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Abstract—In ad-hoc networks, cooperative diversity is especially 
desired where the use of multiple antennas may be impractical 
due to the size of nodes. There has been a lot of work on 
improving the peer-to-peer link quality by using advanced coding 
or power and rate allocation between a single source node and its 
relays. However, how to efficiently and fairly allocate resources 
among multiple users and their relays is still unknown.  In this 
paper, a novel multiuser cooperation protocol is proposed, where 
multiuser diversity scheme is adopted to schedule different 
source/destination pairs and each pair computes its required rate 
based on a power reward. Power reward is adopted by each node 
to evaluate the power contributed to and by others so as to 
guarantee fairness. It will be shown that in energy-constrained 
cooperative ad-hoc networks, fairness can actually bring 
significant throughput gains. Simulation results will validate our 
analysis and show that compared to direct transmission and full 
cooperation protocols, much higher aggregate throughput can be 
achieved by the proposed Fair Cooperation Protocol thanks to 
improved fairness. 

Keywords- Cooperative diversity, Multiuser diversity, Energy-
constrained, Fairness, Spectral efficiency, Resource allocation. 

I.  INTRODUCTION 
The use of multiple antennas at both the transmitter and 

receiver can bring significant capacity gains. Unfortunately, 
this could be impractical in ad-hoc wireless networks, due to 
the size of the node or the mobile unit. In order to overcome 
this limitation, a new form of spatial diversity, whereby 
diversity gains are achieved via the cooperation of nodes, has 
been proposed. The main idea behind this approach, which is 
called cooperative diversity, is to use orthogonal relay 
transmission to achieve diversity gain. A virtual antenna array 
is then obtained through the use of the relays’ antennas without 
complicated signal design or adding more antennas at the 
nodes. 

Sendonaris et al firstly proposed the idea of cooperative 
diversity and applied it into CDMA cellular systems [1-2]. 
Laneman and Wornell further extended this work and 
presented several cooperative protocols, including amplify-
and-forward, decode-and-forward, selection relaying and 
space-time-coded cooperation [3-4]. Coding is further 
introduced into the cooperation [5-6]. Other important work 
includes cooperative regions analysis for coded cooperative 
protocol [7], space-time code design criteria for amplify-and-
forward relay channels [8], information-theoretic achievable 

rate regions and bounds [9], and symbol error rate analysis for 
Rayleigh-fading channels with K amplifying relays [10]. 

Most of the existing work focuses on improving the peer-
to-peer link quality in the single-user scenario by using coding 
or power and rate allocation. In ad-hoc networks, how to 
efficiently and fairly allocate resources among multiple users 
and their relays is still unknown. Several cooperation protocols 
for medium-access control were proposed in [4], which are 
symmetric and fixed. That is, a group of users act as relays for 
each other. By carefully grouping the users (with similar 
channel gains, for example), fairness and efficiency can be 
achieved simultaneously in cellular networks where all the 
users transmit to the same destination, namely, the base station. 
However, in ad-hoc networks, nodes may transmit to different 
destinations. Each node should have its own relay set so as to 
improve the spectral efficiency. As a result, there will 
probably, if not surely, be some nodes that have more chances 
to be relays. As such, their power will be used up quickly. 
Unfairness will then occur. 

There has been a lot of work on multiuser resource 
allocation with time-varying channels. For example, in 
opportunistic transmission [11], the time slot is allocated to the 
user with the best instantaneous channel gain to maximize the 
throughput. In cooperative ad-hoc networks, it may become 
much more complex since both the channel state between the 
source node and the destination node and the channel states of 
the relay nodes should be considered when contesting the 
access slot. Besides, as stated before, fairness should be 
guaranteed so that the resources required by each node (i.e., the 
power contributed by its relays) are no more than what it 
contributes to other nodes. In this paper, we propose a novel 
multiuser cooperation protocol for ad-hoc networks, where 
opportunistic transmission is adopted to schedule different 
source/destination pairs and each pair computes its required 
rate based on the power reward. Here power reward is adopted 
by each node to evaluate the power contributed to and by 
others. The power reward will increase if the node acts as a 
relay and decrease if the node employs the other nodes as 
relays. The node can use cooperation only if its power reward 
is large enough to cover the power required by its relays. It can 
be seen that by the use of the power reward, no nodes will 
over-contribute to others or over-utilize others as relays. As a 
result, fairness can be improved significantly. 

Fairness and efficiency are two crucial issues. Spectral 
efficiency is evaluated in terms of the aggregate throughput, 
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which is sometimes unfair to those users with bad channel 
conditions. On the other hand, absolute fairness may lead to 
low bandwidth efficiency. Therefore, there is usually a tradeoff 
between efficiency and fairness. In this paper, we will show 
that in energy-constrained cooperative ad-hoc networks, 
fairness will actually bring significant throughput gains. In 
particular, we assume that each node has an energy constraint 
E. With unfair protocols the nodes will run out of energy 
successively and the number of nodes will decrease fast. This 
implies that the number of available relay nodes will also 
decrease fast, which will lead to lower throughput and higher 
transmission power for each node. Besides, since opportunistic 
transmission is adopted, the throughput is dependent on 
multiuser diversity gain which will decrease with the number 
of nodes. Therefore, it can be expected that higher throughput 
can be achieved if all nodes run out of energy simultaneously. 
We will show that compared to direct transmission and full 
cooperation protocols, our proposed Fair Cooperation Protocol 
can achieve significant throughput gains thanks to its fairness 
and beamforming gain. 

