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Abstract— We are concerned with optimally grouping active
mobile users in a two-user-based cooperative diversity system
to maximize the cooperative diversity energy gain in a radio cell. The optimization problem is formulated as a nonbipartite weighted-matching problem in a static network setting.
The weighted-matching problem can be solved using maximum
weighted (MW) matching algorithm in polynomial time O(n3 ).
To reduce the implementation and computational complexity,
we develop a Worst-Link-First (WLF) matching algorithm,
which gives the user with the worse channel condition and the
higher energy consumption rate a higher priority to choose its
partner. The computational complexity of the proposed WLF
algorithm is O(n2 ) while the achieved average energy gain is
only slightly lower than that of the optimal maximum weightedmatching algorithm and similar to that of the 1/2-approximation
Greedy matching algorithm (with computational complexity of
O(n2 log n)) for a static-user network. We further investigate the
optimal matching problem in mobile networks. By intelligently
applying user mobility information in the matching algorithm,
high cooperative diversity energy gain with moderate overhead
is possible. In mobile networks, the proposed WLF matching
algorithm, being less complex than the MW and the Greedy
matching algorithms, yields performance characteristics close to
those of the MW matching algorithm and better than the Greedy
matching algorithm.
Index Terms— Cooperative diversity, matching algorithm,
wireless networks, user mobility.

I. I NTRODUCTION

M

ULTIPLE-INPUT and Multiple-Output (MIMO) systems can exploit spatial diversity to achieve higher
power and spectral efficiency. In situations when multiple
antennas are impractical, cooperation among a group of users
to transmit and relay the same signal can emulate a multiple
transmit antennas environment to achieve spatial diversity
gains. With the broadcast nature of the wireless channel, when
a source transmits signals to a destination, neighboring users
can also receive the signals. These neighboring users can relay
the signals to the destination. In this way, the antennas of
the source and the relaying users together form a multiple
transmit antennas situation. A number of cooperative diversity
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(CD) schemes have demonstrated that cooperation can provide
diversity gain to not only the users with worse channel
quality but also those with better channel quality [1]–[7]. The
performance of CD systems heavily depends on the inter-user
channel condition. Given a group of users, if the inter-user
transmissions are error free, the CD scheme can achieve full
diversity order, which is equal to the number of terminals
participating in the cooperation. In reality, inter-user channels
are also erroneous, and inter-user transmission losses grow
with the number of cooperating users, to the point that they can
outweight the diversity benefits. In addition, implementation
becomes more complex when more users cooperate as a group.
Therefore, in this paper, we consider the cooperation between
two users, i.e., two sources relaying for each other.
On the other hand, wireless mobile devices are battery
powered. It is important to minimize the energy consumption
in order to maximize the time the wireless device can be functional without recharging or replacing the battery. Although
cooperative diversity energy gain for a single group of users
has become an active research topic, how much energy gain
can be achieved for a network that employs a CD scheme,
and how the diversity gain can be maximized for the whole
network are still open issues. In wireless mobile networks,
user mobility further complicates the grouping problem. The
mobile users’ velocities and moving directions can change
over time, which affect the cooperative diversity gain of a pair
of users. To the best of our knowledge, there is no research
work reported in the literature on how to group mobile users.
Each individual user has its own preference in choosing
its partner. The objective of an individual user (maximizing
its own energy gain by cooperation) may conflict with the
objective of the network (maximizing the energy gain of the
whole network). For user mobility, the best grouping at the
current time instant may not be the best at a future time
instant. In this paper, our objective is to group active users
in a radio cell, taking cell energy gain and user mobility
into consideration. This problem requires the joint efforts
from both the physical layer, which determines how a pair
of users cooperate with each other, and the network layer,
which determines how to group users in a radio cell. To solve
the problem, we first focus on how to optimally group static
users in a radio cell, and then study how to match users in a
radio cell in the presence of user mobility.
Given the cooperative diversity energy gain of any pair
of users, how to maximize it in a radio cell by optimally
grouping all the active users can be formulated as a non-
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bipartite maximum weighted-matching problem, which can
be solved in polynomial time, O(n3 ). Another matching
algorithm, called Greedy matching algorithm, which can be
solved in polynomial time, O(n2 log n), can achieve 1/2approximation. Due to user mobility and intermittent traffic,
the matching algorithm should be periodically executed in real
time. Thus, it is important to reduce the computational and
implementation complexity of the matching algorithm without
compromising too much energy gain. We propose a WorstLink-First (WLF) algorithm which gives the user with the
worse channel condition and the higher energy consumption
rate a higher priority to choose its partner. The computational
complexity of the proposed WLF algorithm is O(n2 ). Later,
we will show that the WLF is also easier to implement. In
addition, we derive a theoretical upper bound of energy gain
achievable by the matching algorithms.
With user mobility, the population size of a radio cell of
the network varies with time, and frequently updating the
matching will introduce significant overhead. We propose how
to incorporate the mobility information in the matching algorithm to reduce the overhead. It is shown that, by intelligently
incorporating user mobility, the maximum weighted-matching
and the WLF matching algorithms can maintain high cell
energy gain with reduced overhead.
The main contributions of this paper are three-fold. First,
we formulate the problem of maximizing the cell energy gain
in a radio cell as a classic non-bipartite maximum weightedmatching problem. Then, we study the performance of four
matching algorithms, the MW algorithm, the Greedy matching
algorithm, the proposed WLF algorithm and the benchmark
random matching algorithm, and compare their computational
complexity and the cell energy gain tradeoff. Second, we
derive theoretical upper bounds of energy gain by cooperation
in a radio cell. Third, we propose how to optimally group
mobile users, taking user mobility into consideration.
The remainder of the paper is organized as follows. Section II presents the operational functions of the MW algorithm,
the Greedy matching algorithm, the proposed WLF algorithm
and the benchmark random matching algorithm. Section III
describes the system model. Section IV gives analysis and
numerical evaluation of the matching algorithms in a static
network. How to group mobile users by considering mobility
information is presented in Section V, followed by related
work in Section VI. Concluding remarks and future research
issues are given in Section VII.
II. M ATCHING A LGORITHMS
Choosing pairs of cooperating users is known as matching
on graphs [10], [11]. Let G = {V, E} be a graph, where V is
a set of vertexes and E ⊆ V × V is a set of edges between
vertexes. Each mobile user in a cell is represented as a vertex.
The (i, j)th edge, ei,j ∈ E, has a weight w(ei,j ), which equals
the energy gained by cooperation between users i and j over
no cooperation. If there is no cooperative energy gain, the two
users will just use the non-cooperative scheme, and the weight
of the edge linking them is zero. Thus, the weight is always
non-negative, and a positive weight represents the energy gain
of cooperation over no cooperation.
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A subset S of E is called a matching subset if there are no
two edges in S sharing the same vertex. The overall energy
gain in the network is the sum of the positive weights of all
edges in S. For easy reference, the notations used throughout
the paper are listed in Appendix I.
A. Maximum Weighted-Matching
Maximizing the energy 
gain by cooperation is equivalent
to maximizing w(S) =
ei,j ∈S w(ei,j ) among all possible matchings, which is a non-bipartite weighted-matching
problem. The number of matchings with |S| =  n2 ! equals
n
n!/(2 2   n2 !), which exponentially increases with n, where
n = |V| is the cardinality of the set V or the number of users in
the network. Comparing all possible matching by Brute Force
search is very time consuming when the number of active
users is large.
The maximum weighted-matching algorithm developed in
[12] can yield the optimal solution for the non-bipartite
weighted-matching problem in polynomial time, O(n3 ). This
state-of-the-art algorithm can be used to obtain the highest
energy gain in a wireless network.
B. Greedy Matching
The heuristic Greedy matching algorithm [13] can achieve
1/2-approximation:
Greedy Matching Algorithm:
1) The BS selects a user pair i and j such that energy gain
w(ei,j ) is the largest among w(e) for e ∈ E. ei,j is
added to the matching set.
2) Remove all edges incident to ei,j from E.
3) Repeat 1) and 2) until the number of unmatched users
is less than two.
The Greedy matching algorithm requires sorting the weights
of all edges in E, so its complexity is O(n2 log n).
C. Worst-Link-First (WLF) Matching
With user mobility and intermittent traffic, the matching
algorithm should be periodically executed in real time. Thus,
it is important to further reduce the computational complexity
of the matching algorithm without compromising too much
energy gain.
Since the user with the worse channel quality (far from
the BS) consumes more energy than the one with a better
channel quality (near the BS) in a conventional transmission
system, cooperation generally gives more energy gain to the
far user than the near user. Therefore, when considering the
radio cell, those users with worse channel quality and higher
energy consumption rate should be given a higher priority.
This motivates us to develop the following WLF matching
algorithm.
WLF Matching Algorithm:
1) The BS selects an unmatched user i with the worst
channel quality among all unmatched users.
2) The BS selects an unmatched user j such that the energy
gain w(ei,j ) provided by the cooperation of user i and
user j over no cooperation is the maximum one among

