0.5, such that the coding rate is limited to
B < 0.5. In a second step, to get a balanced structure, we replace the zero-padded H; by the direct sum
of two rate R| codes defined by Hy; and H), as illustrated by Eq. (58)

i 1p py 2 2 p

Hls 0 0 0 lc

10 0 0 H;, 2¢
H= I 0 0 Hzl Hzp 0 3¢’ (58)

H; H, 0 I 0 0 4¢

Thus, the constituent code Hi protects bits 1i and 1p via extra parity bits p}. Similarly, in the second
frame, extra parity bits p} are generated from 2i and 2p. The bottom of the global parity-check matrix
simply includes the root-LDPC structure, connecting (1i, 1p) to (2i, 2p). For simplicity we can assume
that H;; and Hj, belong to the same random rate Ry LDPC ensemble, defined by the degree distributions
(A1(x),p1(x)). Hence, if the degree distribution of the root-LDPC is (A;(x), p2(x)), we refer to the rate-
compatible root-LDPC as a (A4;(x),p1(x),A2(x),p2(x)) code. Since we guarantee full-diversity via a
root-LDPC with a fixed rate %, the global coding rate of the rate-compatible root-LDPC code observed at
Dis R, = %. As a consequence, the global coding rate R, can be easily varied through R;.

2.5.5 Numerical results

We evaluated the asymptotic performance of rate-compatible root-LDPC codes by applying density evo-
lution (DE) [RU08] [BGiFBZ07] on the proposed code construction. To compare with previous work, we
simulated the proposed code construction on a cooperative multiple access channel (Cooperative MAC)
[LTWO04d]. This is a simple superposition of two relay-channels, where two users transmitting data to a
single receiver cooperate by alternately being the relay for the other user. The DE trees and DE equations
can be found in [DBMO09]. In addition, it is interesting to evaluate the finite length performance of the
proposed rate-compatible root-LDPC codes. Not only to approve the asymptotic performance, but also
to see how to generate an instance of the parity-check matrix, given by Eq. (58). Details of this matrix
generation can also be found in [DBM09]. We studied the following scenario:
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e The average SNR of the independent interuser channels is 5dB higher than the average SNR on the
S-D link.

e The average SNR of the R-D link is equal to that on the S-D link.
e The coding rate is R, = % and the cooperation level is f = 0.5.

Fig. 17 shows the main results: the word error rate (WER) of a regular (3,9, 3,6) rate-compatible root-
LDPC code for infinite and finite length.

10

10

Word Error Rate
=
o

BPSK Outage Probability
Regular Finite Length LDPC Code, N=500 ---+---
Regular Finite Length LDPC Code, N=5000 -- -x-- -
Regular Infinite Length LDPC Code -- -*- -
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Figure 17: Comparison of rate-compatible root-LDPC codes for different block lengths with iterative
decoding on a cooperative MAC for two users, coding rate R, = 1/3. The ratio Ej,/Nj is the average
information bit energy-to-noise ratio on the S-D link.

As can be seen clearly on the figure, the regular rate-compatible root-LDPC code is always within 1.5dB
from the outage probability limit. This distance is respected for many variations of the channel conditions,
such as other interuser channel conditions or uplink channel conditions. Note that our code construction
can, just as in [HDO7], be applied on a full-duplex channel, doubling the overall spectral efficiency.
As mentioned before, the coding rate is adjustable by varying the number of parity bits pj and p5. In
[DBMO9], the WER performance of a code with a coding rate R, = 0.45 is illustrated. The coding rate is
adjustable as long as R, = 0.5 is not exceeded.

We will not elaborate on strategies to enhance the coding gain of this code construction by selecting
the appropriate degree distributions. Increasing the coding gain boils down to giving full-diversity to the
parity bits also [Bou09]. A first step towards good codes is made in [Bou(09], but much work still has to
be done, and consists of our future research.

2.5.6 Comparison with previous work

Especially rate-compatible punctured convolutional codes (RCPC) have been used in coded cooperation.
The main drawback of these codes is that the WER increases with the logarithm of the block length to
the power d where d is the diversity order [BCGiF04], [BGiFCO05], whereas the WER of near-outage
codes should be independent of the block length. This can be seen clearly on Fig. 18, where we show
the WER of two rate-compatible non-recursive non-systematic (75,53,47) convolutional codes with block
length 500 and 5000 respectively. We used the same channel conditions and coding rate as in the above
scenario.
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We also compared with another protocol, Decode and Forward (DF), using near-outage LDPC codes
for this protocol. Despite the fact that this implementation has near-outage performance, the WER per-
formance is worse than that of our code construction. The reason is that the outage probability limit of
DF is higher than that of coded cooperation.

10
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Word Error Rate
=
o
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Regular LDPC Code for DF, length=5000 ------
Convolutional Codes, blocklength=500 -- -%- -
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Figure 18: Comparison of rate-compatible root-LDPC codes for coded cooperation with other work on
a cooperative MAC for two users. We simulated LDPC codes for Decode and Forward under iterative
decoding and an implementation of rate-compatible convolutional codes [Hun04]. The ratio Ej, /Ny is the
average information bit energy-to-noise ratio on the S-D link.

2.5.7 Conclusion

We have studied LDPC codes for relay channels in a slowly varying fading environment under iterative
decoding. Random LDPC codes cannot exhibit full-diversity for the maximum achievable coding rate
Remax = 0.5 yielding full-diversity. We have introduced the new family of rate-compatible root-LDPC
codes, which combines the rate-compatibility property with the full-diversity property for any coding
rate R, < Remax = min(B,1 — pB), where B is the cooperation level. We have shown that the error rate
performance of root-LDPC codes is close to the outage probability limit and this occurs for all block
lengths (finite and infinite) and all rates not exceeding Rqy. Its flexibility and high performance makes
rate-compatible root-LDPC attractive for wireless cooperative communications scenarios with slowly
varying fading.

2.6 A full-diversity joint network-channel code construction for cooperative communications

In the previous section, we constructed a rate-compatible full-diversity LDPC code for the relay channel.
This code construction can be extended to as many relays as wanted. However, in some cases two sources
share a common relay, which is denoted as a Multiple Access Relay Channel (MARC). If the cooperation
level B remains 0.5, than the same code construction as in section 2.5 can be used, but the coding rate will
stay limited to R. = 0.5. It is known that network coding [ACLY00] can increase the spectral efficiency in
networks. Using network coding, R can send a combination of its incoming bit packets to D (only linear
combinations over GF(2) are considered here). From a decoding point of view, this linear combination
can be seen as additional parity bits of a linear block code. It can be proven that for a cooperation
level B = 1/3, a double diversity order on the MARC is achievable when the coding rate is smaller than
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R. =2/3. Hence, the problem formulation is how to design a full-diversity joint network-channel code
construction for a rate R, = 2/3.

Up till now, no full-diversity capacity-achieving code for the MARC at a coding rate R, = 2/3 has
been published. Hausl and Dupraz obtained interesting results on joint network-channel coding for the
MARC with turbo codes [HD06] and LDPC codes [HSOBO5], but the authors do not have a structure
to guarantee full-diversity, which is the most important criterion for a good performance in fading chan-
nels. Hence, constructing a full-diversity LDPC code automatically beats previously proposed codes. We
present a strategy to produce full-diversity LDPC codes up to a coding rate R, = 2/3. Just as in section
2.5, we will not elaborate on coding gain, which is subject of future research. Simulation of the word
error rate (WER) performance of the new proposed family of LDPC codes for the MARC confirms the
full-diversity.

Channel-State Information is assumed at the decoder. To simplify the analysis, we consider orthog-
onal half-duplex devices that transmit in separate time slots. The notation used here is the same as in
section 2.5.

2.6.1 System model and notation

We consider a Multiple Access Relay Channel (MARC) with two users S; and S,, a common relay R and
a common destination D. Each of the three transmitting devices transmits in a different timeslot: S in
timeslot 1, S5 in timeslot 2 and R in timeslot 3. The three time slots are also called frames. We consider a
joint network-channel code over this network: codewords (cj,c;...cy) to have a total length equal to N
binary digits, where S| and S, transmit N; bits (note that each user is given an equal time slot because of
fairness) and R transmits N, bits, so that N = 2N, + N,. We define the level of cooperation, 3, as the ratio
N,/N. Because the users do not communicate among each other, the bits (c; ...cy,), transmitted by Sj,
and the bits (cy,+1 ... con, ), transmitted by S, are independent.

The S1-D channel, S>-D channel, and the R-D channel are modeled as memoryless flat Rayleigh-
fading channels with respective (positive) fading gains ¢, a; and ¢, that are normalized to unit average
square. In some parts of the paper, a block binary erasure channel (block BEC) will be assumed. In a
block BEC, the fading gains belong to {0,e}. The fading gains are constant during the transmission of
one codeword and are independent from codeword to codeword (fading gains are also denoted as channel
states). Assuming BPSK transmission, the signal received at D can be written as

orc+m, it 1 <1< N
=4 e +m, if Ny <l < 2Ny, (59)
oci+mn, 2Ny <IN

where ¢; € {—1,1} and 1; denotes real-valued additive white Gaussian noise with variance 6.

We assume that no errors occur on the S;-R and S»-R channels. This simplifies the analysis and does
not change the criteria for the code to attain full-diversity, as shown in section 2.5.2.
We focus on binary LDPC codes €[N, K], with block length N and dimension K, and coding rate R, =
K/N, see section 2.5.1.

The average signal-to-noise ratios on the S1-D, S>-D and R-D channels are the same, and are denoted

_E, _ 1
BSY=x =~ R

2.6.2 Full-diversity on the MARC

An error correcting code is full-diversity if the diversity order d is equal to L, where L is the number of
fading instances per codeword, i.e., the intrinsic channel diversity. In the case of the MARC, the overall
code has L = 3 fading instances, but the information of each user is only sent over two fading instances,
because the sources do not listen to each other and transmit only their own information, hence a diversity
order d = 2 is the highest achievable. Therefore, in the following we will denote a code as a full-diversity
code when it achieves d = 2.
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In section 2.5.2, we derived that full-diversity coding, i.e., a code exhibiting a double diversity order,
can be analyzed on a block BEC, namely: assume that one frame is erased and check if all information
bits can still be recovered. Furthermore, assuming the S-R-channels to be errorless does not relax the
problem.

Rootcheck: Applying the previous rule to the MARC leads to three possibilities:

- the S1-D channel is erased: o =0, 0p = oo, 0 = o0

- the S>-D channel is erased: o = o0, 0p =0, = o0

- the R-D channel is erased: @) = oo, 0y = oo, o, =0

Dealing with the last case only is not difficult: let every source send its information uncoded and R sends
extra parity bits. If D receives the transmissions of S; and S, perfectly, it has all the information bits. So
the challenging cases are the first two possibilities. Let us assume that the bits transmitted by S; are filled
red, the bits transmitted by S, are filled blue, and the bits transmitted by R are filled white. Assume all red
bits are erased at D. Just as in section 2.5.2, full-diversity is guaranteed by connecting red information bit
nodes to a rootcheck, see Fig. 19.

