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I. S YNOPSIS
The technological foundation of fourth generation (4G)
cellular systems was outlined in the Long Term Evolution
Advanced (LTE-A) standards which enable communication
rates of 100 Megabits per second for mobile communications
and 1 Gigabit per second for nomadic ones. In LTE-A the
deployment of wireless intermediate communication-assisting
nodes, known as relays, was standardized for the first time.
Under ideal conditions it has been envisioned that the deployment of relays will enhance the network coverage and will
enable reliable communication at the cell periphery. Despite
the envisioned gains of LTE-A based systems, practical field
tests indicate that slight deviations from the ideal conditions
can result in significant loss in achievable rates and service
coverage.
We identify relaying as one of the most effective and
enabling components of the LTE-A standard. However, this
standard suffers from a major weakness that results from the
assumptions that the relaying nodes are static, their locations
are known and their number is fixed. While these assumptions
facilitate the design of the cellular system, they limit the scope
of relay usability. As an alternative, we consider a cellular
system in which the wireless terminals (WTs), in addition to
transmitting their own signals, act as relays to assist other
WTs. In such a system the number of relays scales with the
number of WTs offering the system designer significantly
more degrees of freedom. However, using WTs as relays
presents a number of challenges, including: the mobility of
the relaying WTs, the incidental manner in which the relays
access the network, the resource blocks (RBs) to which each
relay is entitled, the relaying mechanism used by each relay,
and the way in which the power is allocated across frequency
bands.

