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Abstract—In Cooperative Automatic Repeat reQuest (C-ARQ)
protocols, one or more nodes can act as relays, collaborating
in the frame retransmission process between a sender and a
destination node. In the framework of a broadband mobile
access network, we consider a relay enhanced cell where the
sender represents the base station, and an undefined number
of relays can cooperate with a single user (destination). In this
paper we present a Markov model complemented with a reward
model to analyze the throughput performance and the efficiency
in the bandwidth utilization at the base station, highlighting
a clear tradeoff between them. Both performance metrics are
balanced by means of a multi-objective optimization algorithm
resulting in a retransmission strategy for the access node that
notably improves the bandwidth efficiency while maintaining
the throughput very close to its maximum. The benefits of the
proposed approach are evaluated in two scenarios. In the first
one, the relays are part of the network infrastructure. In the
second one, the relays are cooperative users.

I. I NTRODUCTION
The use of cooperative relays in future mobile access
networks is considered a promising approach to enable the
deployment of 4G technology [1] [2] [3]. Additionally, in
cooperative diversity environments, Cooperative Automatic
Repeat reQuest (C-ARQ) protocols are receiving increasing
attention. In this paper we study a C-ARQ system in a timeslotted radio interface, where signals from different nodes do
not collide, the frame sending process follows a stop and
wait operation and ACKs arrive without errors. This scenario
is similar to previous works [4] [5] [6]. We investigate the
performance in two different scenarios: first, a relay enhanced
cell [7] where the relays are part of the network infrastructure.
Second, a situation where some users join into a collaborative
group and form a cluster.
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Our model includes the concept of cooperation group [4],
which consists of a certain number, N, of relays (R) assisting
one communication link between a sender (S) and a destination
(R), as depicted in Fig. 1. This figure shows the probability of
incorrect frame reception, or frame error ratio (FER), in the
direct link (pSD ), in the relay links (pSR ) and in the access
links (pRD ). The innovative aspects of our model are: First,
we consider that retransmissions from a relay can be overheard
by other relays, which contributes to increase the number of
relays with a correct copy of the frame in subsequent timeslots. The FER among relays is pRR . Second, each relay with
a copy of the frame retransmits it with certain probability (pR ).
Third, the sender also retransmits with certain probability, pS .
The probabilistic retransmission strategy is the base of our
proposal. This paper shows that, by an accurate setting of
pS , considering the FER of the links and the number of
relays, it is possible to increase the availability of bandwidth
resources at the base station, while achieving a throughput
very close to the deterministic strategy (pS = 1). Thereby, in
a time-slot not assigned to retransmission, the radio resources
allocated to the link between the sender node and the receiver
node are released. The sender can re-allocate these resources
temporarily to other links, introducing new data in the network,
resulting in a more efficient use of the available bandwidth. In
many existing and future radio access networks this is possible
because resource allocation is done in a slot-by-slot basis. Two
examples of this are the High Speed Downlink Packet Access
(HSDPA) [8] and the WINNER 4G concept [7]
Probabilistic retransmission has been previously considered
in a recent work [9] as a strategy to balance cooperation
and collision probability in order to achieve smaller latencies,
while our work is focused in collision-free networks, which
is the most usual case for cellular access environments. Other
works like [4], [5] and [6] consider a deterministic retransmission scheme at the source node. In contrast to these previous
works, we address the issue of increasing the bandwidth efficiency by reducing the amount of retransmissions performed at
the base station, showing the tradeoff between this goal and the
user throughput, in a single-destination scenario. We develop
a Markov-reward model of the system and combine it with a
multi-objective optimization strategy to balance both performance metrics. Numerical results obtained in very different
scenarios show that a remarkable retransmission rate reduction
can be obtained with an almost negligible decay of the user
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Discrete Time Markov Chain modeling the operation of the system