Figure 19: Rootcheck: a guarantee that root can be recovered if leaves are not erased.

Also in the case of the MARC, the key to full-diversity is to assign rootchecks to all the information
bits.

Example: The sources S; and S, transmit information bits and parity bits that are related to their own
information, and R transmits information bits and parity bits related to the information of S; and S,. The
previous description naturally leads to different classes of bit nodes, 8 to be precise. Information bits of
S are split into two classes: one class of bits is transmitted on ¢ (red) and is denoted as 1ij, the other
class is transmitted on o, (white) and denoted as 2i;; similarly, red and white parity bits derived from the
information of S; are of the classes 1p; and 2p; respectively. Likewise, bits related to S, are split into
four classes: blue bits 1iy and 1p,, and white bits 2i, and 2p,. The subscripts refer to the user. In the
remainder of the paper, the vectors 1iy, 2iy, 1p;, and 2p; collect the bits of the classes 1ij, 2i, 1p;, and
2p; respectively. A similar notation holds for S;.

Above, we concluded that all information bits should be the root of a rootcheck. The class of
rootchecks for 1iy is denoted as 1c. Translating Fig. 16 to its matrix representation renders:

liy 1p1 {liz, 1p2,2i1,2p1,2i2,2p2 }
[ I 0 Hiest ] le

The identity? concatenated with a matrix of zeros, assures that bits of the class 1i; are the only red bits
connected to check nodes of the class 1¢. Because S; and S> do not communicate between each other,
their bits are independent. Therefore, the matrix representation can be more elaborated:

1iy 1p1 liy 1p> {2i1,2p1} 2ip 2p2
[T 0 0 0 Hregt 0 0 ] te

Hence, a full-diversity code construction for the MARC? can be formed by assigning this type of rootchecks

2Note that the identity matrix can be replaced by a permutation matrix. For the simplicity of the notation, in the rest of the
paper I will be used.

3The reader can verify that this is a straightforward extension of full-diversity codes for the block-fading channel
[BGiFBZ07].
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(introducing new classes 2c, 3¢, and 4c) to all information bits:

Liy 1py lip 1p2 2iy 2py 2ip 2p2
I 0 0 0 H»; Hyp 0 0 lc
_ H],' H|p 0 0 | 0 0 0 2¢
H=1" 0 | 0 0 0 Hy — Hy, 3¢ (60)
0 0 Hy; Hyp 0 0 I 0 4c

S transmits 1i; and 1pq, S transmits 1i and 1p;, and the common relay first transmits 2i; and 2pq and
then transmits 2i, and 2p,, hence the level of cooperation is f = 0.5. The reader can easily verify that
if only one color is erased, all information bits can be retrieved after one decoding iteration. This full-
diversity code construction has another advantage. If R receives 1iy and 1py perfectly, it can derive 2iy
and consequently 2p; (after encoding). The same holds for S,. This code construction is semi-random,
because only parts of the parity-check matrix are randomly generated.

2.6.3 Full-diversity codes and Network Coding

Via a similar reasoning as in section 2.5.3, it can be proven that the maximum coding rate yielding full-
diversity is R, = 2/3 for a cooperation level § = 1/3 [DCBM09]. Also, it can be proven that a random
rate-2/3 (A(x),p(x)) LDPC ensemble cannot achieve full-diversity. The proof is the same as in [Bou09],
but with three fading instances instead of two. Here we propose a semi-random rate-2/3 LDPC ensemble
that achieves full-diversity.

In section 2.6.2, we have seen an example of full-diversity on the MARC. The key idea was to assign
a class of rootchecks to each class of information bits. The example attains a double-diversity order, but
does not have the highest achievable coding rate exhibiting a double diversity order (because = 0.5
instead of B = 1/3). To increase the coding rate from 0.5 to 2/3, the relay will have to perform network
coding, i.e., transmitting a sequence of bits after linear processing of the incoming streams. A simple
example:
- 8y transmits [1i; 1pg] to R and D
- S, transmits [1i; 1p;] to R and D
- R derives [2i; 2py] and [2i 2p,)
- R sends the sum [2iy 2pq] + [2i2 2p2] = [3p1 3p2] to D.
This code has a coding rate R, = 2/3, since 3K bits are transmitted for 2K information bits. The destina-
tion can use a combination of decoders and encoders to recover all information bits via three codes: two
channel codes for the transmission from S; and S> and a network code for the linear processing done at
the relay. This network code connects both channel codes. The two channel codes are:

liy 1pi 2iy 2py
_ | 0 H2i Hzp 1(,‘
i 7{ Hy; Hip I 0 2c (6n
lip 1ps 2ip 2py
I 0 Hy  Hyp le
H _{ Hy  H, I 0 2 ©62)
P
The network code is simply:
2iy 2p1 2ip 2ps 3p1 3p2
I 0 I 0 I 0 le
Hs :{ o I o I oI } 2 ©3)

Let us check if this scheme achieves a double diversity order by looking at one of the three possible cases
at D: the S;-D channel has been erased. D knows [1ip 1p;] from the S,-D channel and [3py 3p;] from the
R-D channel. It derives 2i, via the decoder of (62) and 2p, via the encoder of (62). Via (63) it obtains
easily [2iy 2py]. From this, D can find 1iy via the decoder of (61), so that all the information bits have
been recovered. The other two cases can be solved in a similar way.

Such a decoding structure with encoders and decoders mixed is not really practical. However, it is possible
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to determine an overall parity-check matrix such that one decoder is sufficient to obtain all the information
bits:

Li Ip1 liy |§25) 2i 2ip 3p1 3p2

H; H, 0 0 1 0 0 0 le

0 0 Hy  H, 0 1 0 0 2

0 0 0 0 1 1 | 0 3¢’ (64)
I 0 I 0 0 0 Hz,’ H2p 4c

where the checks of the class 4c¢ are the sums of the checks of the classes 1c of codes (61) and (62).
Assume again that the S;-D channel has been erased. The bits 2i, are derived via the checks 2¢, the bits
2ij are derived via the checks 3¢, and finally the bits 1iy are derived via the checks 4c.

This code corresponds to a joint network-channel code. The coding rate is R, = 2/3 because the bits
[2i1 2i,] are not transmitted. This joint channel-network code has full-diversity but note that the bits
[2i; 2i,] have only two edges in the overall Tanner graph, with a poor coding gain as a consequence! In
fact, the set of columns corresponding to the punctured variables [2i; 2i,] do not have a random matrix
such that these variable nodes cannot conform any degree distribution. The same holds for the set of rows
corresponding to the check nodes 3c. This problem is tackled in the following section, by considering at
the relay different linear combinations of all the information bits than the one presented above.

2.6.4 A full-diversity code construction for the MARC

The parity-check matrix (64) of the overall decoder at the D shows that the bits transmitted by R,
[3p1 3p2] = 3p, are linear combinations of all the information bits 1iy, 2ij, 1i, and 2i,. Furthermore,
the checks [3c 4c¢] represent rootchecks for all the information bits, guaranteeing full-diversity. The
checks [1c 2¢| are necessary because the bits [2iy 2i,] are not transmitted. Many variations of (64) exist
when considering at the relay other linear combinations, while keeping valid rootchecks in [3c¢ 4¢|. The
parity-check matrix (65) is one of the variations having a random matrix in each set of rows and columns,
preserving the randomness of the overall code, hence allowing each variable node and check node to
conform any degree distribution.

1iy ip 1 g 20 2 3p
Hi H, 0 0 1 0 0 Ic
o 0 Hy  H, 0 1 0 2
H=1 0 0 0 Hy 1 Y 3¢ (65)
0 0 1 0 I Hy; 3 4c¢

2.6.5 Numerical Results

We evaluated the finite length performance of the new proposed family of full-diversity LDPC code for
the MARC. The parity-check matrix (65) is used by D to decode the information bits. This paper focuses
on full-diversity, rather than coding gain. Therefore, a simple (3,6) LDPC code is generated. This means
that all the random matrices in (65) are randomly generated satisfying an overall row weight of 6 and an
overall column weight of 3. This matrix has a rate 0.5, but because [2i; 2i] are not transmitted, the coding
rate is R, = 2/3. At the moment of writing, the authors have no knowledge of another published full-
diversity LDPC code for maximum rate, but other interesting results were obtained in [HD06], [HSOBOS5].
Fig. 20 illustrates that the WER performance of a (3,6) LDPC code with block length N = 2000 is close
to the outage probability.

2.6.6 Conclusion

We have studied LDPC codes for the multiple access relay channel in a slowly varying fading environment
under iterative decoding. LDPC codes must be carefully designed to achieve diversity on this channel
and network coding must be applied to increase the achievable coding rate yielding full-diversity at a
maximum rate Ry, = 2/3. Combining network coding with full-diversity channel coding gave rise to
a new family of full-diversity joint network-channel LDPC codes. Full-diversity is achieved for all rates
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Figure 20: The WER performance of the proposed full-diversity LDPC code for maximum rate 2/3 is
close to the outage probability and performs better than codes from literature, which do not achieve the
same slope of the error probability.

not exceeding R.;.x = 2/3. This code skeleton offers new perspectives to close the gap with the outage
probability.

2.7 Ongoing research

In the next months, the issue of power allocation for OFDM transmission with multiple relays will be
investigated for the case of individual power constraints at the different relays. In parallel, considering
a system with a single relay, a MARC system with two users will be investigated. The question of
power allocation, together with the choice of the user(s) to be relayed and of the decoding orders will
be analyzed. Concerning LDPC codes for the multiple access relay channel, in a next step, the density
evolution simulations will be finalized in order to generalize the previous results for all block lengths.
Together with density evolution, the coding gain can be improved of this code construction. This problem
is closely related to the optimization of the coding gain in section 2.5.
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3 TASK TR6.3: RANDOMIZED DISTRIBUTED SPACE-TIME CODING FOR COOP-
ERATIVE NETWORKS AND ADAPTIVE RELAY SCHEMES

3.1 Relaying schemes
3.1.1 AF-type relaying schemes

While it is quite natural to use feedback information to design DF and EF relaying schemes in order to
optimize them by using the corresponding feedback, this becomes much less natural when analyzing the
case of the AF protocol. It turns out that simple but useful changes can be made on the AF protocol.
Indeed, one of the weaknesses of AF is that it amplifies the reception noise at the relay, which is a critical
issue when a cheap relay is used or/and a large amount of interference is received by the relay. This is
why we wanted to make the AF protocol more robust to this type of bad scenarios. For this purpose we
have studied the following two aspects.

e How to tune the amplification factor in order to maximize the information rate from the source to
the destination.

o How to tune the clipping threshold in order to maximize the end-to-end distortion (mean square
error on the channel input symbols).

