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Figure I. Propagation setting (left). TDMA framing structure (right).
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of partner selection in Ricean fading channels [5], in terms
of energy consumption and on the degree of optimality of
grouping algorithms. The additional information on the power
of the coherent channel component provides an increase of
the network lifetime by factors up to 100 (and even larger,
depending on the propagation setting) compared to direct
transmission.

Although enabling cooperation among users is crucial to
maximize the lifetime of the network, a fraction of users
might pay a significant price while serving as relays, since
fairness and efficiency constraints cannot be satisfied simul-
taneously [6]. In principle, those users would benefit from
a more selfish behavior, e.g. not to cooperate, to preserve
their own performance with the drawback of penalizing the
overall network lifetime (thus the lifetime of other potential
partners). Depending on the particular application at hand
and on the propagation environment, an efficient grouping
algorithm should also address this trade-off by including user-
fairness constraints that limit the amount of resources reserved
for relaying.

In this paper a partner selection algorithm, tailored for
Ricean fading channels, is proposed to allow collaboration as
long as the energy required for data transmission of partner
message is below a given (application-dependent) threshold.
For realistic indoor-to-outdoor (120) uplink scenarios, we
evaluate the degree of optimality of the proposed algorithm.
Finally, we show that, depending on the strictness of the
user-fairness constraint and on the network density, the algo-
rithm exploits the knowledge of unbalanced fading statistics,

Abstract-Enabling collaboration among users to relay mes-
sages for others is crucial to efficiently assign network resources
and maximize network goodput. However, in some cases subsets
of users would prefer a selfish behavior (by refusing cooperation)
to protect their own performance. Depending on the application
and on the particular propagation environment, an efficient
grouping algorithm that assigns partners at MAC layer should
conveniently address the problem of maximizing the network
goodput without penalizing the performances of single users. This
can be done by including specific constraints (user-fairness) that
pose limitations on the amount of resources, e.g, energy, that
might be reserved for relaying information of partners. In this
paper the partner selection algorithms are designed to maximize
the network lifetime while guaranteeing user-fair assignments.
We analyze the network lifetime gain that can be achieved
in a realistic network where fading significantly differs from
Rayleigh and propose a novel low-complexity partner selection
algorithm that maximizes the energy efficiency of the network
while guaranteeing the given fairness constraint for each user.

Index Terms-Cooperative diversity, amplify and forward,
grouping algorithms, user-fairness, network lifetime.

I. INTRODUCTION

Cooperative transmission techniques provide spatial redun-
dancy, i.e. diversity gain, in networks of low-cost, typically
single-antenna users [1], such as a wireless sensor or ad-hoc
networks. Before cooperative transmission can start, the users
shall choose the relay(s) to cooperate with. Partner selection
is the most interesting and practical problem for medium
access control (MAC) layer design [2], [3]. Typically, a central
coordinator, e.g. the base station (BS), optimally assigns the
partner(s) and allocates the transmission resources (time slots,
transmit powers etc.) to each user. More specifically, in this
paper battery-powered indoor users are allowed to engage in
cooperative transmissions by amplifying and forwarding (AF)
to the BS the signals received from the selected partners, as
depicted in Fig. 1. The optimality criterion is the maximization
of the network lifetime [4], [5]. The knowledge of the statistics
of the fading impairments, in addition to the path loss value,
was shown to have a remarkable impact on the performance
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overheard from the partner j. Similarly, for user j the first
micro-slot spans a fraction (3j = 1 - (3 for its own data and
the remaining (3 to forward the partner i messages. The BS
optimally combines the noisy replicas of the signal.

The outage probability is now evaluated for arbitrary fading
by following the approach in [9]. Focusing on "variable gain
AF" [10], the instantaneous SNR 'Y(i,j),O for user i transmitting
on the micro-slot for a fraction (3i of the reserved slot and
communicating to the BS with the help of partner j can be
found as [10]:

( 1 1 1)-1
'Y(i,j),O = 'Yi,O + - + - + ---

'Yi,j 'Yj,O 'Yi,j'Yj,O

The outage probability

dA F

1 ( 'YAF. .0'2 ) (i,j),OAF th;'t,)
Prh'(i,j),O < I'th;i,j] ,...., 2 cAF p"

(i,j),O ('1,,)

is specified by parameters and These are the
effective diversity and coding gains, provided by the AF
"logical link" (i, j), 0, that depend on the fading distributions
of the inter-user link and the uplink channel. The threshold
SNR in (4) is = (2R / (3i - 1) /Ac , where the spectral
efficiency R is increased1 by multiplying with 1/(3i. The term
P(i,j) is function of the RF transmit power levels Pi and Pj.