throughput, in a single-destination scenario. When considering
multiple destinations, the transmission opportunities released
by the retransmission rate reduction at the base station can
be assigned to the transmission of new frames, increasing the
overall throughput of the cell, which is the ultimate goal of
our proposal.
The rest of the paper is organized as follows. The Markov
model of the system is summarized in Section II. This model is
used in Section III to compute the performance metrics of the
system. Section IV presents the strategy to balance throughput
and retransmission rate at the base station. Numerical results
are discussed in Section V. Finally, Section VI outlines the
conclusions of this work.
II. S YSTEM M ODEL
The analysis relies on a Discrete Time Markov Chain
(DTMC), in which the state of the system is denoted by the
number of relays that have correctly decoded the frame. An
additional state is added, which represents the reception of
the frame at D. Therefore, the state space of a system with
N relays is Ω = {0, 1, . . . , N, N + 1}, where N + 1 is the
state representing a correct frame decoding at D. Because this
event implies a new frame transmission from S, there may
be a transition from state N + 1 to any other state. However,
because it is assumed that relays do not discard their copy
of the frame during the retransmission process, the transitions
among other states (i → j) can only occur if i ≤ j.
A diagram of the DTMC model for the system is shown
in Fig. 2. In order to compute the transition probabilities,
the following events are defined: frame reception at D (D),
frame retransmission from S (S), frame retransmission from
any relay (L), and their corresponding complementary events
(D, S, L). In addition, let An denote the reception of the frame
at n additional relays, i.e. at n relays that have not received
the frame in previous time-slots. Transition probabilities can
be defined in terms of these events and their computation
imply probabilistic and combinatorial analysis. Let us consider
first the probability of a generic transition i → j, where
N + 1 > j > i > 0. This probability is given by:
pi,j = P {S ∧ L ∧ Aj−i ∧ D}
+P {S ∧ L ∧ Aj−i ∧ D} + P {S ∧ L ∧ Aj−i ∧ D}

(1)

where the first term is obtained from the probabilities of the

(3)
and the third term is obtained from (3) by replacing the
term pS with (1 − pS ) and the term pSR with 1:
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Considering the probability of the transition i → i, where
N + 1 > i > 0, it can be checked that it is given by:
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The transition probability pi,N +1 , with 0 < i < N + 1 is
expressed as:
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where the computation of P {S ∧ D}, P {S} and P {S ∧ D}
is straightforward, and the last term is given by:
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The transition probabilities from state 0 are obtained with the
following expressions:
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where j < N + 1. Finally, transition probabilities from state
N + 1 are: pN +1,0 = pN
SR pSD , pN +1,N +1 = 1 − pSD and,

when the next state is j, such that 0 < j < N +1, the transition
probability is:
µ ¶
N
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j
Keeping in mind that pi,j = 0 if N +1 > i > j (see Fig. 2),
we obtain the following DTMC transition matrix:
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III. P ERFORMANCE A NALYSIS
Let π = {π0 , π1 , . . . , πN +1 } be the steady-state distribution
of the DTMC, where πi is the steady-state probability of state
i ∈ Ω. π is obtained by solving the following system of linear
equations:
π = πP
X
(10)
πi = 1
i∈Ω

where P is given by (9). Solving (10) for π we obtain the
following solution:
πi = αi πN +1
(11)
where, obviously αN +1 = 1. The value of αi is given by the
following recursive equation:
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The throughput is defined as the average number of frames
successfully received in the destination node per time-slot.
According to the model, the throughput is the average number
of time-slots that the DTMC spends in state N + 1.
The retransmission rate is defined as the number of retransmissions from the source, normalized by the total number of
time-slots. This measurement reflects the amount of resources
allocated to retransmissions. In order to compute the retransmission rate, a reward model is constructed. This approach
has been previously applied to the analysis of ARQ protocols.
See [10] for a description of this technique.
Considering a generic transition i → j, let Rij denote the
average number of retransmissions from S associated to this
transition (associated reward). Analytically it is expressed as
Rij = P {S|i → j}. The retransmission rate associated to a
reference state, i, is computed with the following expression:
X
Ri =
pij Rij .
(14)
j∈Ω