Optimizing the amplification factor. In the vast majority of the papers available in the literature, the
amplification factor a, is chosen in order to saturate the power constraint at the relay. As mentioned in
some works [AFMO04, KSA04, GJ06, DLKO07], this choice can turn out to be sub-optimal in the sense of
certain performance criteria. The intuitive reason for this is that the AF protocol not only amplifies the
useful signal but also the received noise. While this effect can be negligible in certain scenarios for the
standard relay channel, it is generally a dominant effect in interference relay channels [SE07]. Indeed,
even if the noise at the relay is negligible, the interference term is generally not. This gives us a particular
motivation for choosing the amplification factor adequately that is, to maximize the transmission rate
of a given user or the network sum-rate. The proposed derivation differs from [AFMO04, GJ06] because
we have considered a different system (an IRC instead of a relay channel with no direct link), a specific
relaying function (linear relaying functions instead of arbitrary functions) and a different performance
metric (individual transmission rate and sum-rate instead of raw bit error rate [AFMO04] and mutual in-
formation [GJ06]). Our problem is also different from [DLKO07] since we do not consider the optimal
clipping threshold, for frequency division relay channels, in the sense of the end-to-end distortion. At
last, the main difference with [KSAO4] is that, for the relay channel, the authors discuss the choice of the
optimal amplification gain, in terms of transmission rate, for a vector AF protocol having a delay of at
least one symbol duration; here we focus on a scalar AF protocol with no delay and a different system
namely the IRC. In this setup, we have found an analytical expression for the best a, in the sense of the
transmission rate achieved by a given user and seen that the a, maximizing the network sum-rate has to
be computed numerically in general. The corresponding analytical result is stated in [DLKO7].

Optimizing the clipping threshold. The relay is assumed to implement a linear threshold function
which operates independently on the real and imaginary parts of the received signal x = x® + jx/ is defined

* & R|<p
T =| Bosen(xk) [ek] > B,

where we considered the case of the real part and B is the clipping level. We see that the relay acts
like a perfect AF relay in the region [—f3, B] and limits values outside this region. Our motivation for
using this function is to assess the benefits from clipping the received signal but in some context better
relaying functions can be used. For example the authors of [AFMO04] derived the best relaying function
in the sense of the raw BER when no direct link is assumed and a BPSK modulation is used both at
the source and relay. In our context, the goal is different and the extension of [AFMO04] to the case of
QAM modulations does not seem to be trivial. In the same spirit, [GJ06] proposed an optimized relaying

(66)
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function in the sense of the mutual information when no direct link is assumed. The rationale for the
proposed function (66) is that it preserves the important soft information but does not needlessly expend
power relaying large noise samples. Furthermore, it only requires the optimization of a single parameter,
i.e., the clipping level B. In spite of the seeming simplicity of the relaying function, however, calculating
the p.d.f. of saturated Gaussian signals is known to be intractable [Hua83]. After passing the received
signal through the saturation function, the signal is scaled by some real parameter @ which is chosen to
satisfy the average unit power constraint. As already mentioned, one just needs to tune f in order to
minimize the end-to-end distortion; the corresponding result is available in [DLKO7].

3.1.2 EF-type relaying schemes

Here we focus on information-theoretic relaying schemes but, as already mentioned in the first N++/WP6.2
deliverable, the proposed concepts and coding schemes can be easily exploited to design practical EF
protocols. Here, the idea is to know how the EF protocol has to be modified in order to be used in other
network topologies than the standard relay channel. More specifically, instead of considering a point-to-

point communication helped by a relay we have considered the important case of an interference channel

with a relay that is, two interfering point-to-point communications helped by a relay. The corresponding

channel is called the interference relay channel (IRC) and has been introduced by [SEO7]. It consists of
two sources nodes, .#;, two destination nodes Z; and a relay node %, i € {1,2}. The authors of [SE07]

focused on the DF protocol. Our contribution has been to analyze the case of the AF and EF protocols

[DBLO9b]. In [DBLO9b] we have proposed two EF relaying schemes: a version based on a single com-

pression level and a second one which is based on two compression levels. The best choice between the

two is not ready and depends on the channel gains but a simple reasoning on special cases and extensive

simulation analyses leads to the following conclusions.

Special cases. The first special case is the case of asymmetric channels. By asymmetric we mean
that the reception noises are ordered as follows N, > N or N; > N,. Consider w.l.o.g. the case N, > N
with N, — o0 and N| < +oo. It is obvious and easy to check that the rate of user two Ry — 0 for both the
single-level and bi-level compression schemes. It is clear that user 1 gets a higher rate with the bi-level
compression scheme and as the rate for user 2 tends to zero this protocol is also the better one in terms
of network sum-rate. A second case, which is very special but has the advantage of requiring no long
derivations is the perfectly symmetric IRC. With this setting, a quick inspection of the compression noise
expressions in [DBL09b] shows that the compression noise level of the single-level scheme will always be
lower than those obtained with the bi-level scheme. This is because, in symmetric IRCs, the single-level
compression scheme does not generate much (exactly zero in the case of the perfectly symmetric IRC)
interference whereas in the case of bi-level compression, there is always at least one user undergoing
some interference from the other.

Simulation results. In [DBL09b] we have assessed the influence of the relay location on the IRC net-
work sum-rate. This leads to different regions of the (2D) space where the single level scheme performs
better/worse than its bi-level counterpart. These regions illustrate a combination of several trade-offs,
which we try to explain clearly here. When the qualities of the links # — %, and Z — 2, are quite
similar, the single-level scheme is the most efficient because: the compression rate for each receiver is
not limited by the other receiver; the relay uses all its transmit power P, to transmit the cooperative signal;
as there is only one cooperation message, the relay generates no additional interference. This scheme is
thus the best choice both for the transmission rates Ry and R, and therefore for Ry + R>. On the other
hand, if the qualities of the links Z — %) and Z — 2, are markedly different, which happens when the
relay is located around the destination Z; (resp. &), it is better for R; (resp. R;) to choose the double-
level scheme. This is true if the negative effect that the double-level scheme allocates only % to each
cooperation message is compensated by the mentioned positive effect.
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3.2 Distributed resource allocation
3.2.1 Distributed power allocation in interference relay channels

In the preceding section we have derived achievable transmission rates for the (single-band) interfer-
ence relay channel when the relay implements either the amplify-and-forward, decode-and-forward or
estimate-and-forward protocol. Here, we have considered wireless networks that can be modeled by a
multi-band IRC. We have tackled the existence issue of Nash equilibria (NE) in these networks when
each information source is assumed to selfishly allocate its power between the available bands in order
to maximize its individual transmission rate. Interestingly, it is possible to show that the three power
allocation (PA) games (corresponding to the three protocols assumed) under investigation are concave,
which guarantees the existence of a pure NE after Rosen [Ros65]. As the relay can also optimize sev-
eral parameters e.g., its position and transmit power, it can be considered as the leader of a Stackelberg
game where the information sources are the followers. Our theoretical analysis have been illustrated by
simulations giving more insights on the addressed issues. These results are available in [DBL09a].

3.2.2 Spectrum sharing in distributed multiple access channels

In the preceding section we have been studying distributed power allocation in IRCs. Another important
class of cooperative channels is the class of cooperative multiple access channels. We are currently study-
ing this class of channels. So far we have studied, as in intermediate and more simple case, multiple access
channels. More precisely we have studied the network spectral efficiency of distributed vector multiple
access channels (MACs) when the number of accessible dimensions per transmitter is strategically lim-
ited. Considering each dimension as a frequency band, we call this limiting process bandwidth limiting
(BL). Assuming that each transmitter maximizes its own data rate by water-filling over the available fre-
quency bands, we have considered two scenarios. In the first scenario, transmitters use non-intersecting
sets of bands (spectral resource partition), and in the second one, they freely exploit all the available
frequency bands (spectral resource sharing). In the latter case, successive interference cancelation (SIC)
has been used. We have shown the existence of an optimal number of dimensions that a transmitter
must use in order to maximize the network performance measured in terms of spectral efficiency. We
have provided a closed form expression for the optimal number of accessible bands in the first scenario.
Such an optimum point, depends on the number of active transmitters, the number of available frequency
bands and the different signal-to-noise ratios. In the second scenario, we have shown that BL does not
bring a significant improvement on the network spectral efficiency, when all transmitters use the same
BL policy. For both scenarios, we have provided simulation results to validate our conclusions. All these
contributions have led to the publication of a joint paper involving CNRS/LSS, Poznan University, and
CNRS/Supélec [MDLBO09]. This paper received the Best Student Paper Award (Crowncom 2009).

33 Ongoing research

Concerning distributed power allocation problems algorithms are currently designed to implement the
proposed policies with realistic channel state information assumptions at the terminals. The main issue
here is to solve convergence problems in decentralized procedures similar to the Cournot titonnement.

As far as spectrum sharing problems are concerned, LSS, PUT, and Supélec are extending their work
presented at Crowncom. Technically, the goal is to study the existence of predictable states in distributed
wireless networks where spectrum efficiency is what terminals want to selfishly maximize and analyze
the equilibrium efficiency. This work should be translated into the submission of a joint journal paper.
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4 TASK TR6.4: OBLIVIOUS COOPERATION PROTOCOLS AND SCALING LAWS FOR
RELAY NETWORKS

4.1 Analysis of Oblivious Cooperation Protocols

In [GSGT09a, GSG™09b] the problem of multicasting multiple messages with the help of a relay, which
may also have an independent message of its own to multicast, is considered. As a first step to address this
general model, referred to as the compound multiple access channel with a relay (cMACTr), the capacity
region of the multiple access channel with a ‘cognitive’ relay is characterized, including the cases of
partial and rate-limited cognition. Achievable rate regions for the cMACr model are then presented based
on decode-and-forward (DF) and compress-and-forward (CF) relaying strategies. Moreover, an outer
bound is derived for the special case in which each transmitter has a direct link to one of the receivers
while the connection to the other receiver is enabled only through the relay terminal. Numerical results
for the Gaussian channel are also provided.

In [SSE*09] the problem of communications via a multirelay channel with non ergodic link-failures
is analyzed. More specifically, a multi-relay network is considered in which communication from source
to relays takes place over a (discrete or Gaussian) broadcast channel, while the relays are connected to
the receiver via orthogonal finite-capacity links. Unbeknownst to the source and relays, link failures
may take place between any subset of relays and destination in a non-ergodic fashion. Upper and lower
bounds are derived on average achievable rates with respect to the prior distribution of the link failures,
assuming the relays to be oblivious to the source codebook. The lower bounds are obtained via strategies
that combine the broadcast coding approach, previously investigated for quasi-static fading channels, and
various robust distributed compression techniques.