The outage probability for user j messages is similar to (4)
with = (2R / (3j - 1) /Ac , power P(j,i) ' diversity and

di . dA F d AF . Ico mg gain (j,i),O an c(j,i),O' respective y.
According to the experimental data analysis in [11], a

Ricean fading channel with K-factor Ki,j is assumed for the
channel between users i and j (including the uplink channels
for j = 0). Under this assumption, the outage probability for
source i cooperating with partner j through AF relaying is
given in (4), with P(i,j) = y!PiPj, = 2 and effective
coding gain [9]

i.e, macro-diversity, to improve the performance compared
to multi-antenna systems (e.g. multiple-input-single-output,
MISO).

where Pi is the transmit power for user i and 0'2 denotes the
variance of the additive white Gaussian noise (AWGN). The
fading power is arbitrarily distributed, Ihi ,j l2 rv fi,j(X), with

mean value IE rlhi ,j I2] = L:£:J.
Assuming block fading for the whole slot duration, the

outage probability for user i communicating with user j is
Pr ['V' . < 'VdirJ with 'Vd ir = (2R - 1) /A 0 < A < 11'1,,) Ith Ith ,-
modeling the modulation and coding format [7], while R refers
to the spectral efficiency. Performance over fading channels
can be approximated as [8]

P [ dir] [ dir 2/ ( )J .u,r 'Yi,j < 'Yth 'Yth a Ci,j Pi ,

II. SYSTEM MODEL

The scenario under study consists of N battery-powered
static users that are distributed indoors and communicate
with a common BS located outdoors. The BS is acting as
destination for all users (star network topology). As shown
in Fig. 1, transmissions are organized into frames of duration
TF , subdivided into N + 1 slots. A unique slot of duration
Ts = TF / (N + 1) is assigned to each user for time division
multiple access (TDMA). One beacon slot is used by the BS
to resynchronize the users and to configure the transmission
policy.

Each wireless link between the i-th user (i = 1, ... , N) and
the j-th user (j = 0, ... , N), with user j = 0 being the BS,
is impaired by a base-band complex-valued fading channel
hi,j. The instantaneous signal-to-noise ratio (SNR) for a direct
coherent transmission from user i to j is modeled as

(5)
where indicates that equality holds asymptotically for high
SNR, di,j is the diversity order induced by fading, while Ci,j

is the coding gain.

III. OUTAGE ANALYSIS FOR AF COOPERATIVE
TRANSMISSION IN RICEAN ENVIRONMENTS

AF relaying is chosen here due to its simplicity, compared
to regenerative relaying, and practical implementation. Users
periodically overhear the signals received from the partner
and amplify and forward them towards the BS [1]. The BS
is the centralized controller for specifying and communicating
the cooperating partners, configuring the time-slot assignments
and RF transmit powers. Partners are chosen based on the
knowledge of the fading distribution as outlined in Sect. IV.

We assume that each user can cooperate with at most one
partner. Let (i, j) be a pair of cooperating partners, each
time slot assigned to any of these two users is further sub-
divided into two micro-slots. As shown in Fig. 1, for user i
the first micro-slot spans a fraction (3i = (3 of the available
slot duration Ts. The first micro-slot is reserved for delivering
the i-th user data. The second one with duration (1 - (3) Ts
is reserved for transmitting the amplified version of the signal

AF [1 (1 1)] -c·· o = - -+- .
('1,,), c· ° c·· c· °'1" '1,,) ),

This parameter measures the power gain that would be
available to user i in case partner j is chosen to amplify
and forward its own signal. On the other hand, Ci,j =
exp (Ki,j) / [Li,j (Ki,j + 1)] denotes the coding gain for the
separate link (i, j) and it is function of the K-factor Ki,j (the
measured power of deterministic channel component over the
whole channel power) and the path loss Li,j, measured over
each link [9]. Notice that Ci,j = in case of Rayleigh
fading (Ki,j = 0).

IV. PARTNER SELECTION STRATEGY:

PROBLEM FORMULATION

The problem we tackle here is how to pair (or leave
without partner) the users that are allowed to communicate
to the outdoor BS. The aim is to minimize the maximum
energy consumed by the devices over the frame/ with a

1To guarantee the same efficiency as for the non-cooperative case.
2Minimizing this metric maximizes the network lifetime, assuming that

battery capacity is the same for all the users.



constraint on the energy loss (or gain) for the single user. In
our analysis, the energy consumption of the micro-processor,
the amplifying circuitry during overhearing and the periodic
resynchronization are assumed negligible and omitted. Without
loss of generality, Gaussian modulation (A = A c = 1) is
assumed.