2532

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 6, NO. 7, JULY 2007

Destination(BS)

Source

Relay

Fig. 1.

System model.

all w(ei,k ), where k is an unmatched user other than i.
ei,j is added to the matching set.
3) Repeat 1) and 2) until the number of unmatched users
is less than two.
The computational complexity of the WLF algorithm is
O(n2 ).
D. Random Matching
The random matching algorithm is the simplest one and is
used as the benchmark. The algorithm randomly selects an
unmatched user i and matches it with another unmatched user
j, until there are fewer than two unmatched users remaining.
Although the computational complexity of the random matching algorithm is O(n), due to the randomness in matching,
a significant number of pairs cannot obtain positive energy
gain by cooperation. Therefore, random matching provides
very limited energy gain.
III. S YSTEM M ODEL
We study the performance of an infrastructure-based wireless network, e.g., wireless cellular systems or infrastructurebased wireless LANs (WLANs). The BS of a radio cell, (or
an access point in a WLAN) supports N mobile users, as
shown in Fig. 1. We consider the scenario in which any user
is capable of cooperating with another user, i.e., cooperation
between two active users.
Both the inter-user channels (channels between two users)
and the channel between a user and the BS are assumed as
quasi-static flat Rayleigh fading. Channel state information
(CSI), i.e., the variance of channel fading coefficient, is assumed available at the respective receivers. The users estimate
the inter-user CSIs with their potential partners and forward
them to the BS. If estimating inter-user CSIs is very time and
power consuming by the mobile users, the BS can estimate
the inter-user CSIs using the locations of the users and the
path loss model available for the respective areas. Matching
can be done by the BS according to the n(n − 1)/2 CSIs, and
the users can be grouped according to the matching results.

Fig. 2. Transmission frame format and signal constellation of the CD scheme.