Applying the law of total probability, the resulting rates are
Ri = pS for i < N +1, and RN +1 = 0, because the transitions
N + 1 → j for j ∈ Ω always involve the transmission
of a new frame, which obviously can not be considered as
a retransmission. The average retransmission rate (R) at the
sender is given by a weighted sum of the rates in (14), where
the weighting factors are the steady state probabilities of the
Markov chain:
X
R=
πi R i .
(15)
i∈Ω

Because we focus on finding the optimal pS , we use, for convenience, the following notation: The steady state distribution
of the system is denoted by π(pS ). Then, the throughput is
given by T (pS ) = πN +1 (pS ). It is obvious that, for any given
set of values {pSD , pSR , pRD , pN }, the maximum throughput
is achieved when the source retransmits in every time-slot until
an ACK reception (pS = 1). Thus, we define the maximum
throughput as TM = T (1). TM is taken as a reference to
evaluate different values of pS . Similarly, we can express R
in terms of pS as R(pS ) = pS (1 − πN +1 (pS )). Therefore, the
retransmission rate associated with TM is RM = R(1).
IV. BALANCING T HROUGHPUT AND BANDWIDTH
E FFICIENCY
There exists a clear tradeoff between the two performance
measurements derived in previous section. The maximum
throughput, TM , is achieved by setting pS = 1. However,
this can lead to a high retransmission rate, especially if the
direct link is highly degraded. On the other hand, if pS = 0,
then the retransmission rate reduces to 0. In order to find an
optimum balance of both objectives, we use an approach based
on a multi-objective optimization technique, known as global
criterion method [11]. This method consists of minimizing a
global criterion function, defined as:
µ
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where n is the number of objective functions, fk (pS ) are
the objective functions, Ok are the optimum values for each
objective function and αk are the factors weighting the relative
importance assigned to each objective. In the system analyzed,
we are balancing two objectives. First, it is desirable that the
throughput approaches the maximum throughput as much as
possible, i.e. f1 (ps ) = T (ps ) and O1 = TM . Second, it is
also desirable to reduce the retransmission rate of S, therefore
f2 (ps ) = R(ps ) + C, and O2 = C, where C is an auxiliary
non-zero real number required to avoid a division by 0 in
the global objective. In our model we choose C = 1 because
the relative importance of R(pS ) approaching to 0 is already
controlled by α2 . Applying these definitions in (16) we obtain:
¶2
µ
TM − T (pS )
(17)
+ α2 R(pS )2 .
G(pS ) = α1
TM
Let p∗S denote the solution to the multi-objective optimization
problem. Because p∗S is a probability, we must consider the

constraint 0 ≤ pS ≤ 1. Therefore we have:
= arg min{G(pS )}.
0≤pS ≤1
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Let TO = T (p∗S ) be the optimum throughput in terms
of the multi-objective optimization problem. Similarly, let
RO = R(p∗S ) denote the optimum retransmission rate. In
the following section we compare TO and RO with TM and
RM in several scenarios. Because our objective is to improve
the bandwidth efficiency with the less possible impact on the
throughput, the weighting factors chosen are α1 = 1 and
α2 = 0.2. The following section shows that this configuration
is adequate in the two scenarios under study and discusses the
effects of modifying these factors.
V. N UMERICAL R ESULTS
The numerical results in this section show the impact of the
environmental parameters on the global performance of the
system. We consider two scenarios. The first one represents a
relay enhanced cell, where the relays are part of the network
infrastructure. In the second one, the relays are cooperative
users. In both scenarios, we compare the performance of
the deterministic C-ARQ configuration (pS = 1) with the
optimized one (pS = p∗S ).
A. Infrastructure Relays
Because in this scenario relays are part of the network
infrastructure, it is realistic to assume that they have been
deployed to have a relatively good relay link (pSR = 0.2).
Another realistic assumption is that these relays always cooperate in the retransmission process (pR = 1.0) and that the
user whose communication is assisted by the relay cooperation
group has a degraded direct link (pSD = 0.5) and a good
access link (pRD = 0.1). Otherwise, C-ARQ might not be
especially helpful. It is also assumed that the links among
the relays of a cooperation group have good propagation
conditions (pRR = 0.1).
Fig. 3 shows the performance metrics using the deterministic policy (TM and RM ), and using the optimized policy (TO
and RO ) versus the number of relays. As expected, as the
number of relays increases, the optimized algorithm assigns
a smaller retransmission probability to the sender (see Fig.
4). It is remarkable that this strategy has an almost negligible
impact on the throughput, given that TO remains very close to
TM . It can be seen in Fig. 3 that, when N is larger than 6, the
source retransmits with a probability very close to 0, which
means that the sender virtually delegates all the retransmission
process to the relay cooperation group.
B. Cooperative Users Acting as Relays
Because the relay cooperation group is formed by users that
are close to each other, it is reasonable to assume that their
distances to the base station are very similar. Thus, considering
relatively degraded channel conditions in their links with the
base station, we set pSD = pSR = 0.4. In contrast, the distance
among them should be small, pRD = pRR = 0.05. Users are
not necessarily devoted to cooperation, therefore we consider a
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p∗S vs. N in a relay enhanced cell scenario.