Cui et al. in [CHS*09] study the throughput scaling of wireless networks over channels with random
connections, in which the channel connections are independent and identically distributed (i.i.d.) accord-
ing to a common distribution. The channel distribution is quite general, with the only limitations being
that the mean and variance are finite. Previous works have shown that, when channel state information
(CSI) of the entire network is known a priori to all the nodes, wireless networks are degrees-of-freedom
limited rather than interference limited. In this work, we show that this is not the case with a less de-
manding CSI assumption. Specifically, we quantify the throughput scaling for different communication
protocols under the assumption of perfect receiver CSI and partial transmitter CSI (via feedback). It is
shown that the throughput of single-hop and two-hop schemes are upper-bounded by respectively, O(nl/ 3)
and O(n'/?), where n is the total number of source-to-destination pairs. In addition, multi-hop schemes
cannot do better than the two-hop relaying scheme. Furthermore, the achievability of the @)(nl/ 2) scaling
for the two-hop scheme is demonstrated by a constructive example.

4.2 Multiple access relay channel with relay-source feedback

In [GW75, CL81], it has been shown that feedback can sometimes really increase capacity. Inspired by
these works, in [HK09] the authors incorporate noiseless feedback from the relay to the source and derive
an achievable rate region %Zrp that exceeds the previous rate region on the MARC without feedback in
[KvWO0O0]. The presence of the feedback enables the sources to understand each other’s message, which
in turn allows the sources to cooperate to resolve the residual uncertainty at the receiver in a more efficient
way. At the same time, some independent fresh information from the sources can be superimposed upon
the resolution information.

In this work, both the discrete and the AWGN case are considered. In the discrete case the MARC
with relay-source feedback as shown in Fig. 21.

The channel is assumed to be memoryless and represented by the conditional probability distribution

P()’rka ydk|x117'" s X1k X215 5 X2k Xrl s 5 Xrky Yrl

V=15Vl s Yak—1) = P(Vrks Yk X1ks X2ks Xrk)
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Direction of the information flow

Figure 21: The two-source multiple-access relay channel with feedback from the relay.

where X1 j,X2j,%,j,Yrj,Ya; are the inputs and outputs of the channel at time j, respectively. An ((M, M>), n)
code for the two-source MARC with feedback from the relay (Fig. 21) can be defined as follows:

i) a set of encoding functions x; : 1,2,--- ,M; x %" — 2, i=1,2, where the k th component of x; € Z}"
is determined by the function

xik(wia(yrlayr27"' 7yrk—l))7 k= 1727"' N, Wi = 1127"' aMi-

This means that each transmitter i chooses a sequence of symbols depending on its current message w;
and the past symbols y,1,y,2,- - ,¥x—1 fed back from the relay.
ii) a set of relay functions { f; }}_, such that

Xrk :fk()’rl,)’r%"' ,yrk—1)> k= 1527"' , 1.

iii) a decoding function g : #' — {1,2,--- M} x {1,2,--- ,M>}. We write g(yq1,- -+ ,Yan) = (W1, W2).
By definition, the rate pair (R;,R;) is said to be achievable for the MARC with feedback if there
exists an ((My,M;),n) code with

1 1
Ry < —logMi, Ry < —logM,
n n

such that P, — 0 as n — oo, where P, is the average error probability. The capacity region is the closure
of the set of all achievable rate pairs (Ry,R;).

Let U be a discrete random variable which takes values in the set Z = {1,2,---m}, where m =
min{|| 21| || 22| || 2] + 1, ||Zal| +2}. & is the set of all joint distributions of the form

Pux, x,x,,v, (U X1,X2,Xr,Yr,Ya) = Py (”)le U (1 |u)
Py, (x2]) Py (e [1) Py, v, x, x0x, (Vr Ya X1, %2, X7 )

where Py,y,(x, x,x, (Vr>Ya|X1,%2,X) is fixed by the channel.
In [HKO09] the authors prove that the achievable rate region %gp on the degraded MARC with relay-
source feedback is given by

Zes(Ri,Ry) = J{(R1,Ry) :

Ry <{I(X1;Y,|X2,X,,U)} (67)
Ry <A{I(X2;Y,|X1,X:,U)} (68)
Ri+R, < mm{I(X1 7X2;Yr‘Xr7 U)a (69)

1(X1,X2,X:Yq)}}

where the union is taken over .
The model for the degraded AWGN MARC with feedback from the relay as shown in Fig 22.
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Figure 22: AWGN degraded MARC with feedback from the relay.

Let C(x) = 3log(1+x), x > 0. Then, referring to the results presented above, in [HK09] the authors
show that the achievable rate region of the degraded Gaussian MARC with feedback from the relay is
given by

%FB(R17R2) = U{(R],R2 .

)
)
Ry < {c <O;f,12 } (71)

{

o Py + o P
Ry 4Ry < min C<11+22)
N
Pi+ 0P+ P,
C<061 1+016$ b+ eff)}} 72)

where N = N + N, and the union is over all 0 < o; < 1, i € [1,2,7].

4.3 Asymptotic Analysis of Space-Time Codes

4.3.1 Randomized Distributed Space-Time Coding for Multiple-Relay Channel: Asymptotic Analysis
of Outage Probability and Diversity

Cooperative transmission has recently emerged as an alternative means of providing spatial diversity
without the need of physically collocating multiple antennas in a single terminal. The basic idea behind
this type of transmission is the fact that multiple terminals in the system can emulate the operation of a
virtual antenna array by conveniently replicating the signal transmitted by a source node [Lan02, Doh03,
FKO06]. To match with practical requirements, terminals acting as relays are often assumed to only have
channel state information associated with the signal that is received (which corresponds to the channel
between the source and the relay), and in these circumstances it is convenient to emulate the operation of
a distributed space-time code [LWO03, LTW04b].

Now, one of the main practical problems associated with the implementation of distributed space time
codes is the fact that they are inherently rigid, in the sense that the whole system needs to be designed
for each specific number of relays. This means that every time a relay drops in or out of the system,
the whole transmission strategy needs to be re-designed, and somehow communicated to the relays. In
what follows, we consider a different and much more flexible approach, which will be referred to as
randomized distributed space time block coding (RD-STBC). This cooperative transmission technique
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basically implements a distributed version of the well-known linear dispersion codes [Jaf05, Chapter 10]
in which the dispersion matrices are randomly and independently chosen for each relay.

More specifically, each relay in the system is associated with an N x K matrix with independent and
identically distributed entries that is known at the destination (these matrices will be referred to as “spread-
ing matrices” for reasons that will become clear in short). The spreading matrices, which are different
for each relay, are fixed at the beginning of the transmission and do not change over time. The commu-
nication strategy is organized in two phases or time slots, dedicated to source transmission (the first) and
relay transmission (the second). After the K samples transmitted by the relays during the first time slot
have been received, each relay multiplies the column vector of K samples by the corresponding N x K
matrix, thus generating a column vector containing the N samples to be transmitted during the second
time slot. Note that this is much simpler than a conventional distributed space-time code, because relays
do not need to change their transmission strategies when new nodes drop in or out of the system, and also
because the signal processing at the relays reduces to a mere matrix-vector multiplication.

When adopting the amplify-and-forward (AF) relaying strategy (relays forward a noisy copy of the
information without trying to decode it), the performance of this cooperative technique is investigated in
[GMO9] in terms of spectral efficiency. Since the actual performance depends on the choice of spreading
matrices, the performance is analyzed in the asymptotic domain assuming that both N and K are large but
comparable in magnitude. Using random matrix theory techniques, it is shown that the spectral efficiency
converges to a fixed limit, which interestingly is an extraordinarily good approximation of the average
behavior of the finite reality. Hence, these asymptotic expressions can be used even when N, K are finite
(in practice, no difference between simulated and asymptotic spectral efficiency was observed even when
N, K are chosen as low as 4). The analysis carried out in [GM09] assumes that the channel coefficients
are frequency non-selective and remain constant during the transmission of a codeword (two time-slots).
The effect of introducing quasi-static fading at all the channels (all the channels in the system are fixed
during the transmission of a codeword, but vary randomly from one codeword to the next) is investigated
in [GMedc]. More specifically, when the signal-to-noise ratio (SNR) of the system is large, the effect of
fading is analyzed in terms of the outage probability P, (R) (defined as the probability that the system
does not achieve a certain spectral efficiency R), which will be approximated as P,,;(R) = KSNR~4. The
coefficients k and d are named outage gain and diversity order, respectively. The following result is
introduced:

Proposition 1 Consider a system with L AF relays employing the RD-STBC described above. Assume
maximum-likelihood (ML) reception with full channel state information. Then, the diversity order is a
function of the ratio o = K /N, namely

1
L+1 fora<——ro,
d— L—1

1 1
M+1 —<o<—
MR TR v
with 1 <M < L. The outage gain K can be hence computed (numerically) according to its definition

kK= lim SNR'P,.(R).
SNR—+o0

The following conclusions can be drawn:

1. the spreading matrices have to be tall (N > (L — 1)K) to maximize the diversity order. Note, how-
ever, that this implies a sensible waste of degrees of freedom, since the source is transmitting K
symbols every K 4+ N channel accesses;

2. relaying is always superior to the direct link, which only achieves a unitary diversity order.

The same problem, but with decode-and-forward relaying strategy (each relay forwards the source
message only if it could decode it), is addressed in [GMeda], where the following result is proved:
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Outage gain
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T

Figure 23: Outage gain as a function of ¢ for unitary channel and noise variances and R = 0.1 nat/s/Hz.
The diversity order is L+ 1 on the left of the thresholds and 1 on their right.

Proposition 2 Consider a system with L DF relays employing the RD-STBC described above. Assume
maximum-likelihood reception with full channel state information. Then, the diversity order is indepen-
dent of the ratio & = K /N and equal to the total number of transmitters (source plus relays) L+ 1. The
outage gain can be computed numerically.

In other words, the DF strategy with ML receiver achieves full diversity: each relay offers an in-
dependent path from the source to the destination. This was not the case in the AF scenario presented
above: as the spreading matrices grow wider (K grows with respect to N), relay contributions become
more correlated (and the forwarded noise more colored). This results in a reduction of the equivalent
number of independent channels.

In [GMeda], the linear minimum-mean-square-error (LMMSE) filter is also considered as a possible
alternative to the optimal, but complex, ML receiver. It turns out that the LMMSE filter can exploit
diversity only if the spreading sequences are sufficiently long. Otherwise, relays excessively compress
information and the LMMSE cannot combine their contributions properly.

Proposition 3 Consider a system with L DF relays employing the RD-STBC described above. Assume
LMMSE reception with full channel state information. Define the function Q(a) = exp (HTO‘R) — 1 and

Qy;, as the unique positive solution to o = % (1 + ﬁ) Then the diversity order is given by

g L+1 jforo <o,
11 for a > oyy.

In this case, the outage gain can be computed in closed form and behaves as depicted in Figure 23.
Note the importance of identifying the value of & (i.e. allocating time to source and relay transmission
phases) that minimizes the outage gain in the full diversity region (on the left-hand side of the threshold).
For a0 > o4, the system attains unitary diversity order, as the simple source-destination link. However,
the outage gain is always lower than the direct-link one and can be made as small as desired.