Since cooperation is not always beneficial [7], a pair of users
can choose not to cooperate if there is no cooperative diversity
energy gain for them, and they communicate with the BS using
a conventional non-cooperative scheme.
Two CD approaches have been reported in the literature:
amplify-and-forward (relaying) and regenerate-and-forward
(regenerative repeat). With the amplify-and-forward approach,
the partner amplifies the signal received from the sender and
retransmits it to the destination. These schemes require either
complex transceiver for frequency division forwarding or large
storage for time division forwarding. Thus, we focus on the
regenerate-and-forward approach in which the partner detects
the received signal and transmits the regenerated version to
the destination.
Fixed regenerate-and-forward CD schemes based on orthogonal (or quadrature) signaling using QPSK modulation (BPSK
symbols for each user information) have been studied in [7].
Briefly, in a symbol interval, each user transmits not only its
own information, but also the partner’s information received in
the previous symbol interval. The transmission frame format
and the signal constellation of the QPSK modulation scheme
are shown in Fig. 2. With the fixed CD scheme, the partner
always relays the information to the destination. In contrast,
the partner of an adaptive CD scheme decides whether or not
to forward the information based on the cyclic redundancy
checksum (CRC) of the received frame of bits. Since the
relay should store frames and check the CRC, and inform
the BS whether the partner’s bits should be relayed or not,
additional processing and signaling are introduced. However,
error performance of the adaptive CD scheme is generally
superior to that of the fixed CD scheme, especially when the
inter-user channel is highly erroneous. The cooperative energy
gain with the fixed CD scheme reported in [7] and the adaptive
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j

CD scheme reported in [8] are analyzed in this paper.
In general, wireless networks have a mixture of static
and mobile users. In the following, the performance of the
proposed matching algorithms will be analyzed and evaluated
for a static-user network and a network with mixed static and
mobile users.

dj
di

IV. P ERFORMANCE IN S TATIC -U SER N ETWORK
Given the required BER of each user, we first calculate the
energy consumptions with and without cooperation and the
maximum energy gain for a pair of cooperating users. We then
obtain the cell energy gain over a non-cooperative system, and
its theoretical upper bounds.
A. Analysis
1) Energy Consumption of Non-cooperative Scheme: In
signal transmission using a given modulation scheme over
a Rayleigh fading channel, the bit error probability can be
expressed as a function of SNR. The bit error probability of
the non-cooperative (standard) BPSK scheme for user i can
be written as [9]



γ̄ino
1
i
,
(1)
1−
Pe =
2
1 + γ̄ino
E no

where γ̄ino = σi2 Nb0i is the SNR. Ebno
is the energy expended
i
in transmitting one bit using the non-cooperative scheme, σi2
is the variance of the channel fading coefficient and N0 is the
one-sided power spectral density of additive white Gaussian
noise. Therefore, to ensure the BER of user i to be no less
than Pei , the minimal required bit energy is


(1 − 2Pei )2
N0
no
Ebi = 2
.
(2)
σi 1 − (1 − 2Pei )2
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found using EbRj = kEbSj . Thus, the energy required for user
i in cooperation with user j, (EbSi + EbRj ), can be determined.
Similarly, the energy required for user j in cooperation with
user i, (EbSj + EbRi ), can be derived.
b) Adaptive Regenerate-and-Forward CD Scheme: By
considering cooperative and non-cooperative modes of the
adaptive CD scheme in the high SNR regime, the bit error
probability of user i can be written as
Pei =

1−

KN
2γ̄i,j

3
KN 1
+
4γ̄i γ̄j
4γ̄i,j γ̄i

(6)

N
1
where KN =
eb =1 eb , N is the number of symbols in
a frame and eb is the number of bit errors between the
transmitted and received frames. Equation (6) can be written
as

N02
KN
KN N03
3
i
S 3
S
+
+
(7)
E
0 = Pe (Ebi ) −
bi
2
2
16σi2 kσj2
σi,j
64kσi2 σj2 σi,j

Similar to the fixed CD scheme, the energy required for
cooperative transmission can be expressed as a function of
2
.
Pei , k, N , N0 , σi2 , σj2 and σi,j
3) Analytical Upper Bound: The cooperative diversity gain
of the network depends largely on user deployment, e.g., how
2) Energy Consumption of CD Schemes:
many
active users in the network, their locations, etc. A tight
a) Fixed regenerate-and-forward CD scheme: For user i
theoretical
upper bound is important for quantifying the perpartnering with user j, the bit error probability with the fixed
formance
of
different CD schemes and matching algorithms.
regenerate-and-forward CD scheme can be given as [7],
Network energy gain, which is the energy gain of a cell
γ̄j
γ̄i − γ̄j
3
1
3
1
1
with user cooperation over a cell without user cooperation, is
Pei =
+
+
−
2
2γ̄i,j γ̄i + γ̄j 4γ̄i γ̄j 2γ̄i,j (γ̄i + γ̄j )
2γ̄i,j 4γ̄i γ̄j defined as