Acronyms
For brevity, the following acronyms will be used throughout: Additive white Gaussian channel (AWGN), amplifyand-forward (AF), base-station (BS), channel quality indicator (CQI), channel state information (CSI), co-channel interference (CCI), compress-and-forward (CF), decode-andforward (DF), frequency hopping (FH), iterative waterfilling (IWF), joint scheduling and routing (JSR), Long
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Term Evolution-Advanced (LTE-A), multiple-input multipleoutput (MIMO), orthogonal frequency division multiple access (OFDMA), quadrature amplitude modulation (QAM),
quality-of-service (QoS), resource block (RB), wireless terminal (WT), x-th Generation (xG).
II. BACKGROUND
The steep rise in the number of WT users worldwide
has been increasing over the past decade. This is essentially
due to the involvement of electronic and mobile commercial
activities, multimedia streaming and security applications,
which place pressing demands on the data rates and coverage
requirements of wireless networks. In order to meet the
rising demands, the LTE-A standards, laid out for 4G cellular
networks, have considered the deployment of fixed relays
to assist the communication between source and destination
nodes. Despite the envisioned advantages of relay deployment,
field tests of LTE-A based systems indicated that the actual
rates and coverage capabilities of these systems are well below
the prospective ones. It is suspected that the main cause of
these deficiencies is the limited number of fixed relays that
can be deployed in practice and the difficulty of optimizing
their locations [12].
To mitigate the difficulties encountered by systems based on
LTE-A standards, communication resources must be procured
at a rate that scales with the rising demands. One approach
to do that is to enable the WTs to act as relays, thereby
providing a means for increasing the data rates and improving
the coverage of future wireless networks. In contrast with the
fixed relays proposed in LTE-A, terminal relays are typically
battery operated with limited processing and transmission
capabilities [12]. The location of relaying terminals cannot be
controlled; they may be non-uniformly distributed and may
access the network in an incidental fashion [7]. Furthermore,
relaying WTs may operate under different premises regarding
the number of available transmit and receive antennas and
available CSI. Hence, the goal is to address the different
aspects of terminal relaying, to provide practical solutions and
useful insights into its potentials and limitations.
III. E MERGING RESEARCH DIRECTIONS
A. Direction 1: Generalization relaying with advanced signal
processing
In order for a relay-assisted wireless communication network to achieve high data throughputs, the relaying mechanism ought to be adapted to the underlying channel conditions.
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For instance, for degraded channels in which the channel
between the source and the relay is less noisy than the
channel between the source and the destination, DF is the
optimal relaying mechanism. In this mechanism, the relay
decodes the signals received in each data block and transmits
an assisting signal to enable the destination to unravel the
uncertainty about the signal transmitted by the source in the
previous block [1]. For general non-degraded channels, the
DF mechanism can be highly suboptimal [3]. In fact, it was
shown in [3] that in some cases simple AF relaying in which
the relay transmits a linearly-processed version of its received
signals can outperform sophisticated DF techniques.
In addition to maximizing the network throughput, when
a sufficient number of relays is available, these relays can
improve the QoS of the WTs and extend the coverage of the
BSs. Using the WTs as relays provides a number of relays
that scales with the demand. However, it introduces several
design challenges. For instance, the optimal relaying strategy
of each terminal may differ over time depending on the
channel conditions. Furthermore, the modulation scheme, the
data rate and the power allocated to each relaying terminal will
also have to be adapted to the channel conditions. In particular,
using a particular strategy at each relay terminal can be highly
suboptimal, not only from a network throughput perspective,
but also from computational and practical perspectives. For
instance, DF imposes a stringent constraint on the relay to
completely decode its received signals, CF relaying invokes
a high computational complexity, and AF relaying does not
distinguish between desired and noise components of the
received signals.
In comparison with AF and DF, CF is more flexible and can
be tailored to various channel conditions. In particular, in CF,
the relay sends a compressed channel-dependent description
of the received signal to the destination [1]. The flexibility
of the CF relaying strategy can be enhanced by performing
signal processing on the compressed description. For instance,
by processing a compressed description of the received signal,
the relay might be able to reduce the noise component in the
signal it forwards to the destination, and hence alleviates the
main drawback of AF relaying. Possible contributions in this
direction are outlined in the following points.
• Generalization of DF-CF relaying schemes: Although this
generalization was initially proposed in [1], its applicability and usefulness have not been explored. The study
will be intended to analyze the impact of the correlation
and power allocation among different signals at the source
and relay. Our current study shows that there are operation
regions in which the generalization outperforms both DF
and CF. This occurs when the relay-destination link is
better than the source-relay and the source-destination
links; a typical scenario in terminal relaying.
• Design of CF quantization codebooks: The performance
of the CF relaying scheme in practice hinges on the
structure of the quantization codebook. To explore the
gains that can be extracted from CF relaying, one can
study the design and performance of three classes of
codebooks, viz., codebooks that minimizing the distortion
between relay received signal and quantization output,
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codebooks that maximize the mutual information between
source and relay output signals, and codebooks that
directly maximize the the mutual information between
source and destination signals.
Joint optimization of input covariance and relay precoder:
Our preliminary results suggest that preprocessing of
the source and relay transmitted signals can have a
fundamental impact on the achievable rate of AF-based
relaying systems. Hence, one approach is to develop
efficient methodologies for designing the input covariance
at the source and the precoder at the relay. The joint
design of these modules will rely on a branch-and-bound
approach in which the Karush-Kuhn-Tucker optimality
conditions will be used to decompose the feasible set
into non-overlapping regions. For each region, efficient
algorithms will be developed for obtaining jointly optimal
covariance-precoder pairs.