Energy consumption for single users. Approximating the
outage probability by (2), the energy consumption for user i
targeting an outage probability p must be, at least,

Ts
Ei O ---. (6)

, Ci,O P

Energy consumption for cooperation with user-fairness
constraint. The transmit energy for cooperating users is
chosen such that the outage probability at the BS for both
users is lower or equal to p. As a practical assumption, the
RF transmit power level is kept constant over the reserved
time slot': this causes the cooperating partners to use the same
transmit power [5]. The required overall energy consumption
for user i cooperating with j to achieve the outage probability
p is obtained from (4) as:

"YAF. .a 2 t.E AF 1"'-1 th;t,J S (7)
(i,j),O 1"'-1 • [AF AF]

mm C(i,j),O' c(j,i),O

where the micro-slot fraction in is set to (3i = 1/2 for
the scenario at hand".

The energy gain gi,j achieved by user i cooperating with
partner j, is defined as the ratio between the energy ex-
penditure required by direct transmission and the energy
consumption observed during cooperation. The gain gi,j is
constrained to be above a threshold value 9 (user-fairness)

Ei,o _
gi,j = EAF 2:: g. (8)

(i,j),O

The threshold 9 can be interpreted as follows:
• for 9 < 1, the user-fairness constraint prescribes a

maximum amount of energy loss compared to the selfish
or non-cooperative option that can be tolerated by the
user i when cooperating with partner i:

• for 9 = 1, the user-fairness constraint limits the cooper-
ating user i to spend an energy that never exceeds the
consumption that would be required for direct transmis-
sion;

• for 9 > 1, the user-fairness constraint requires a minimum
energy gain for user i as incentive to cooperate with j.

User-fairness is guaranteed to all cooperating users in the
network. Thus, for any pair (i, j), it is min (gi,j, gj,i) 2:: g.

Using (6), (7) and (8), the user energy gain can be formu-
lated as the product of three terms

gi,j = geff(R) X gilD X gf!jD. (9)

Here, geff(R) = (2R - 1) / (22R - 1) < 1 is the penalty
factor paid for the rate increase from time slot splitting and

3To avoid amplifier non-linearities.
4According to the 120 performance modeling described in [5], it is

almost optimal to set (3i = (3j = 1/2 due to the fact that that Ci,j »
max [Ci,O, Cj,o] is a likely condition in the considered 120 scenario.
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gilD = /p = V27P 2:: 1 is the gain, over
small-scale fading (micro-diversity gain), that is obtained from
the exploitation of redundancy from the partner link; finally,
gf!jD = accounts for the gain, over large-scale
fading (macro-diversity gain), due to asymmetric links with
different statistics, i.e, path losses and K-factors. Notice that,
. 1· MD - MD . / / h ISInce Imci,j-+oogi,j = gi,j = V Cj,O Ci,O, t e argest

minimum energy gain 9 that the system can guarantee is
bounded as

g<gmax= lim {max [min(gi,j,gj,i)]}=geff(R)X 9IlD.
Ci,j -+00 Ci,O ,Cj,O,

(10)
This upper bound is obtained for symmetric uplink channels'',
i.e, Ci,O = Cj,o. In other words, the system can guarantee the
largest user-fairness only if no macro-diversity is available.
Clearly, for threshold 9 2:: gmax, cooperation shall not be
allowed.

Energy gain for the MISO system with two transmit
antennas. To exploit spatial redundancy, an alternative to
AF cooperation is to deploy devices equipped with multiple
antennas (MISO system). Assuming that multi-antenna devices
system do not support relaying, then the user-fairness con-
straint is no longer applicable. In what follows, we compare
the energy gain of the non-cooperative MISO system with the
energy gain of the cooperative transmission for any degree
of user-fairness (using single-antenna direct transmission as
reference case). To allow a fair performance comparison with
the case of pairwise cooperation, we consider the 2 x 1
MISO scenario where the users employ the Alamouti scheme.
Assuming that the MISO links are independent-identically-
distributed'' (i.i.d.), it is intuitive that the energy gain gMISO

(with respect to single-antenna transmission) is only due to
the micro-diversity gain with a penalty factor 1/2 due to the
power splitting between the two antennas

gilD
gMISO = 2· (11)