(3)
N
no
S
S
2EbRj
i=1 Ebi
2 2Ebi
2
2 2Ebi
S
where γ̄i = σi N0 , γ̄j = σj N0 , and γ̄i,j = σi,j N0 . Ebi
,
GCD = 10 log10 K
N
S
R
no
i=1 (Ebi + Ebi ) +
i=K+1 Ebi
and EbRj are respectively the energies spent by the source (user
(8)
i) and the relay (user j) in transmitting one bit for user i.
where
the
first
K
users
are
paired
to
have
cooperation
and
the
R
S
Let k = Ebj /Ebi . We can write (3) as
N
remaining (N − K) users have no partners. Since i=1 Ebno
i

is a constant
independent of matching, GCD is maximized
kσj2 N0
3N03

S 3
S 2
K
S
R
0 = Pe (Ebi ) −
2 (σ 2 + kσ 2 ) (Ebi ) + 64kσ 2 σ 2 σ 2 when
i=1 (Ebi + Ebi ) is minimized.
4σi,j
i
j
i,j i j
Consider user i located at distance di from the BS and user

σi2 − kσj2
3
j
at
distance dj from the BS. The average CSIs σi2 ∝ d−α
2 S
i ,
−
+ 2 2
E
.
(4)
N
−α
2
2
0
b
2
2
2
i
σj ∝ d−α
and
σ
∝
d
,
where
the
path
loss
exponent
16kσi σj
8σi,j (σi + kσj )2
i,j
j
i,j
α takes the value between 2 to 6. We first demonstrate that
The above equation has a real solution for EbSi , which can be the energy gained by cooperation between users i and j is no
2
expressed as a function of Pei , N0 , k, σi2 , σj2 and σi,j
:
larger than the energy gained by cooperation between users i
and j  , where user j  is located on the straight line beginning
S
i
2
2
2
(5)
Ebi = f1 (Pe , N0 , k, σi , σj , σi,j ).
at the BS and passing through i, and the distance between
= Ebno
. For user
f1 (·, ·, ·, ·, ·, ·) is a relatively complex function of its argu- j  and the BS is also dj . Obviously, Ebno
j
j
S
R
ments. It can be solved numerically. Given Ebi , Ebj can be i located anywhere between the BS and user j  (see Fig. 3),
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Fig. 4. Energy gain for a pair of users using fixed CD scheme and adaptive
CD scheme.

Fig. 5. Average number of users without a partner vs number of users in
the cell.

∠ijj  < ∠ij  j, and the distance between i and j is larger
2
2
than the distance between i and j  . Therefore, σi,j
< σi,j
.
Consequently, given the BER requirements, the total energy
consumption by cooperating users i and j  is smaller than that
by users i and j.
Therefore, to obtain an upper bound of cell energy gain, it
is sufficient to consider the one-dimensional case. That is, all
users lie on the same straight line beginning at the BS, such
that the distance between users i and j, di,j , equals |di − dj |.
a) Fixed Regenerate-and-Forward CD Scheme: As an
example, by substituting k = 1, Pe = 10−3 , N = 128,
N0 = 1 unit power/Hz, the CSIs in terms of distance, and
+ Ebno
− EbSi −
α = 3 into (5) and rearranging, we get Ebno
i
j
R
S
R
Ebj − Ebj − Ebi in terms of di and dj , which is maximized
when dj = 0.85di or dj = di /0.85. It means that the most
favorable matching for user i is a user located 0.85di or
di /0.85 away from the BS and on the line between user i and
the BS. Therefore, to maximize the cooperative energy gain

dj = 0.54di or dj = di /0.54, and the upper bound of the
cell energy gain with the adaptive CD scheme is 10.22 dB.
Both the fixed and adaptive CD schemes have the same energy
gain, 9.60 dB, when cooperative users are co-located and their
inter-channel is error free. The energy gain contours with the
adaptive CD scheme are also plotted in Fig. 4.
Comparing the contours of fixed CD and adaptive CD
schemes in Fig. 4, since the fixed CD scheme is more sensitive
to inter-user transmission errors, the cooperative energy gain
for a particular user decreases quickly when the partner is
far away from the user. For the adaptive CD scheme, the
pair can still achieve quite significant energy gain even when
they are far away from each other. As shown in Fig. 4, the
cooperative region (in which a partner is located with certain
dB cooperative energy gain) of the adaptive CD scheme is
much larger than that of the fixed CD scheme.

of the pair, Gi,j = 10 log10

Ebno
+Ebno
i
j

EbS +EbS +EbR +EbR
i

j

i

j

should be

maximized. For a given di , the maximum cooperative energy
gain, max{Gi,j } = 9.63 dB, is achieved when dj = 0.85di
or dj = di /0.85.
It is noted that max{Gi,j } depends on the ratio of di and
dj only, and it is independent of the values of di and dj . The
upper bound on the cell energy gain can be achieved when
all the users have cooperative partners (K = N even number)
and the cooperating pairs are located according to the ratio.
Therefore, with the fixed CD scheme and other parameters, (α,
k, Pe , N , N0 ), as specified, (8) yields the upper bound of the
network energy gain, which equals 9.63 dB. The energy gain
contours are plotted in the Fig. 4: if the source node paired
with a node located at the G dB contour, G dB cooperative
energy gain can be achieved.
b) Adaptive Regenerate-and-Forward CD Scheme: Sim+
ilarly, with the adaptive CD scheme, for a given di , Ebno
i
S
R
S
R
−
E
−
E
−
E
−
E
is
maximized
when
d
=
0.54d
Ebno
j
i
bi
bj
bj
bi
j
or dj = di /0.54. For a given di , the maximum cooperative
energy gain, max{Gi,j } = 10.22 dB, is achieved when