Further work is needed to characterize the LMMSE receiver for AF relays and, especially, to analyze
more in details the behavior of the outage gain in the different cases. Such a study will give insights
on the system performance and allow the comparison between the two relaying strategies. The interest
reader can refer to [GMedb, GMedd] for preliminary results in the single-relay case.
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4.3.2 Approximately Universal Space-Time Codes for the Parallel, Multi-Block and Cooperative
DDF Channels

The work in [EKO09] is motivated by the relaying topic of WPR6, in conjunction with the reality that
such cooperation takes place in the presence of OFDM capabilities. In this setting, explicit codes are
constructed that achieve the diversity-multiplexing gain tradeoff (DMT) of the cooperative relay channel
under the dynamic decode-and-forward protocol for any network size and for all numbers of transmit
and receive antennas at the relays. Along the way, we prove that codes previously constructed in the
literature for the block-fading and parallel channels are approximately universal, i.e., they achieve the
DMT for any fading distribution. It is shown how approximate universality of these codes leads to the
first DM T-optimum code construction for the general, MIMO-OFDM channel.

44 Capacity Analysis of Two-Hop relaying Virtual MIMO Systems in a Poisson Field of Nodes

Virtual (also known as distributed) multiple-input-multiple-output (V-MIMO) systems appear as one of
the most interesting paradigms for the deployment of future wireless systems [DDA02, DGAO7]. The
key aspect of V-MIMO communication systems is the possibility for the devices, which can be equipped
with single or multiple antennas, to create clusters of cooperating nodes, which are usually denoted as
virtual antenna arrays (VAAs). Cooperation between nodes is exploited to obtain the benefits, in terms
of spatial diversity, of conventional MIMO. Although some papers addressing performance analysis of
V-MIMO have appeared in the open literature in these past years, to the author’s knowledge, few works
consider the connectivity problems which usually arise with the formation of the V-MIMO systems.

In this Section, a two-hop V-MIMO system (see Figure 24) is considered, where a source node has
to transmit data to a destination node via a relay node, is considered. Several ancillary nodes are located
in three areas around the main nodes, namely source, relay and destination [BZ09a, BZ09b]. Ancillary
nodes are supposed to be distributed over the areas according to a Poisson point process (PPP). Three
VAAs are formed in this scenario: the source VAA (s-VAA), the relay VAA (r-VAA) and the destination
VAA (d-VVA).

ng+1 ng+1 ny+1
antennas antennas antennas

T V-MIMO
*, channel /'

T VMIMO
*, channel;

s-VAA r-VAA d-VAA

Figure 24: The Virtual MIMO communication system.

Random fluctuations of the wireless channel as well as a distance-dependent deterministic path-loss
are accounted for in the radio channel model. Main nodes are supposed to cooperate only with the
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ancillary nodes which guarantee a feasible quality of the link. Owing to the randomness nature of the
channel, the number of transmit and receive antennas is a random variable and a certain outage probability
there exists. We define the outage probability as the probability that the source-destination capacity is
lower than a given threshold, denoted as Cp.

To form a VAA, the main nodes transmit a query to the ancillary nodes, by using the short-range radio
interface. Owing to propagation conditions, only a subset of the ancillary nodes can really cooperate with
the main nodes. The number of nodes which actually communicate with source, relay and destination is
denoted by ng, ng and np, respectively, and are called cooperating nodes. Being ancillary nodes Poisson
distributed, cooperating nodes will be Poisson distributed too (this is a consequence of the Marking
Theorem [VDMCOS]), with a mean value which depends on the channel model considered.

Once s-VAA, r-VAA and d-VAA are formed, the communication is performed according to the fol-
lowing steps: (i) The source transmits data to the ng cooperating nodes; (ii) the ng + 1 nodes of the
s-VAA transmit data toward the relay through the V-MIMO channel, using the high rate interface (inter-
VAA communication); (iii) the nr + 1 nodes of the r-VAA cooperate to decode the received data and
forward it toward the destination; (iv) the np + 1 nodes of the d-VAA receive data from the r-VAA and
cooperate to decode it.

Once the channel model is fixed, the distribution of the cooperating nodes is known and the outage
probability, denoted as Py, can be evaluated. In particular, this outage probability is given by: Poy =
]P’{C_'(z) < Cp}, where C® is the mean (with respect to fast fading fluctuations) capacity in the two-hop
communication protocol (see [BZ09a]).

Some example of results achieved with the mathematical framework developed, are shown (see also
[BZ09a]). Fig. 25 reports the complementary outage probability, P, = 1 — Poy, as a function of Cy, for
different values of the signal to noise ratio at the relay and at the destination, p, having set the density of
ancillary nodes at the three main nodes, denoted as 1, equal to 5 10~% [m™2]. As expected, P, decreases
by increasing Cy and the curves are translated by increasing p.

In Fig. 26 the one- and two-hop communication protocols are compared in terms of energy consump-
tion. The total power spent by the network to deliver the data from the source to the destination, depends
on the power spent by each node participating in the communication. We denote as E { P} the averaged
(with respect to fast and slow fading, and to the number of cooperating nodes) power spent by all the
active nodes in the network.

In Fig. 26, P, as a function of E {P,y}, for different values of 1, is shown for Cy = 5 [bit/s/Hz] and
having fixed a distance source-relay and relay-destination equal to 300 [m]. As expected, the increase in
the value of P,, is obtained at the cost of an increasing of the total power spent by the network. For what
concerns the comparison between two communication protocols, we can deduce that for low values of
1, the one-hop protocol allows to obtain larger P,,. When nodes’ density increases, the two-hop protocol
can exploit the additional degrees of freedom given by r-VAA and outperforms the single-hop case.

4.5 Asymptotic Capacity of Relay-Assisted Systems
4.5.1 Asymptotic Capacity and Optimal Precoding Strategy for MIMO Relay Systems

In a ideal ad hoc network, where all nodes could perfectly cooperate both at transmission and reception,
one could expect the network to behave like a perfect MIMO system. The total capacity would then
grow linearly with the number of node pairs as in the point-to-point MIMO channel[Tel95]. However
perfect transmit/receive cooperation has a cost, in particular it requires perfect synchronization between
cooperating nodes and extensive channel knowledge, which is impossible in practice. A reasonable alter-
native consists in dividing the network in several cooperative clusters. Each cluster would gather nodes
cooperating in a local area to form a virtual antenna array and virtual MIMO transmissions would then
occur in multiple stages between these cooperative clusters. This approach, considered in our work in
[FZDGO8b, FZDGO08a], offers a way to leverage the broadcasting nature of the wireless link, by treating
simultaneous transmissions as useful signals that are jointly and cooperatively processed at nodes within
a cluster.
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Figure 25: P, as a function of Cp, for different val- Figure 26: P, as a function of E {P,,} by varying

ues of p. 7, in the one- and two-hop cases.

System model and problem statement
In [FZDGO8b, FZDGO08a], a cooperative ad hoc network is considered, where nodes are grouped in
three types of cooperative clusters:

e a source cluster, consisting of source nodes cooperating to form a virtual transmit antenna array;

e a destination cluster, gathering destination nodes cooperating to form a virtual receive antenna
array;

e a series of N — 1 intermediary relaying clusters, between source and destination clusters, each
gathering relay nodes cooperating to form a virtual relay antenna array.

This system forms a virtual MIMO multi-hop relay network. In this transmission chain with N 41 levels,
it is assumed that each relay receives a faded version of the signal transmitted from the previous level
and, after precoding, retransmits it to the next level. We consider the case where all communication links
undergo block Rayleigh flat fading and the fading channels at each hop (between two adjacent clusters)
may be correlated while the fading channels of any two different hops are independent. Deriving the
capacity of such a complex network is intricate. Fortunately, random matrix theory and free probability
theory provide useful mathematical results on the eigenvalues and eigenvectors of large random matrices,
that can be applied to the field of wireless communications in order to analyze complex communication
systems when the system dimensions increase.

As a first step towards a more complete analysis, we start by making some simplifying assumptions.
We assume that nodes in a cluster can perfectly exchange information, and that channel knowledge in-
trinsic to the cluster— channels between nodes within a cluster— is available at all cluster nodes. Thus
in each cluster, nodes form a perfect virtual antenna array. We also assume non-noisy communications
between relaying clusters, but that noise power is not negligible at the destination cluster. Under those
simplifying assumptions, we address the following questions:

e What is the asymptotic capacity of the cooperative-cluster system when the number of nodes in all
clusters grow large?

e How should nodes in a cooperative cluster process and transmit cooperatively their wireless signals
to maximize the system capacity?

Main results and insights
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Using tools from random matrix and free probability theories, we first derive a closed-form expression
of the asymptotic instantaneous end-to-end mutual information between the source input and the desti-
nation output, as the number of nodes in all clusters grows large. This asymptotic expression is shown
to be independent from the channel realizations and to only depend on the channel statistics, with two
major consequences. First, in the asymptotic regime the mutual information is not a random variable any
more but a deterministic value representing an achievable rate. Second, given the stationarity of channel
statistical properties, the asymptotic instantaneous mutual information obtained in the non-ergodic block-
fading regime also serves as the asymptotic value of the average end-to-end mutual information between
the source and the destination. The expression of the asymptotic average mutual information is the same
as the asymptotic ergodic mutual information that would be obtained if the channel was an ergodic pro-
cess. Intuitively, the time-domain ergodicity is recovered in the spatial domain when the dimensions of
the system grow large.

We also obtain the singular vectors of the optimal precoding matrices that maximize the average
mutual information of the system with a finite number of antennas at all levels. It is shown that the
singular vectors of the optimal precoding matrices are also independent from the channel realizations
and can be determined only using statistical knowledge of channel matrices at source and relays. The
so-obtained singular vectors turn out to be also optimal in the asymptotic regime of concern.

Finally, we apply the aforementioned results on the asymptotic mutual information and the structure
of the optimal precoding matrices to several communications scenarios, with different number of hops,
and types of channel correlation. These examples illustrates the gains resulting from the cooperative
cluster approach and reveal the few relevant parameters impacting the capacity of cooperative dense ad
hoc networks.

4.5.2 Large System Analysis of Protocols for Relay Networks

In [CCFO8] a relay assisted CDMA network with a large number of sources and half duplex relays and
a unique destination is considered. Two relaying protocols called direct relaying (DR) and full relaying
(FR) are proposed. By dividing the relays in groups and adopting different forwarding delays for each
group both protocols introduce diversity which depends on the number of groups and on the protocol. In
DR mode, the relays forward only signals received directly from the sources. In FR mode, relays forward
both signals received by the sources and the other relay groups by applying network coding at the physical
layer. This implies a different level of diversity at the destination for the two schemes. Then, an analytical
framework for the analysis of the achievable rates in such a network, as the number of nodes and relays
becomes asymptotically large, is proposed.

More specifically, in this protocols both source and relay nodes transmit synchronously using code
division multiple access (CDMA) scheme with random spreading as multiple access protocol. Each
relay decodes a subset of the received information, re-encodes them using the same code adopted by the
sources, and retransmits them using CDMA with a delay multiple of a codeword duration T;,,. Let us
denote with 7; the time interval when the ¢-th codeword is transmitted. Half of the relays transmit during
the time intervals 7; with ¢ even, while the remaining relays transmit in the intervals 7; with ¢ odd in a
complementary way. In this framework we consider two different protocols for relay networks based on
the decode-and-forward scheme.