A. Optimal pairing for the min-max energy consumption with
user-fairness constraint

Define the set of candidate pairing sets P, such that one
set eE P contains up to lN /2J disjoint pairs of cooperative
users: e= {(i, j), (k, h), ..., (f, g)} . All the non-paired users
belong to the set of single users Se = {q, s, ... , z}, such that
21el + ISel = N (where 1·1 denotes the cardinality of the set).
Given the candidate pairing set eand the corresponding single
user set Se, the maximum energy consumed by a user in the
network is Emax(e) = max[ 0' maxEq,o], where

(t,J)Ee "

5The more stringent condition (Li,o, Ki,o) = (Lj,o, Kj,o) is here not
necessary since the coding gain is a sufficient statistic in the high SNR regime.

6The assumption of i.i.d. MISO links is of common use in the literature.
Notice that the Alamouti scheme provides optimum performance with this
assumption (2 x 1 MISO [12, Ch. 5]). However, this condition is generally
not fulfilled in the considered fixed wireless access, where the coherent fading
component results from the superposition of several reflected and diffracted
fading contributions. Indeed, each antenna link can exhibit a different statistic.
Assessing the optimal space-time code for this specific scenario in the finite
SNR regime and comparing its performance goes beyond the scope of the
present paper.
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E max [EAF E AF] ' he maxi "(i, j ),O = max (i ,j) ,O' (j,i) ,O IS t e maximum energy lor
the pair (i , j). The optimal pairing is the solution to

The problem (12) can be formulated as a special case of
the weighted matching problem on the non-bipartite graph
9 =(X ,£) [13]. The set of vertices X corresponds to the
set of users {I , . . . , N}, which are fully connected by the
set of undirected edges £ = { ei ,j : (i, j E X) & (i :::; j)}.
The loops ei ,j =i can be regarded as edges ei ,I, where the
virtual vertex I of the extended graph is connected only to
i. The weights w (ei ,j < i) = E('I,J'),o and w (ei ,j= i) = E i ,o are
associated to all the edges and loops, respectively.

The optimal algorithm to solve this problem is referenced
and adapted to our problem in [5]. Here, we need to handle
the additional user-fairness constraint gi ,j '2 g, V(i, j) E
This problem can be solved by forcing w (ei ,j< i) = 00, if
min[gi ,j , gj ,i] < 9 and thus by excluding all candidate pairing
sets that contain the pair (i,j).
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Figure 2. (a) Average network lifetime (energy) gain vs. the user-fairness
constraint. Outside the shaded region the proposed system performs better
than Alamouti transmission in a 2 x 1 MISO system. (b) Average percentage
of cooperative users vs. the user-fairness constraint.

We evaluate the network lifetime performance of the part-
ner selection algorithms in Sect. IV. The simulated network
scenario is generated according to the stochastic model in [5,
Sect. III] : N users are randomly distributed in a 25m x 25m
indoor environment and the BS is placed outdoors 50m away
from the nearest wall. Path losses and K-factors (Li ,j, K i ,j)
are log-normally distributed around a mean that is dependent
on the link (i, j) distance. Performance results are averaged
over 105 scenarios. The target outage probability is p = 10-3

for all users with spectral efficiency R = 1 bps /Hz.
Fig . 2-a shows the network lifetime gain obtained by

cooperation, averaged among the scenarios, with user-fairness
constraint 9 varying form -80dB to gmax (p,R) = 11.7dB.

B. Worst-Link-First Coding-Gain-based (WLF-CG) algorithm
with user-fairness constraint

7The BS pairs only users i and j that are mutually in the lists of each
other to satisfy the condition cid » max The condition allows
the approximations gt!F ::: yt!j and ::: Yj,i .

The optimal algorithm requires the BS to know all the
inter-user coding gains for computing for all the AF
"logical links" from the pair (i, j) to the BS. To reduce the
complexity, we propose to modify the worst-link-first algo-
rithm (WLF-CG) described in [5]. The WLF-CG is shown to
achieve better performance than a conventional worst-link-first
algorithm based on second order statistics [3]. The algorithm
is composed of two phases: a distributed phase where local
information about the propagation environment is collected
by the users and forwarded to the BS and a centralized one
where the BS finalizes the pairing decisions.

In the distributed phase each user i communicates to the BS
the set (lise) of candidate partners j for which Ci,j > T X Ci ,O,

with threshold value T » 1 such that Ci,j » Ci,O.