B. Numerical Results
In this subsection, numerical results are presented for the
four matching algorithms with both the fixed and adaptive CD
schemes in a network with static users.
We generate a wireless network where the coordinates of
the BS are (0, 0). N users are randomly placed on a unit disk
centered at the BS as given in Fig. 1, with their coordinates x
and y uniformly distributed in [−1, 1]. The average CSIs are
inversely proportional to dα , where d is the distance between
the sender and the receiver, and the path loss exponent α takes
the value 3 in the simulation. The required BER is 10−3 .
Different user deployments are generated by using different
random seeds. We assume that the BS can track the user
locations, and thus determine their pair-wise distances and
CSIs. From the CSIs, the average energy required for no
cooperation and cooperation schemes are calculated, using
(2) and (4), respectively. We change the number of active
users in the network from 10 to 100 in order to consider
both the low-density and high-density scenarios. The number
of users without a partner and the average cell energy gains
with the four matching algorithms are shown in Figs. 5 and
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performance of the WLF algorithm is close to that of the
Greedy algorithm, and their average energy gains in a cell are
about 1 dB less than that with the MW algorithm. The WLF
algorithm is easier to implement than the MW and Greedy
algorithms: the latter two require the matching gains of any
pair of active users (n(n − 1)/2 pairs) which are difficult to
obtain. With the WLF, the BS can choose an unmatched active
user with the farthest distance to the BS (or the worst channel
condition to the BS) first. Then, according to Fig. 4, the BS
selects an unmatched user in the high-dB-gain region to be
its partner. In addition, the WLF algorithm can potentially be
implemented in a distributed manner: each user chooses its
desired partner; if there is any conflict, the user farther away
from the BS (or has worse channel condition to the BS) has
a higher priority. Due to space limitation, we do not further
explore the distributed matching algorithm.

Average energy gain.

6, respectively. All the results are obtained by averaging the
performance parameters over 25 different user deployments.
As shown in Fig. 5, for both the fixed and the adaptive
CD schemes with the MW, Greedy, and WLF matching algorithms, the number of users without a partner are independent
of the number of active users in the network. Thus, the
chance for a user without a partner is very low for a highdensity network. On the other hand, with the random matching
algorithm, the number of users without partner increases
proportionally with the number of users in the network. This is
because each user has a cooperative region, as shown in Fig. 4,
only users in the cooperative region grouped together can
obtain positive cooperative diversity gain. The probability of
two randomly chosen users are within each other’s cooperative
region is constant, independent of the network density.
Fig. 6 shows that the average cell energy gains for the four
matching algorithms. The gains of the MW, Greedy, and WLF
matching algorithms increase with the number of users. This
is because, as shown in Fig. 5, in a lower-density network,
the chance for a user without a partner is higher, so the
average cell energy gain is lower. To approach the analytical
upper bound, the network should have a sufficiently large
number of users, so every user can be grouped with an optimal
partner. As shown in Fig. 4, the higher energy gain regions
become smaller, so the energy gain of the cell increases slower
when the number of active users is larger. In contrast, the
random matching algorithm provides almost constant gain,
independent of the number of users in the network.
From the numerical results, if a BS does not have the
knowledge of the CSIs and just randomly matches users for
cooperation, only about 1 dB or 1.5 dB cell energy gain over
no cooperation can be achieved with the fixed CD scheme
or the adaptive CD scheme, respectively. If the CSIs were
available or could be estimated, the WM, Greedy, and WLF
matching algorithms would achieve 5.5 ∼ 9 dB cell energy
gain with the fixed CD scheme and 7 ∼ 10 dB cell energy gain
with the adaptive CD scheme. In addition, the adaptive CD
scheme outperforms the fixed CD scheme by about 1 ∼ 2 dB.
Although the WLF algorithm does not guarantee the worst
case performance, extensive simulations demonstrate that, the
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V. P ERFORMANCE IN M OBILE N ETWORKS
In mobile networks, user mobility complicates the matching
problem. Since users may move in different directions at different velocities, and the velocities and directions change over
time, their absolute and relative locations keep on changing.
The currently best matching strategy may be less attractive
or even no longer applicable after a while. Therefore, the
matching algorithm should be periodically executed according
to the current user locations and channel conditions.
A. Matching Algorithms Considering Mobility
Although more frequently updating the matching can more
accurately track the locations and channel conditions of
random and high-mobility users, it introduces significant
overhead to not only the BS, but also the mobile users.
Furthermore, mobile users need to synchronize with their
new cooperative partners frequently. To reduce the overhead
without significantly sacrificing performance, it is proposed to
predict the future cooperative diversity energy gain of mobile
users based on their current location and mobility information,
and match users accordingly. How a BS detects the location
and speed of active mobile users has been extensively studied
in the literature, and the technologies have been used for E911 service and other location dependent services.
The WLF matching algorithm considering mobility, which
is periodically executed every T seconds, is as follows.
1
2
3
4
5
6
7
8
9

at time t, sort V according to CSIs
for each i ∈ V
MaxW = 0; partner(i) = 0
for (j = i + 1; j < N ; j + +)
if vj ∈ V
w(ei,j ) = f (w(ei,j (t)), T )
if w(ei,j ) > M axW
partner(i) = j;
M axW = w(ei,j )
remove i and partner(i) from V;
add ei,partner(i) to S

At time t, the set of N active users, V, are sorted according
to their channel conditions (CSIs), such that the user with the
worst channel condition is considered first, as shown in Line
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1. All users being grouped are removed from V (Line 9).
For each unmatched user i, the BS calculates the cooperative
diversity gain of i and another unmatched user j, w(ei,j ),
(Lines 4, 5, 6). Note that w(ei,j ) is a function of w(ei,j (t))
and T . w(ei,j (t)) is the energy gain according to users i and
j’s current channel conditions or user locations (at time t).
Assuming that the velocities and directions of i and j remain
the same in the next T seconds, the BS can predict their
future locations and channel conditions. w(ei,j (t + δ)) is the
predicted energy gain according to the predicted user locations
and channel conditions at time t + δ. Function f in Line 6
calculates the average energy gain during t to t + T :
t+T

f (w(ei,j (t)), T ) = 1/T

w(ei,j (x))dx.