Let us introducing first the full relay protocol. Let us consider a relay that in a given time interval
transmits the codewords %; received directly from the source nodes at time 7;. Then, it also forwards the
codewords %;_; transmitted by the same source nodes in 7;_;. This latter codeword is decoded from the
signals received by the other relays nodes but not directly from the source. Notice that error propagation
in nonzero error capacity channels is avoided thanks to the assumption of a large number of relays in the
network. Each relay encodes the subset of received codewords in 7;_ and 7; and spread them with distinct
spreading sequences. Then, the spread signals are simply combined and transmitted. Furthermore, the
relays transmitting in the even intervals are divided into L groups as well as the ones transmitting in the
odd interval to obtain 2L groups. Each group retransmits the signals with a delay different from the other
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groups in order to obtain at the receiver multiple copies of the desired information.

In the direct relay protocol, each relay forwards only codewords received directly from the source.

On the one hand, the full relay scheme has the advantage of providing at the destination a number
of replicas of the same information equal to 2L + 1 while with the decoupled network coding protocol
the number of replicas of the same information is equal to half of the number of the relay groups plus
one L+ 1. On the other hand, in the direct relay protocol, the relays observe only once each codewords
they intend to forward. In contrast, in the full relay scheme the relay receives L+ 1 replicas for half of
codewords and only L replicas for the remaining half of the codewords to be forwarded with obvious cost
in achievable rate.

Throughout this work we assume that the channels among all nodes (source-relay nodes, source-
destination nodes and relay-destination) are flat fading and the signal at each receiving node (relays or
destination) is impaired by white additive Gaussian noise.

By making use of random matrix theory, we analyze the achievable rate per user of this network when
the transmitters (relays and sources) do not have complete channel state information and the number of
source nodes Nj, relay nodes N,, and the spreading factor N tend to infinity such that % — B < oo and
%: — ¥ < oo. The theoretical framework provides the achievable rates for the networks adopting the
decoupled networking scheme and the interlaced networking scheme as a function of the noise variance,
B, 7, and the limit distributions of the received powers at the relays and at the destination. The system
performance at the destination is completely characterized by a positive function of the noise variance,
solution of a Tse-Hanly fixed point equation. In the most general case, the performance at the relays are
described by two positive functions of the noise variance solution of a system of two fixed point equations.
Under easily verified constraints on the limit received power distributions at the relays, the system can be
characterized by a single Tse-Hanly equation.

The network performance of the two schemes are assessed under the assumption that the channel
gains among all the nodes are Gaussian distributed with zero mean and unit variance. The transmitted
power is normalized to keep constant the total transmitted power in the network.

The performance is assessed against the baseline multiple access system where the network consists
simply of Ny sources and one destination to get insight on the advantages of cooperation and network
coding.

4.6 Ongoing research

An new cooperation between CNRS (Telecom ParisTech) and CTTC is developing in the framework of
WPR6.4. Gregoratti and Hachem will jointly work on applications of random matrices to relay networks.

A new cooperation between CNRS (Supelec and Telecom ParisTech), Technion, and NKUA-IASA
focuses on oblivious cooperation in downlink multi-cell CDMA systems using random matrix theory.
Oblivious cooperation in self-organizing networks might naturally appear inside network capacity formu-
las. For instance, in a K-cell CDMA-based network, the network-wide maximally achievable throughput
is expected to be the sum of K terms, the kK’ term of which being a function of

e cell k’s proper parameters (e.g. the powers allocated to the users inside this cell)

e one or several terms being functionals of the overall network parameters (e.g. all the powers allo-
cated to all users in the network).

These last network-wide parameters can be exchanged at a bandwidth-efficient cost throughout the net-
work, in place of the bandwidth-harvesting exchange of all network parameters. Therefore, one can
imagine global network capacity optimization, based on K local capacity optimizations and the signalling
of small packets enclosing system-wide parameters.

In the first steps of the investigation of the downlink capacity of CDMA-based networks, it was
observed that power optimization (aiming at maximizing network capacity) might consist in some specific
cases in a classical water-filling solution inside each cell, depending on the cell users’ path-losses and on
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a single extra system-wide parameter. A sequential power optimization strategy can then be designed
which consists, for each cell in turn, in optimizing the power allocation inside its own cell and updating
the global parameter to be forwarded to the subsequent cell, until convergence is reached.

When this first study is completed, more advanced models will be considered which are also expected
to show separable formulations of their capacity or other performance functionals.

An ongoing cooperation between CNIT (CNR) and CNRS (Eurecom) aims at deepening the analysis
in [CCFO8] by introducing the effects of the channel attenuation in the analysis. This analysis is per-
formed combining results from random matrix theory and statistical geometry. A network with an large
number of relays uniformly distributed over a circumference of radius r from the common destination is
considered. The sources are uniformly distributed over a disc of unit radius. Several kinds of protocols
will be considered. As an example, we analyzed a direct protocol (see Section 4.5.2) where (i) each
relays knows at least the phase of the channel with the destination and (ii) all the receivers (relays and
destination) have knowledge of the channel such that coherent communication is possible. The number
of the relays scales with the square root of the number of the sources.

Large system analysis of these kinds of networks will enable the design of macroscopic system pa-
rameters (e.g. number of relays versus number of users,spreading factor, power allocation, etc.) and
answer to several questions such as:

e What is the achievable rate of a relaying-based network with no CSI at the sources.
e How to optimize the relay deployment?

e How much can we gain from opportunistic relaying?

About the MARC channel with feedback, TUM has initiated a cooperation with UCL. TUM visited
UCL and joint deepening of the topic is on its way.
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5 TASK TR6.5: COOPERATION IN MOBILE AD-HOC NETWORKS (VIRTUAL AN-
TENNA ARRAYS/VAAS)

Multiple transmission and reception units in wireless devices can improve the quality of communications
by means of diversity and multiplexing techniques [BY06], [JKSKO07], [HMO06], [MCMSO07], [LTWO04a],
[SEAO03a], [SEA03b]. However, multiple-input multiple-output (MIMO) units may not be available in
certain wireless devices because of cost/power/size constraints; for instance, nodes in a wireless sensor
network are usually designed as low-cost, small, and lower-power devices [AMCO07]. In the absence of
multiple antennas at wireless devices, it is still possible to realize the advantages of MIMO systems, if the
nodes cooperate in an appropriate manner. For example, if the nodes share information about the received
signals with each other, they can form a virtual multiple-output structure. Similarly, if the nodes transmit
cooperatively, they can set up a virtual multiple-input unit [BF07], [GS00], [Say03]. Since cooperative
communications provide an opportunity to transmit and receive signals from multiple antennas, diversity
gains available in MIMO systems can also be obtained in cooperative systems [NHHO4], [Jay06]. In
order to exploit the available diversity gains in these virtual MIMO systems, efficient signal processing
algorithms should be devised, keeping into account practical power, complexity and cost limitations.

When a number of different transmitting antennas is available, spatial diversity can be exploited. This
form of diversity takes advantage from the generation of multiple replicas of modulated signal, each one
differently affected by the propagation medium. In addition, multipath diversity can be available in virtual
MIMO systems; hence, signals from both different devices and different multipath components should be
combined optimally in order to achieve a large diversity order.

In this Chapter, some contributions produced by the Newcom++ partners and regarding novel tech-
niques designed to exploit diversity in wireless ad hoc networks on both the transmit and the receiver
side are briefly presented. With regard to the cooperation at the transmit side, the problem of topology
creation and distributed node management in order to establish a cooperative transmission in an effective
way is tackled. In the field of cooperation at the receive side, linear combining schemes for virtual MIMO
systems are studied. Besides this, the concept of cooperation can be also exploited in different scenarios:
in the last part of this Chapter, some innovative insights related to the exploitation of user cooperation
in cellular networks are also proposed. Finally, the design and analysis of a MAC protocol that allows
executing a Cooperative Automatic Retransmission reQuest (C-ARQ) scheme in wireless networks is
presented. Whenever a destination station receives a data packet with errors, it requests retransmissions
from any of the stations which overheard the original transmission and can act as spontaneous relays or
helpers.

At the moment of the publication of this deliverable, the contents surveyed in this Chapter mainly
originate from the contributions of various institutions. Within these, a particular emphasis should be
put on a tutorial about game theoretical methods for diversity exploitation in wireless network [SPVV],
jointly written by the research groups of CNIT/MORE and UCL and currently under review. Game theory
is slowly becoming an accepted mathematical tool to devise clever solutions for the resource management
problem in various communication scenarios. However, we believe that the literature on the application
of game theory to wireless network is still far from reaching a certain maturity. We expect that this
collaboration may continue in the next future even in the direction of the exploitation of these concepts
for the development of novel fully distributed solutions for ad hoc wireless networks.

5.1 Cooperation at the transmit side: Distributed node management and cooperation

As in a real multiantenna transmitter, in order to exploit the spatial diversity (hence, to achieve a full
diversity order) a proper coding is required. Fortunately, the technical literature about distribute coding
schemes is huge and some novel insight in this field can be found in the apposite Section.

However, as pointed out in the previous deliverable concerning the state of the art on cooperation,
a fundamental problem of cooperative ad hoc networks is represented by devising strategies for the se-
lection of wireless nodes which should assist data communications in order to maximize network per-
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formance. Despite its importance, this problem is not usually tackled in most of the available literature
about user cooperation, even if some important exceptions can be found (refer to the same deliverable for
a deeper insight).

In [SPV(09a], the authors adopt a cross layer approach to develop a cooperative link management in
wireless ad hoc network. In particular, in this paper the problem of the establishment of a multi-hop
cooperative link based on a double string topology (in which a couple of nodes for each relay stage are
exploited) is tackled. The link is established by an utility-based distributed routing algorithm that aims
at guaranteeing a balanced use of the available radio resources (in terms of energy and bandwidth) of
network nodes, jointly improving the network lifetime and its ability to satisfy connectivity requests. The
considered topology lends itself to the use of cooperative transmission techniques in a natural fashion, so
that large energy saving (or, equivalently, more reliable links) with respect to traditional solutions can be
achieved.

Another fundamental point raised in the previous deliverable is the feasibility of cooperation tech-
niques taking into consideration the presence of selfish nodes. In fact, cooperation among multiple
terminals in wireless networks can certainly improve performance or extend lifetime in the long run,
but requires each relay to sacrifice a fraction of its own resources (e.g., its energy) in the short run for
the benefit of other nodes. These considerations evidence the importance of developing communication
strategies able to incentive the cooperation among multiple nodes with the aim of maximizing their own
degree of satisfaction. This complicated problem can be tackled pragmatically resorting to game theory.