B. Direction II: Distributed power allocation in relay networks
In emerging cognitive radio communication systems multiple transmitter-receiver pairs share a common spectrum of
several orthogonal narrowband tones. Each WT has a certain
power budget and is interested in maximizing its own throughput. Treating the interference caused by other WTs as additive
noise, each WT updates its power allocation across tones in
order to maximize its throughput. However, by updating its
power allocation the interference pattern observed by other
WTs in the network change, which causes the WTs to update
their power allocations accordingly.
For scalar Gaussian channels, the IWF algorithm [19]
can be autonomously applied by the WTs to allocate their
powers in a way that maximizes their instantaneous capacities.
In IWF, each WT distributes its power across tones such
that the sum of the power it allocates to any tone and the
noise-plus-interference (NI) level on this tone is a constant,
typically referred to as the water-level. Convergence analysis
for this algorithm were developed for synchronous scalar [9]
and asynchronous MIMO [13] systems. The case in which a
malicious jammer attempts to reduce the system utility was
studied in [4] and the case in which the NI levels available at
the transmitters are inaccurate was studied in [5]. Surprisingly,
it was shown in [5] that uncertainty about the NI levels can
lead the wireless terminals to behave in a less selfish manner
and to collaborate unintentionally to increase the network
throughput.
Consider the case in which a terminal relay cooperates with
a particular WT pair, but competes with the other WTs in
the system. After estimating the NI levels on each tone, the
WTs and the relays can update their power allocations in order
to maximize their individual throughputs. To apply the IWF
philosophy to terminal relay networks, the following routes
can be investigated:
• Distributed power allocation algorithm: In IWF, the power
allocation scheme that maximizes the instantaneous capacity of each wireless terminal pair is a generalized
version of the standard water-filling algorithm [2]. For
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relay-assisted networks, one can develop a distributed
power allocation strategy that maximizes its achievable
rate. Such a strategy will also determine the role of
each relay terminal on each tone. For example, the relay
terminal may use a DF relaying strategy on some tones
and an AF strategy on other tones.
Game theoretic analysis: In practical communications, it
is desirable for iterative algorithms to converge because
after convergence, the WTs do not need to feed back
the instantaneous NI levels and the relays and sources
do not need to change their modulation schemes and rate
allocations. To analyze the convergence of the prospective
power allocation scheme, the competition between the
terminal-assisted WT pairs can be modelled as a noncooperative game wherein each terminal-assisted WT pair
represents a player with a power-dependent set of feasible
strategies. This representation will be used to derive
bounds on the error norms in subsequent iterations of the
algorithm. By assessing the evolution of the bounds, one
can derive conditions under which the power allocation
game has a unique Nash equilibrium to which the relayassisted WTs are guaranteed to converge.
Generalization to asynchronous operation and MIMO
relay networks: The assumption that the WTs operate
in a synchronous fashion simplifies the analysis, but
is not realistic for future open-spectrum communication
systems. Hence, it is interesting to extend prospective
power-allocation algorithms to the case in which the
WTs operate asynchronously. This algorithm can also be
extended to the case in which the sources, relays and
destinations have multiple antennas [13], [18].

C. Direction III: Autonomous medium access control
In terminal relaying systems the channels undergo rapid
variations and the number of relays is large, which renders
conventional RB assignment strategies [10], [6] cumbersome
an inefficient. Hence, a more practical approach for terminal
relaying is to autonomously assign the RBs to the WTs in the
systems.
Most of the existing RB assignment techniques are extensible to relay-assisted communication scenarios. For instance,
for OFDMA-based systems with fixed relays, the network
throughput can be improved by using a static RB assignment
technique known as Fractional Frequency Reuse [17]. Being
static, this technique is not suitable for terminal relaying
schemes in which the number and location of relaying terminals and the distribution of the wireless terminals vary with
time. A more flexible RB assignment scheme is proposed
in [6]. When this scheme is applied in relay-assisted networks, each relay chooses its initial assignments randomly
and independently of other relays. Based on the CQIs of
the wireless channel, the assignments are updated, either
in a centralized or a distributed manner. In the absence of
centralized coordination and CQIs, this strategy may result in
undesirable instances at which one RB is used by many WTs
while other RBs are not used. Such instances result in high,
yet avoidable, intra-cell interference.