BS
(0,0)

bounce back

R

(9)

t

B. Numerical Results
We consider a wireless mobile network in which the users
are uniformly distributed over a (4R)2 square area, as shown
in Fig. 7. The BS is located at the center of the square,
covering all active users in the disk centered at the BS with
radius R. The mobile users move at constant velocities and
the directions of motion are independent and identically distributed (i.i.d.) with uniform distribution in the range [0, 2π).
If a mobile user reaches the edge of the square, it will be
bounced back and move with the same velocity. The velocity is
a uniformly distributed random variable in the range [0, Vmax ].
In the simulation, a user chooses a direction and a velocity,
and moves in that direction (unless being bounced back) at
the constant velocity for a time duration td , which is also

4R

Fig. 7.

Mobility model.

10
WLF matching with mobility information
WLF matching without mobility information

9
8
average energy gain (dB)

To simplify the calculation, when T is small, f (w(ei,j (t)), T )
can be approximated as [w(ei,j (t)) + w(ei,j (t + T ))]/2.
Similarly, the MW and Greedy algorithms can be modified by
using the average cooperative diversity gain during [t, t + T ]
as the weight.
There are certain implications that the system designers may
consider. First, to reduce the overhead by lengthening T , the
prediction of future user channel conditions and locations become less accurate, which will degrade the overall cell energy
gain. Second, even if all active users keep their current velocities and directions for a long time, less frequently updating
of the matching will also reduce the overall cell energy gain.
This can be illustrated as follows. Observe l consecutive time
slots, t1 , t2 , ..., tl , where each slot has a very short duration .
Assume that the user locations and channel conditions remain
the same in each slot. If the maximum weighted-matching
algorithm is executed at each slot, the energy gain in that slot
will always be the highest among any matchings. Therefore,
by executing the MW algorithm at each slot, the energy gain
is always better than or equal to matching once for a period
of l time slots. Third, if the matching algorithm is executed
only once per T sec, and user mobility estimation is accurate,
t+T
w(ei,j (x))dx
using w(ei,j ) = f (w(ei,j (t)), T ) = 1/T t
in the MW algorithm also leads to optimal matching for
overall energy gain of the cell during t to t + T . This is
because the overall energy gain of the cell during t to t + T is

t+T 
t+T
w(ei,j (x))dx,
ei,j ∈S w(ei,j (x))dx =
ei,j ∈S t
t
which is maximized using the MW algorithm.
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Fig. 8. Average energy gain of WLF matching with and without mobility
information.

uniformly distributed in the range (0, tmax ) slots. After td ,
the process repeats. The matching algorithm will be executed
every T seconds. The grouped pairs will cooperate with each
other till new matching results separate them, or when any
of them moves out of the cell or when there is no longer any
cooperative diversity gain between them. We use the following
parameters in the simulations. The number of active users in
the square area is 200. The normalized velocity Vnorm , which
T
is defined by Vnorm = Vmax
R , is set to 0, 0.25, 0.5, 0.75, 1,
which cover the static, low mobility, and high mobility cases.
The energy gain achieved by the WLF matching algorithm
for the adaptive CD scheme with and without mobility are
shown in Fig. 8. It can be seen that for Vnorm = 1.0, from
the time after the matching (t = 0) to the time just before the
next matching (t = T ), the cell energy gain with the WLF
algorithm without mobility information quickly drops from
9 dB to 1 dB. On the other hand, with the same user deployment, the WLF algorithm with mobility information maintains
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VI. R ELATED W ORK
At the physical layer, CD schemes have been extensively
investigated in the literature [1]–[7]. Recently, the networking
aspect of CD systems begins to get attention. How to choose
relaying partners in infrastructure-based and ad hoc networks
has become an active research topic [15]–[17]. In [15], a
forwarding technique based on geographical location of the
involved nodes is proposed. How to randomly select the
relaying node via contention among receivers for ad hoc
networks is also studied. In [16], selection of the best relay
based on local measurements of the instantaneous channel
conditions is presented. How to group users in CD systems
in which the performance of matching algorithm, in terms of
average outage probability, is first studied in [11]. However,
how much energy gain can be maximized in a network remains
unsolved. The network lifetime of wireless (static) sensor
networks deploying a CD scheme, defined as the time until 1%
of the nodes in the network die, is investigated in [18]. To the
best of our knowledge, this paper is the first to systematically