Within this field, two research works [SPV09c], [SPV09b] show how this tool can allow to tackle
complicated problems related to the node management in a cooperative link from an innovative point of
view. In particular the proposed solutions evidence that cooperative communication techniques can be
exploited without the drawbacks represented by the large management complexity and the transmission
overhead needed in wireless ad hoc networks. These results show how to bring cooperative techniques
from theory to implementable real life applications.

The scenario considered in both the above mentioned works is that of a wireless ad hoc network
consisting of N energy-constrained selfish nodes, each endowed with a single antenna. In this network
data packets are delivered from an arbitrary source node to an arbitrary destination node thanks to a
number of relays establishing a cooperative wireless link. This link, in the most general case, will be
established by a multi-hop connection in which each relay consist of a cluster of cooperative nodes.

The study proposed in [SPV09c] considers a network consisting of selfish nodes, each exploiting
the network to carry its own information flow, but unwilling to spend its limited resources to relay data
packets originating from other nodes. Instead, the analysis carried out in [SPV09b] refers to both the case
of a network populated by selfish nodes and to that of a network consisting of nodes prone to cooperation.

In [SPV09c] the authors develop a novel strategy for a cooperative transmission accomplished by a re-
lay cluster towards a destination, functionally equivalent to a transmission selection scheme but managed
in a fully distributed fashion. This strategy consists of an autonomous choice, made by each potential
relay in an autonomous fashion, between two simple alternatives: transmitting (hence, forwarding the
information data packet) or remaining silent. For each node, this choice is based only on the status of
the node itself (hence, on its available resources and its experienced channel conditions other than its
personal needs of future cooperation expected from other nodes) and on the behavior of the other neigh-
boring nodes. This allows to coordinate the transmissions among the potential relays without any explicit
information exchange between them, so avoiding the transmission overhead that usually characterizes
cooperative transmission protocols. Thanks to this feature, this solution offers a larger throughput and
higher energy efficiency than other traditional communication techniques exploiting transmission selec-
tion.

Moreover, it has to be pointed out that the effectiveness of this transmission strategy is not affected by
the presence of selfish nodes and offer a viable way to exploit cooperative transmission techniques even
in these circumstances.

In the work mentioned above, the authors consider unsynchronized and uncoded transmissions from
a relay cluster so that a single node is allowed to transmit at a time in order to not make its transmission
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collide. This transmission scheme is generalized in [SPV09b] where a coded transmission based on
distributed randomized — orthogonal space time coding (DR-OSTC) is considered. In the new scenario,
multiple nodes can join a transmission cluster in order to actively contribute to the same transmission. In
particular, this work proposes a novel forwarding strategy, able to manage the node participation in the
cooperative coded transmission introduced before. Even in this case, the proposed scheme works in a
fully distributed fashion since it consists of autonomous choices made by each node and operates without
any need of explicit information exchange, neither for the selection of the nodes that has to join an active
relay set nor for the codeword assignment.

The advantage of having a control on the number of nodes joining a cooperative transmission cluster
achieved without the problems related with a traditional node management protocol allow, on the one
hand, to eliminate the overhead associated with this control and, on the other hand, to preserve the high
energy efficiency of the cooperative link. In fact, the solution proposed in [SPV09b] makes a cooperative
link able to exploit only the needed number of potential relay nodes for its transmission, avoiding an
energy waste; at the same time, this solution make the link performance weakly affected by an imperfect
estimation of the characteristics of the link itself.

5.2 Cooperation at the receive side: Linear Combining Schemes for Virtual MIMO Systems

In order to make the best possible use of diversity in virtual MIMO systems, it is very important to
combine various sources of diversity in an optimal manner. For this reason, is also convenient to exploit
the different multipath components of a received signal in order to further enhance the diversity order
achieved.

In [GPKMO6], linear minimum mean-squared error (MMSE) receivers are studied for optimal com-
bination of signal from multipath and repetition diversity domains. Similarly, [YV04] considers MMSE
multiuser detection for cooperative diversity in code-division multiple-access (CDMA) systems. In ad-
dition to coherent multiuser detection [VWLO06], non-coherent processing is studied in [CL04] from a
cooperative diversity perspective.

Optimal combination of signals from various diversity sources can require high computational com-
plexity. In other words, when the optimal symbol detector is designed based on all the signals from
various diversity sources, such as spatial diversity and multipath diversity, the resulting complexity can
be prohibitive [Ver98]. In those cases, it is practical to consider linear receiver structures, and to try to
find the optimal “linear” receiver. In [ZL05], optimal linear receivers are derived for impulse radio ultra-
wideband systems. Similarly, [GKPMO04] considers the optimal linear combination of signal components
from repetition and multipath diversity domains. In some cases, even the computational complexity of
optimal linear combining can be quite high. In those cases, suboptimal combination in multiple stages
can reduce the complexity by sacrificing a certain degree of optimality [WMKO04], [GMKPO06].

Consider a wireless system in which K nodes form a virtual transmitter, and send their signals to
a receiver. Assume that each signal propagates through a tapped-delay line channel with L multipath
components. Then, the /th multipath component (MPC) of the received signal from the kth node can be
expressed as

rii =V Ex b+ (73)

where 0y ; represents /th channel coefficient (normalized) of node k, \/Ej is the signal energy for the kth
node, b is the information symbol, and ny; is the zero-mean noise component.
Let r contain all the received samples in (73); i.e.,

r=bB+w, (74)

where 3 represents the signal part, and w includes the noise samples. Note that the noise w can include
the effect of multiple access and narrowband interference; hence, it is not white in general.
A linear receiver combines the elements of r and obtains a decision statistic as follows:

y=0"r, (75)
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where 0 is the weighting vector. The MMSE weights that maximize the signal to interference plus noise
ratio (SINR) of the received signal in (74) can be obtained as [P0094]

-1
Oamise = (BB" +Ry) B =cRy'B (76)

where Ry, = E{ww } is the correlation matrix, and ¢ = (1 +SINR)~! with SINR = B"R;,'B.
Note that the linear MMSE receiver requires inversion of an K x L matrix to calculate the decision
variable. Hence, it can have high complexity when the number of nodes or multipath components is large.
The complexity can be reduced if the combination of received samples in (73) is performed in two
steps (suboptimally) [GPKMO6]. First, the samples are divided into N; groups:

r=bB;+w;, (77)

for j = 1,...,N;. Then, the samples in each group are combined by the MMSE criterion using the
following weighting vectors:

—1
0,= (B8] +Ry,) B, =cR,!B;. (78)

where ¢; = (1+ BJT-RV_V} B j)_l and Ry, = E {W‘,’WJT}. At this point, N; combined samples are obtained:
{OJT-r ]}zjv; .- Note that the MMSE combining in each group ignores the information about the other

groups, which causes a loss in optimality. However, this is the main source of complexity reduction.
Let ¥ represent the set of combined samples after the first step; i.e.,

- T
i=[07r -0} ry] (79)
which can be expressed as 3
F=b0B+W, (80)

where B = [618, - 91(,1/3N1]T and w = [0]w,--- 91(,1 wy,]T. Then, the MMSE weighting vector can be
obtained as

- 1 -
y=(BB +Rs) B=cR;'B (81)
with Ry = E{Ww'}.

It can be shown that the complexity of the two-step MMSE algorithm is &'(N'%) compared to &(N?)
of the optimal MMSE scheme [GPKMO06]. Note that this complexity reduction is obtained by sacrificing
certain degrees of optimality from the spatial and/or multipath diversity domains.

It is observed that the two-step MMSE algorithm becomes the optimal linear scheme for any given
channel gains, when the noise samples in wy ..., wy, in (77) are mutually uncorrelated.

In conclusion, optimal combination of signal samples from multipath components of a number of
nodes has been considered in the framework of linear estimation. The optimality criterion has been
selected as the MMSE, and both the optimal and a two-step suboptimal technique have been described.
As two special cases, the proposed two-step approach covers the scenarios in which the receiver combines
only spatial components in an MMSE-optimal manner, and it combines only the multipath components
in an MMSE-optimal manner.

53 Cooperation in cellular networks

This paragraph focus on a variety of aspects of mobile networks adhering to a meticulous information
theoretic analysis. Specifically, in the research surveyed, a simple cellular model of the Wyner family is
studied and different fundamental aspects are analyzed. In these work, advanced multi-cell processing
techniques are addressed, and further on issues fundamental to mobile ad-hoc network, as user cooper-
ation, as well as finite backhaul capabilities of decoding node points are examined. Thus this gives the
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interpretation of a central-processing decoder connected to virtual sensing antennas via backhaul limited
links. The impact of fading is closely studied, and in the multi-cell decoding regime, it is demonstrated
that fading may have a beneficial impact providing in fact (nature based) user activity.

Further structures that account for DS-CDMA technique of a changing user environment are also
studied, where the advantages of multiuser detection (including successive interference cancellation) of
strongest users is in focus.

In [SSPS], multicell processing in the form of joint encoding for the downlink of a cellular system
is studied under the assumption that the base stations (BSs) are connected to a central processor (CP)
via finite-capacity links (finite-capacity backhaul). To obtain analytical insight into the impact of a finite
capacity backhaul on the downlink throughput, the investigation focuses on a simple linear cellular system
(as for a highway or a long avenue) based on the Wyner model.

Different transmission schemes are proposed that require varying degrees of knowledge regarding the
system codebooks at the BSs. Achievable rates are derived in closed-form and compared with an upper
bound. Performance is also evaluated in asymptotic regimes of interest (high backhaul capacity and high
SNR) and further corroborated by numerical results. The major finding of this work is that even in the
presence of oblivious BSs (that is, BSs with no information about the codebooks) multicell processing
is able to provide ideal performance with relatively small backhaul capacities, unless the application of
interest requires high data rate (i.e., high SNR) and the backhaul capacity is not allowed to increase with
the SNR. In these latter cases, some form of codebook information at the BSs becomes necessary.

Multi-user communication channels characterized by short-range intra-cell broadcasting (similar to
the Wyner model) have been studied through the theory of products of random matrices in [LZS09]. Here,
the authors study the fluctuations of the per-cell sum-rate capacity in the non-ergodic regime and provide
results of the type of central limit theorem (CLT) and large deviations (LD).

In [LSSZ09] the authors study the spectrum of certain large random Hermitian Jacobi matrices. These
matrices are known to describe certain communication setups. In particular they are interested in an uplink
cellular channel which models mobile users experiencing a soft-handoff situation under joint multicell
decoding. Considering rather general fading statistics , this research provide a closed form expression for
the per-cell sum-rate of this channel in high-SNR, when an intra-cell TDMA protocol is employed. Since
the matrices of interest are tridiagonal, their eigenvectors can be considered as sequences with second
order linear recurrence. Therefore, the problem is reduced to the study of the exponential growth of
products of two by two matrices.

For the case where K users are simultaneously active in each cell, in [LSSZ09] a series of lower and
upper bound on the high-SNR power offset of the per-cell sum-rate, which are considerably tighter than
previously known bounds, are obtained.