In the centralized phase, the BS builds a sorted list of users
from the smallest (worst-uplink) to the largest uplink coding
gain (best-uplink). In order to meet the user-fairness require-
ment , the BS first removes from the list of user i the candidate
partners j such that from (8) gi ,j geff(R) X gf.1D X < 9

or, equivalently, Cj,O < 2 At each iteration the
BS assigns to the worst-uplink user i its best-uplink candidate
partner j having i in his own list, and removes the paired users
from the list. If no candidate partners satisfying the constraint
are available for the worst-uplink user, the BS leaves the user
without partner and removes it from the list. The algorithm
is tailored for even numbers of users but can be adapted and
evaluated for odd numbers as proposed in [5].



The network lifetime gain is defined as IE[Emax (e
o)] lIE [Em ax (e)], where e= 0 is the empty set and eis the
pairing set selected by either the optimal (dash-dotted line) or
the WLF-CG algorithm (solid line). In order to guarantee the
required user-fairness g, the threshold value T in the WLF-
CG algorithm is set to 20 dB (see Sect. IV-B). Optimal and
suboptimal AF relay allocation are further compared to the
non-cooperative MISO system. The shaded region highlights
the cooperative network lifetime gain values that are below
the energy gain gMISO = 13.5dB (equivalent to the network
lifetime gain) provided by Alamouti transmission in a 2 x 1
MISO system with LLd. links. The trade-off between user-
fairness and network lifetime is well described by Fig. 2-
a. For less stringent user-fairness constraint values (below
rv -10dB), AF cooperation is at least as efficient as the MISO
solution (for N 2: 10), achieving larger network lifetime
gains where the user-fairness constraint becomes less severe.
In the latter case, macro-diversity is on average extremely
beneficial for the network lifetime and allows to outperform a
system (MISO) based only on the exploitation of the micro-
diversity. The performance (Le. macro-diversity) can be further
improved by increasing the density of the users. For N = 50,
the WLF-CG algorithm (the optimal solution is not shown
here) achieves remarkably better average network lifetime
performance compared to the MISO case, even for user-
fairness up to 9 = OdB. Nevertheless, the difference between
the optimal and the WLF-CG pairing algorithms is high, e.g.
rv 6dB for N = 10, due to the conservative threshold T in the
WLF-CG algorithm. Notice that the case for 9 ---+ 0 confirms
the results in [5] only for the optimal solution, whereas the
WLF-CG algorithm is penalized by the conservative choice of
the threshold T.

Fig. 2-b depicts the average percentage of cooperating
users given a certain user-fairness constraint. The more severe
the user-fairness constraint becomes (g 2: OdB), the less
likely it is for the users to cooperate (especially for small
N). More precisely, it is less likely that the worst-uplink
user (that determines the network lifetime performance) is
paired, thus, on average, the network lifetime performance are
worse with respect to the MISO case. On the other hand,
for less stringent constraints (g < OdB), the cooperative
option becomes more attractive. This trade-off underlines the
importance for an efficient multi-antenna resource allocation
(whether cooperative or not) to carefully take into account the
impact of macro-diversity in order to exploit it or, at least, to
avoid possible detrimental effects.

VI. CONCLUDING REMARKS

In this paper we have investigated the network lifetime
performance of AF cooperation with user-fairness constraints.
User-fairness constraint is meant to limit the amount of energy
reserved by one user for relaying the messages of any partner.
The proposed user-fairness constrained network lifetime opti-
mization problem has here a twofold interpretation: in the first
one, cooperation is limited by a maximum amount of energy
loss, compared to the non-cooperative option, that can be
tolerated by the user (g < OdB); in the second one, a minimum

5

energy gain for the user is introduced as incentive to cooperate
(g 2: OdB). For the less stringent user-fairness requirements
(g < OdB), we have proposed a low-complexity partner
selection algorithm that obtains remarkable better performance
gain over the non-cooperative Alamouti MISO transmission.
The latter result is due to the benefits of the exploitation of the
available macro-diversity (Le., the distribution of the K-factor
and path loss values in the multi-link Ricean fading channel).
In a realistic 120 cooperative network with 50 static indoors
users, our partner selection algorithm can achieve on average
a network lifetime increase by factor 10 compared to the 2 x 1
MISO and 200 compared to single-antenna direct transmission,
provided that the users can tolerate up to 10dB energy loss. On
the other hand, for strict user-fairness constraints (g 2: OdB),
the macro-diversity has detrimental effects on the cooperative
network lifetime performance.
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