10
9
8
average energy gain (dB)

a high cell energy gain (above 7 dB). The simulation results
confirm that if we intelligently apply the mobility information
in the matching algorithm, a significant cell energy gain can
be achieved for mobile networks. Similar results are obtained
for both the adaptive CD scheme and the fixed CD scheme,
with the MW, WLF and Greedy algorithms. In the following,
we focus on matching algorithms with mobility information,
and compare their performance metrics.
The percentage of in-cell users participating in the cooperation (specifically in the matching process) is approximately
(1 − 0.3Vnorm). In the low mobility situation (Vnorm < 0.25),
more than 90% of the in-cell users participate in the cooperation. It is reduced to 70% for the high mobility situation,
i.e., Vnorm = 1. On the other hand, the average energy gain
decreases as Vnorm increases, as shown in Fig. 9. With other
CD scheme or matching algorithms, the same trend can be
observed for the average energy gain versus Vnorm curve. This
is due to two factors. First, the percentage of participating
users remaining in the cell for a given duration T decreases
as Vnorm increases. Second, with high mobility, even if the
matching is ideal at the beginning of a slot, it becomes less
favorable or even impractical at the end of the slot.
Fig. 9 demonstrates the tradeoff between the performance
and overhead. If the BS updates the matching more frequently,
i.e., T is shorter, Vnorm can be reduced and higher cell energy
gain can be achieved; otherwise, the BS updates the matching
less frequently with less overhead and less energy gain.
The simulation results show that the WLF algorithm outperforms the Greedy algorithm in mobile networks. The
performance of the WLF and MW algorithms degrade gracefully when Vnorm is higher, and the performance of Greedy
matching algorithm degrades quickly with higher mobility.
In addition, the adaptive CD scheme outperforms the fixed
CD scheme by a larger margin with higher mobility. This
is because, according to Fig. 4, the high gain area is much
smaller with the fixed CD scheme than that with the adaptive
CD scheme, so the partners easily move outside the high gain
area with the fixed CD scheme.
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Average energy gain vs. normalized velocity.

study the cell energy gain and matching algorithm computational complexity tradeoff in CD systems, and propose how
to appropriately incorporate mobility information in matching
algorithms for mobile networks.
Matching theory and algorithms have been extensively
investigated in the past for other applications, e.g., scheduling,
assignment. Both the state-of-the-art algorithms to obtain the
optimal matching, and approximation algorithms have been
reported. The proposed WLF matching algorithm considers
the fact that the nodes with worse channel condition generally
get more benefits from the cooperation, which is not obvious in
other applications. Furthermore, there are some characteristics
which are unique in CD systems; thus, it is worth to reinvestigate matching algorithms for this particular problem,
and we anticipate more results in this interesting area.
VII. C ONCLUSIONS
We have studied the energy gain provided by four matching algorithms, the MW, Greedy, random, and the proposed
WLF matching algorithms, with computational complexity of
O(n3 ),O(n2 log n), O(n), and O(n2 ), respectively, for both
fixed and adaptive CD systems. We have further proposed how
to optimally match mobile users considering user mobility.
Simulation results demonstrate that, by intelligently applying
user mobility information in the matching algorithm, high
energy gain with moderate overhead is achievable in mobile
networks. It is conjectured that our study provides insights
into the tradeoff between matching overhead and energy gain
in a wireless network, which is an important step toward
practically deploying CD schemes in wireless networks. In
this paper, we have considered the matching problem in a
single-cell of a wireless mobile network. How to optimally
match users in multi-cell systems with the effects of handoff
and multiple access interference are under investigation.
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A PPENDIX I
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

α: path loss exponent of the wireless channel
γ̄ino : average SNR, equal to σi2 Ebno /N0
i
γ̄i : average SNR, equal to σi2 2EbS /N0
i
γ̄j : average SNR, equal to σj2 2EbRj /N0

2
γ̄i,j : average SNR, equal to σi,j
2EbS /N0
i
2
2
σi , σi,j : variance of the channel fading coefficient
no
Eb : energy consumption of transmitting a bit by user i
i
using the non-cooperative scheme
EbS : energy consumption of transmitting a source’s
i
(user i) bit by user i using the cooperative scheme
R
Ebi : energy consumption of relaying a bit at user i
for the cooperative scheme
di : distance between user i and the BS
di,j : distance between user i and user j
G = {V, E}: a graph, where V is a set of vertexes and
E ⊆ V × V is a set of edges between vertexes
Gi,j : energy gain of cooperation between users i and j
GE : energy gain of the network with cooperation
over that without cooperation (in dB)
Pei : the maximum tolerable bit error rate of user i
R: radius of the cell centered at the BS
S: a matching subset of E if no two edges in S share
the same vertexes
T : the period of matching algorithm being executed
Vmax : the max velocity of mobile users
Vnorm : the normalized max velocity of mobile users
w(ei,j ): the energy gain by cooperation between
the two users i and j over no cooperation