The problem of multi-user detection for randomly spread direct-sequence (DS) code-division multiple
access (CDMA) over flat fading channels is considered in [SSKL09]. The analysis focuses on the case
of many users, and large spreading sequences such that their ratio, which is the system load, is kept
fixed. Spectral efficiency of practical linear detectors such as matched filter and decorrelator employing
successive interference cancellation (SIC) at the receiver is derived. This is used to extend the notion
of strongest users detectors for SIC receivers. The strongest users detectors system design relies on an
outage approach where each user transmits in a single layer (fixed rate). This constraint is relaxed in
[SSKLO09], and the concept is combined with a broadcast approach, providing higher achievable rates.

54 Persistent Relay CSMA: A MAC Protocol for a Cooperative ARQ Scheme

The focus of this section is on the design and analysis of a MAC protocol that allows executing a Cooper-
ative Automatic Retransmission reQuest (C-ARQ) scheme in wireless networks. These schemes exploit
the broadcast nature of the wireless channel in the following manner; whenever a destination station re-
ceives a data packet with errors, it requests retransmissions from any of the stations which overheard the
original transmission and can act as spontaneous relays or helpers. Retransmissions from these relays
may allow for the exploitation of either space or time diversity and lead to higher throughput, extended
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coverage, or improved energy-efficiency. However, efficient Medium Access Control (MAC) protocols
are necessary to coordinate the access of the relays to the wireless channel. This is the main motivation
for the design of the Persistent Relay Carrier Sensing Multiple Access (PRCSMA) protocol detailed in
the following.

5.4.1 Protocol Description

The main goal of PRCSMA is to enable IEEE 802.11-based stations to execute a C-ARQ scheme. A
key constraint in the design of PRCSMA was to modify the legacy MAC rules as less as possible in
order to facilitate backwards compatibility. When using PRCSMA, all the stations must listen to every
ongoing transmission and keep a copy of any received data packet regardless of its destination address
until it is acknowledged by the intended destination. Whenever a data packet is received with errors at the
destination, a cooperation phase is initiated by broadcasting a Call for Cooperation (CFC) control packet
after sensing the channel idle for a SIFS period. Regular data transmissions in IEEE 802.11 are done after
a longer silence period (DIFS), and thus cooperation phases have priority over regular data traffic. The
CFC packet invites all the stations which overheard the original transmission to become active relays.
Those stations which become active relays execute the rules of the IEEE 802.11 MAC protocol with the
two following modifications: i) all the relays backoff before attempting to transmit for the first time in
order to avoid a certain collision, and ii) there is no expected ACK associated to each retransmission.

5.4.2 PRCSMA Analytical Model

In a C-ARQ scheme, any station should be able to assess the suitability of initiating a cooperative phase
before actually sending the CFC packet and involving more users (than the source and the destination
in a communication link. Therefore, it is necessary to develop models that allow estimating the average
delay associated to a C-ARQ scheme, defined as the expected duration of a whole packet transmission
time including the cooperation phase. Accordingly, an analytical model to evaluate the average packet
transmission delay when using PRCSMA is presented in this section. The model is valid for a saturated
IEEE 802.11 network.

The backoff counter of a PRCSMA station can be modeled using the embedded Markov Chain pre-
sented and analyzed by Wu et al. in [WPL"02]. A time-slotted system is considered where a total of
n stations are within the transmission range of each other. A slot is defined as the unit of time between
consecutive backoff counter decrements and it has a different duration depending on whether a slot is idle
or busy. The main assumption of the model is that the probability of having a collision when attempting
to transmit in a given time slot, p, is considered to be constant along time. Wy = CW,,;;, is the size of
the initial contention window (CW), m is the maximum backoff stage, and ' is the maximum number
of retransmission attempts before discarding a packet. It is worth noting that if m’ > m, then the backoff
window will remain at the maximum stage (m) for the last m’ — m transmission attempts. Therefore, the
probability that one station attempts to transmit in a given slot, denoted by 7, is derived in [WPL*02] as

1— m+1
T= Lbo.()v (82)
1-p ’
where,
2(1-2p)(1-p) /
boo—= 4 Woll=2p)m(1-p)+A , M < m &3
0.0 2(1-2p)(1-p) mem

Wo(1—(2p))" 0 (1—p)+A+B

and A = (1—2p)(1— p™*"') and B =Wy2" p™ (1 —2p)(1 — p”~™). Therefore, the probability of col-
lision p in a given slot is equal to
p=1-(1-1)"L (84)
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The probability that at least one of the n stations attempts to transmit in a given slot, £, can be

expressed as
Pr=1—-(1-1)", (85)

and the probability of having a successful slot given that a station transmits, py, is given by

nt(l—r1)"!
= 7 86
Ps B (86)
Finally, the probabilities of having an idle (P;), successful (P;) or collided (P,) slot can be then written

as
P=1-P,

Py=P, ps=nt(l—1)"" 1 (87)
P :Ptr(l _ps)-

Using these expressions, the average packet transmission delay is analyzed as follows.

The average packet transmission delay in the context of PRCSMA is defined as the average duration
of the first failed transmission plus the average time required to completing a successful cooperation phase
given that a number of K retransmissions are required to properly decode a packet received with errors at
destination. This average delay is denoted by E[Tcpop| and can be calculated as

E{TCOOP} - Tmin + E[Tcont]- (88)

Tin 1s the minimum delay achievable in the case of attaining a perfect scheduling among all the
active relays, i.e. avoiding contention. However, the perfect scheduling among the relays is not feasible
unless perfect a priori knowledge of the relays is available and some deterministic scheduling can be run.
Otherwise, the unavoidable contention among the relays may lead to silence periods and collisions that
will increase the average packet transmission delay. The term E[T,,,,] denotes the expected delay caused
by the contention among the relays when accessing to the channel.

T,nin can be computed as

Tonin = To + Tere + KTpr + Tack + 4Tsrs. (89)

Ty is the duration of the first transmission from the source station to the intended destination station.
Terc and Tyck are, respectively, the transmission time of the CFC and the ACK packets. Tpg is the time
required to retransmit a single packet considering that all the relay stations transmit their cooperative
packets at a same common transmission rate. This value depends on whether the basic access mechanism
or the collision avoidance handshake RTS/CTS is executed by the relays, and it is equal to Tpg|pasic Or
Tpricorav respectively, and calculated as

Tpriasic = Tpirs + Tpara +Tsirs, (90)
Tpricorav = Tpirs + Trrs + Tsips + Ters + Tsirs + Tpara +Tsirs-

Tpirs and Tg;ps are the duration of DIFS and SIFS silence periods, respectively, and Tgrs and Ters
are the transmission times of a RTS and CTS packets. Tpara is the duration of the transmission of a data
packet (using the maximum available transmission rate between the relays and the destination).

On the other hand, and within the context of IEEE 802.11 (and thus of PRCSMA), the contention time
of a packet is independent of the contention time of any other packet, and thus E[T,,,| can be calculated
as

E[Tcont] :KE[TLL (91)

with E[T;] the average contention time required to successfully retransmit a single packet. The average
time elapsed between successful transmissions can be decomposed in a number of idle and collided slots
with different durations. This term can be derived as follows. Recall that a successful transmission is

Reference NEWCOM++_WPWR.6_UCL_001_001_EXT_Report-6-2
59/69



216715 NEWCOM** Deliverable Number: DR6.2

carried out in a given slot with a probability P;. Therefore, the average number of slots before having a
successful transmission is denoted by E[X] and it can be calculated as

oo

EX]=Y (k+1)(1-P)*P =P
k=0

) (l—Ps)k“] = (92)

aPs k=0 PS

According to this, the average number of non-successful slots before having a successful transmission
is equal to E[X] — 1. Therefore, the total contention time will be equal to

E[T.] = (E[X] — 1) E[T], 93)

where E[T,,] is the average duration of a slot given that the slot is not successful. A slot is not successful
if it is idle or collided. As previously discussed, a given slot will be idle with probability 7, and its
duration will be equal to the basic slot time, denoted by ¢. On the other hand, a given slot will suffer a
collision among stations with probability P.. As for the case of the duration of a successful transmission
expressed in (90), the duration of a collision depends on whether collision avoidance is used or not, and
is given in (94) as

Teo1asic = Tpirs + Tpara + Tsirs, (94)

Teoicorav = Tpirs + Trrs + Tsips + Ters_TiMEOUT -

The term Ters rimeouT 1S the duration of the CTS time-out period after with a collision is considered
to have occurred if no CTS packet is received by the station transmitting the corresponding RTS.
Applying Bayes’ theorem, the average duration of any slot given that the slot is either idle or collided

can be expressed as
E[T,) = ‘o4 | Teoutisi (95)
nss 1 Ps 1 PS collision-

Finally, the average total contention time can be expressed as

1 P; P
E Tcon =K|—-1 T Tco ision | -
ol =K (1) [ (725 o+ (7257, o] o

It is worth recalling that probabilities P;, P., and P;, calculated with (87), depend on the number of
active relays n, the size of the initial backoff window W, the maximum backoff stage m, and the maximum
number of transmission attempts before discarding a packet m’.

5.4.3 Model Validation

The aim of this section is to validate the accuracy of the model presented in the previous section through
computer simulations. To this end, a C++ simulator has been implemented to simulate a network formed
by a total of n stations, all of them within the transmission range of each other. We assume that all the
stations always have a data packet ready to be transmitted. Note that under these saturated conditions all
the stations will always have a non-zero value of the backoff counter unless they are actually transmitting.
The configuration parameters of the stations in the network are summarized in Table I and they have been
set in accordance to the PHY layer of the Standard IEEE 802.11g [IEE].

Table 1: System Parameters
Parameter Value Parameter Value
MAC header | 34 bytes | DATA packets | 1500 bytes
PHY header | 96 us | SlotTime, SIFS 10 us
ACK, CFC | 14 bytes DIFS 50 us
RTS 20 bytes CTS 14 bytes
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Figure 27: Average Packet Transmission Delay
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In order to evaluate the impact of the transmission rates on the performance of the PRCSMA, the size
of the initial CW has been set to 32 and the number of active relays (stations contending for the channel) in
each cooperation phase has been set to 10. All the relay stations use the basic access method of PRCSMA
(IEEE 802.11) to get access to the channel. The average packet transmission delay is illustrated in Figure
27 as a function of K and for different sets of transmission rates (the numbers separated by a dash in the
legend of the plot indicate the data transmission rate from the source and the relays, respectively). First,
it should be emphasized the almost perfect match between the analytical model and the simulations. As it
could be expected, the ratio between the transmission rate from the source and from the relays determines
how efficient the C-ARQ is in comparison to the traditional non-cooperative ARQ approach, where the
retransmissions are only requested from the source at the best available transmission rate between the
source and the intended destination station and without contention between consecutive retransmissions.

5.5 Ongoing research

Future work in this area will concern various topics; among these we mention the problem of node
organization in multi source-destination and multihop ad hoc networks. In these scenarios research efforts
will mainly devoted to the development of protocols able to set up efficiently, opportunistically and in a
fully distributed way proper topologies for exploiting specific cooperative communication schemes.
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