much lower willingness to cooperate than in previous scenario
(pR = 0.2). Fig. 5 shows the performance figures versus the
number of cooperative users. The value of p∗S for the optimized
strategy is shown in Fig. 6.
The optimum strategy is also useful to reduce the retransmission rate at the base station. However, in contrast to
previous scenario, more relay nodes are required to obtain
the maximum throughput with the optimized strategy. As the
number of cooperative users increases, TO gets closer to TM
and pS decays (see Fig. 6), which obviously reduces RO even
more. It was checked that, as the value of the weighting factor
α2 in (17) is reduced, TO gets closer to TM in all values of
N . At the same time, RO also increases, which reveals that,
in this scenario, retransmissions from S have more impact on
the throughput.
VI. C ONCLUSIONS
This paper analyzes the performance of a C-ARQ protocol comprising a cooperation group of relays. The system
is modeled by means of a Markov-reward model for the
computation of the throughput and the retransmission rate.
There exists a clear tradeoff between these two metrics. We
propose a multi-objective optimization strategy to compute a
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whenever they have available data.
Because the optimization algorithm runs in the sender node,
S must be informed of the (average) propagation conditions
of each channel, which is very usual in mobile networks.
Moreover, it is especially important for the base station to
know both the number of relays in the cooperation group
and their willingness to cooperate. These two factors have
shown a great influence in the value of p∗S and in the overall
performance of the system.
The research activity in relay-based broadband wireless networks is currently very active and in consequence many issues
are still open. The ideas developed in this paper open new
research lines that require further investigation to consolidate
and generalize these initial findings. For example, what is
the impact of frame discarding at the relay nodes (Truncated
C-ARQ)? Is the protocol also suitable in radio interfaces
where collisions can occur? Some related contributions in
these scenarios can be found in [12] and [9].
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retransmission probability at the source that balances these two
objectives. The system is evaluated in two different scenarios.
The first one corresponds to a situations where relays are
part of the network infrastructure (relay enhanced cell), and
therefore relays are fully devoted to cooperation. The second
one corresponds to situations where other users act as relays,
forming cooperation groups when certain conditions hold, e.g.,
when they are close to each other (good relay link) and far
from the base station (degraded direct and relay links). Users
are considered to cooperate with a small probability. In both
scenarios it was observed that the proposed strategy is able to
reduce the retransmission rate at the base station with a small
reduction of the throughput in the single-destination case. In a
multiple-destination scenario, the retransmission rate reduction
at the base station allows it to allocate more transmission
opportunities to new frames, increasing the overall throughput.
The proposed strategy breaks with the classical and widely
adopted policy of giving maximum priority to retransmissions
in wireless access nodes. This idea can be applied to the
design of scheduling mechanisms, considering the computed
retransmission probability p∗S as a lower bound for the amount
of bandwidth reserved for retransmissions. The rest of the
bandwidth can be assigned to other communication processes
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