To address the RB assignment problem in OFDMA-based
cellular systems with terminal relays, one can develop schemes
that enable intra-cell interference to be minimized by reducing
the number of hit occurrences; that is, occurrences at which
an RB is assigned to multiple WTs. To suit terminal relaying applications, the developed schemes must be not only
autonomous, but also computationally efficient with favourable
spectral characteristics. Instead of deterministically partitioning the available RBs among the relays, the RBs must be
assigned in an evolutionary fashion. In particular, each relay
will be entitled to use as many RBs as needed; a feature that
enables the relays to efficiently adapt to bursty traffic and
nonuniform WT distributions without coordination. To develop
the prospective algorithms, one can consider the following
research directions:
• Generation of assignment patterns: In the absence of CQIs
at the relays, good RB assignments should minimize the
number of hit occurrences; that is, the occurrences at
which one RB is assigned to multiple WTs when other
RBs are not used. To generate such patterns, the set of
available RBs can be endowed with a group structure that
facilitates the parametrization of assignment sequences.
If the group possesses a cyclic structure, one can be able
to obtain optimal group-based assignment sequences by
examining the group generators only.
• Hit source identification and avoidance: Suppose that
each relay adopts an RB assignment pattern and that the
relays are able to detect hits occurrences. In this case,
if the relays are able to determine the relay with which
a hit has occurred, they will be able to assign RBs to
incoming WTs in a way that avoids future hits. The first
step is hence for the relays to identify the hit sources. This
can be done if the relays have access to the assignment
sequences of other relays. It may be possible to design the
assignment patterns, not only to minimize hit occurrences,
but also to facilitate the identification of hit sources.
• Directly and indirectly identifiable hit sources: Upon
successful completion of the previous two research directions, one can consider problems related to incorporating
fading in the hit source identification and avoidance
schemes. In particular, one can consider situations that
arise when some hits cannot be detected due to fading
and the impact of these occurrences on the identification
of the hit sources and subsequent resource assignment.
D. Direction IV: Joint routing and scheduling for terminal
relay networks
For a wireless cellular network to concurrently meet several
design objectives, the scheduling of the transmissions of
the WTs must ensure optimal exploitation of the channel
conditions. For instance, channel-opportunistic schedulers that
maximize the network throughput have been proposed in [15].
However, this class of schedulers does not ensure a minimum
QoS for WTs with poor channel conditions; e.g., cell-edge
WTs. To alleviate this drawback, scheduling techniques that
account for fairness among the WTs have been developed [14].
Since both throughput and fairness are desirable objectives,
they can be traded off to meet various WT requirements.
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In addition to scheduling, the performance and coverage of
cellular networks can be further improved by using relays;
using relays it is possible to achieve spectrally efficient communication between source-destination pairs that are otherwise
virtually disconnected. Despite the potential benefits of relays,
their introduction in the wireless network gives rise to routing
design challenges. For instance, for proper exploitation of
available relays, an appropriate set of relays must be selected
to serve each source-destination pair and an appropriate set of
source-destination pairs must be selected to be served by each
relay. Such selection problems can be formulated as NP-hard
integer optimization problems. Preliminary results addressing
these challenges appeared for particular relay-assisted network
configurations in [16], [8].
To complement recent work in this area [11] in which
only a few relays with fixed locations are available, one
can investigate the design of JSR algorithms for wireless
communication systems with terminal relays. Due to their
mobility, their large number and the incidental manner in
which they access the system, terminal relays present several
fundamental challenges to the network design problem. The
following set of challenges are of interest.
•

•

•

Autonomous distributed JSR: In fixed-relay networks,
the BS can acquire CSI from all nodes and hence,
can make centralized decisions for JSR optimization.
In terminal relay networks, the number of nodes is
large, which renders providing the BS with CSI cumbersome and impractical. To address this difficulty, one
can design distributed JSR schemes that maximize the
network throughput without requiring feedback from the
nodes. The prospective schemes will be based on efficient
combinatoric optimization formulations, and relaxed and
randomized versions thereof.
Collaboration-based distributed JSR: For wireless networks with a moderate number of relays, the relays may
be able to exchange a small number of bits with neighbouring nodes. To determine which information should
be communicated, one can examine the Lagrange dual
of the jointly optimal design of centralized scheduling
and routing. It is anticipated that the coupling of the
centralized design can be captured by the Lagrangian dual
variables, which can be exchanged to achieve a closeto-optimal performance. one can also study the tradeoff between the proposed autonomous and collaborationbased JSR approaches.
Fairness-aware JSR: Fairness is a crucial aspect that
must be considered in the joint design of scheduling and
routing algorithms. In systems with fixed relays, global
fairness can be approached using centralized techniques.
However, in systems with terminal relays approaching
global fairness is not feasible because nodes can only
communicate with immediate neighbours; cf. the previous
item. In this case, local fairness becomes a more appropriate design objective, which can be captured by maximizing the harmonic mean rate of each wireless terminal. The
appropriate parameters to be exchanged between nodes
can be determined using dualization techniques.

IV. C ONCLUDING REMARKS
Cooperative communication is an emerging technology in
wireless communications. Exploiting the typical availability
of a large number of unused mobile terminals, the research
directions proposed will make key contributions to finding
desirable cooperation schemes between relaying terminals.
These directions are in line with the tremendous efforts in
the research community around the world to pave the road for
future machine cooperation and communication.
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