R EFERENCES
[1] J. N. Laneman, G. W. Wornell, and D. N. C. Tse, “An efficient protocol
for realizing cooperative diversity in wireless networks,” in Proc. IEEE
Int. Symp. Infor. Theory (ISIT), Washington, USA, June 2001.
[2] J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diversity
in wireless networks: efficient protocols and outage behavior,” IEEE
Trans. Inf. Theory, vol. 50, no. 12, pp. 3062–3080, Dec. 2004.
[3] J. N. Laneman and G. W. Wornell, “Distributed space-time coded
protocols for exploiting cooperative diversity in wireless networks,”
IEEE Trans. Inf. Theory, vol. 59, no. 10, pp. 2415–2525, Oct. 2003.
[4] E. Zimmermann, P. Herhold, and G. Fettweis, “On the performance of
cooperative diversity protocols in practical wireless systems,” in Proc.
58th IEEE VTC, Oct. 2003.
[5] A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperation diversitypart I: system description, part II: implementation aspects and performance analysis” IEEE Trans. Commun., vol. 51, no. 11, pp. 1927–1948,
Nov. 2003.
[6] M. Janani, A. Hedayat, T. E. Hunter, and A. Nosratinia, “Coded
cooperation in wireless communications: space-time transmission and
iterative decoding,” IEEE Trans. Signal Processing, vol. 52, no. 2, pp.
362–371, Feb. 2004,
[7] V. Mahinthan, J. W. Mark, and X. Shen, “A cooperative diversity scheme
based on quadrature signaling,” IEEE Trans. Wireless Commun., vol. 6,
no. 1, pp. 41–45, Jan. 2007.
[8] V. Mahinthan, J. W. Mark, and X. Shen, “Performance analysis and
power control of cooperative diversity systems,” IEEE Trans. Wireless
Commun., under review.
[9] J. G. Proakis, Digital Communications. McGraw-Hill International Editions, 4th Edition, 2001.
[10] R. K. Ahuja, T. L. Magnanti, and J. B. Orlin, Network Flows: Theory,
Algorithms, and Applications. Prentice-Hall, 1993.
[11] J. N. Laneman, “Cooperative diversity in wireless networks: algorithms
and architectures,” Ph.D. thesis, MIT, 2002.
[12] H. N. Gabow, “An efficient implementation of Edmonds’ algorithm for
maximum matching on graphs,” J. ACM., vol. 23, no. 2, pp. 221–234,
April 1976.
[13] D. Avis. “A survey of heuristics for the weighted matching problem,”
Networks, vol. 13, pp. 475–493, 1983.
[14] D. E. Drake and S. Hougardy. “A simple approximation algorithm for
the weighted matching problem,” Inf. Processing Lett., vol. 85, pp. 211–
213, 2003.
[15] M. Zorzi and R.R. Rao, “Geographic random forwarding (GeRaF) for ad
hoc and sensor networks: multihop performance,” IEEE Trans. Mobile
Comput., vol. 2, no. 4, pp. 337–348, Oct.-Dec. 2003.
[16] A. Bletsas, A. Lippman, and D. P. Reed, “A simple distributed method
for relay selection in cooperative diversity wireless networks, based on
reciprocity and channel measurements,” in Proc. IEEE 61st Veh. Tech.
Conf., Stockholm, Sweden, May 30–June 1, 2005.

[17] M. C. Valenti and B. Zhao, “Hybrid-ARQ based intra-cluster geographic
relaying,” in Proc. IEEE MILCOM, Monterey, CA, Nov. 2004.
[18] N. Shastry and R. S. Adve, “A theoretical analysis of cooperative
diversity in wireless sensor networks,” in Proc. IEEE Globecom, St.
Louis, MO, Dec. 2005.
Veluppillai Mahinthan (S’02-GSM’06) was born
in Jaffna, Sri Lanka. He received the B.Sc.Eng.
degree in Electrical and Electronic Engineering from
University of Peradeniya, Sri Lanka in 2000 and
the M.Eng. degree in electrical and computer engineering from National University of Singapore
(NUS) in 2003. He is currently pursuing the Ph.D.
degree in electrical and computer engineering at
University of Waterloo (UW), ON, Canada. From
2000 to 2001, he was an Instructor at department of
electrical and electronic engineering, University of
Peradeniya. From 2001 to 2003, he was a Research Scholar at Institute for
2
Infocom Research (I R), Singapore formally known as Centre for Wireless
Communications and Institute for Communication Research. He is currently
a Research Assistant at Centre for Wireless Communication, University of
Waterloo. His current research interests are adhered to wireless communications including cooperative diversity, space-time coding, implementation
aspects and performance analysis of cross layer communications, and signal
processing for communications.
Lin Cai (S’00-M’05) received the M.A.Sc. and
Ph.D. degrees (with Outstanding Achievement in
Graduate Studies Award) in electrical and computer
engineering from the University of Waterloo, Waterloo, Canada, in 2002 and 2005, respectively. Since
July 2005, she has been an Assistant Professor in the
Department of Electrical and Computer Engineering
at the University of Victoria, British Columbia,
Canada. Her research interests span several areas
in wireless communications and networking, with
a focus on network protocol and architecture design
supporting emerging multimedia traffic over wireless, mobile, ad hoc, and
sensor networks. She serves as the Associate Editor for EURASIP Journal
on Wireless Communications and Networking, and International Journal of
Sensor Networks (IJSNet). She is a member of IEEE and ACM.
Jon W. Mark (M’62-SM’80-F’88-LF’03) received
the B.A.Sc. degree from the University of Toronto in
1962, and the M.Eng. and Ph.D. degrees from McMaster University in 1968 and 1970, respectively, all
in electrical engineering. From 1962 to 1970, he was
an engineer and then a senior engineer at Canadian
Westinghouse Co. Ltd., Hamilton, Ontario, Canada.
In September 1970 he joined the Department of
Electrical and Computer Engineering, University of
Waterloo, Waterloo, Ontario, where he is currently
a Distinguished Professor Emeritus. He served as
the Department Chairman during the period July 1984-June 1990. In 1996 he
established the Centre for Wireless Communications (CWC) at the University
of Waterloo and is currently serving as its founding Director.
Dr. Mark had been on sabbatical leave at the following places: IBM
Thomas J. Watson Research Center, Yorktown Heights, NY, as a Visiting
Research Scientist (1976-77); AT&T Bell Laboratories, Murray Hill, NJ,
as a Resident Consultant (1982-83): Laboratoire MASI, Université Pierre et
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