This paper is organized as follows. In Section II, we 
provide our system model. The new Fair Cooperation Protocol 
is proposed in Section III. Section IV presents the lifetime and 
throughput analysis of direct transmission, Full Cooperation 
Protocol and the proposed Fair Cooperation Protocol. 
Simulation results are given in Section V. Finally, Section VI 
summarizes and concludes this paper. 

II. SYSTEM MODEL AND MULTIUSER COOPERATION 

PROTOCOL 
We consider an ad-hoc network with K nodes and assume 

that each node is equipped with only one antenna. All nodes 
are associated with an energy constraint, denoted by E. A node 
uses its energy in transmitting, receiving and processing traffic. 
Here we assume that the energy consumed in the transmit 
mode is the dominant source of energy consumption. 
Therefore, this paper will only consider the energy 
consumption on transmission. The system operates in discrete 
time slots and TDMA is assumed. That is, in each time slot, 
only one source/destination pair is selected for transmission. 
Besides, it is assumed that the channel is time-invariant in one 
time slot but may change over different time slots. Let t denote 
the length of one time slot. Assume a flat fading channel 
between any node i and node j with the channel gain ijg , where 

ijg  is assumed to be a complex Gaussian random variable with 

zero-mean and variance 2
ijσ . Here, 2

ijσ  accounts for the effect 
of large-scale path loss and shadowing [3]. In this paper, we 
neglect the effect of shadowing and so 2

ij ijd ασ −= , where ijd  is 
the distance between node i and node j. We assume that power 
control is available at the source node so that the effect of path 
loss can be overcome by letting the transmission power 

0 ijP P dα= , where 0P  is the required average receive power at 
the destination node in each time slot. Let ijh  and ijz  denote 
the small scale fading and the additive white Gaussian noise, 
respectively. ijh  and ijz  are complex Gaussian random 
variables with zero-mean and variance 1 and 0N , respectively. 

Decode-and-forward relays are assumed to be used. In 
particular, the source node transmits the data packet to the 
relays in the first time slot and the relays decode and forward 
the packet with the source node to the destination node in the 
second time slot. Therefore, the source-relay (s-r) channels 
should be good enough compared to the source-destination (s-
d) channel so as to avoid severe error propagation [9]. In ad-
hoc networks, any node k may have different relay sets when it 
transmits to different destinations. Therefore, fixed multiuser 
cooperative protocols proposed in [4] cannot work here. In this 
paper, we define a relay region iR  for any source/destination 
pair i. The nodes located inside the relay region iR  can be 
regarded as the relays of the source/destination pair i. In 
particular, assume that the distance of the source/destination 
pair i is id  and the radius of the relay region iR  is iR . Then, 
the ratio of iR  and id  should satisfy 

( )1//i

i

R
d

αξ η β= =        (1) 

where /sr sdP Pη =  is the transmission power ratio of the first 
time slot to the second time slot, and we have 
( ) / 2sr sdP P P+ = . α  is the path loss factor and β  is the 
required average error probability ratio of the s-d channel to s-r 
channel. For a large β  (β =100 for instance), the s-r channels 
will have a much lower error probability than the s-d channel 
so that they can be approximately regarded as error-free 
relative to the s-d channel. Therefore, the relay region iR  of 
the source/destination pair i should be a round area with a 
radius ( )1//i iR d αη β= . It can be seen that for a 
source/destination pair with a large distance id , its relay region 
will be large so that more relays can contribute to the 
transmission. The number of relays will decrease with the 
distance of the source/destination pair.  

In this paper, we adopt a multiuser diversity scheme to 
schedule different source/destination pairs [11].1 In particular, 
for each time slot, we compute the corresponding throughput of 
each source/destination pair and select the one with the 
maximum throughput.2  Obviously higher throughput can be 
achieved with more source/destination pairs, which is called 
multiuser diversity gain. In order to maximize the throughput 
of each source/destination pair, beamforming is assumed to be 
adopted by the source node and the relay nodes.3 

III. FAIR MULTIUSER COOPERATION PROTOCOL 
The fairness issue is not addressed in the above multiuser 

cooperative protocol. As stated before, fairness is very 
important especially in energy-constrained networks. With 
opportunistic transmission, the aggregate throughput is 
dependent on the multiuser diversity gain: higher throughput 
can be achieved with more nodes in the network. Besides, the 
number of available relays is also dependent on the number of 

                                                        
1 Here we assume that an access point is available for scheduling, which is 
feasible in wireless mesh networks, for example.  
2 Note that here we do not use the fairness constraint in [11]. 
3 Other multiple antennas transmission algorithms, such as space-time coding, 
can be also used. Beamforming is adopted here since the throughput can be 
optimized with the use of beamforming.  
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nodes in the network. Therefore, it is desired that the number of 
nodes should be as large as possible, which implies that the 
energy of all the nodes should decrease at a similar rate. 
Unfortunately, the above cooperation protocol (which is 
referred to as Full Cooperation Protocol in the following) is an 
unfair one: the nodes with more relays will always occupy the 
time slots and so run out of energy very fast. Besides, since the 
cooperation mode is not fixed, there are always some nodes 
who have larger chances to act as relays (those who are located 
in the central area of the network, for instance). These nodes 
are treated unfairly as their power is mainly consumed in 
relaying while their throughput is actually decreased. With a 
certain energy constraint, their power will be used up much 
faster than the other nodes. 

In this section, a novel fair multiuser cooperative protocol 
will be proposed. In particular, we define a Power Reward Wk 
for any node k, k=1,…, K. Wk will increase if node k acts as 
relays and we have 

R
k k kW W P= +      (2) 

where R
kP  is the transmission power of node k. Wk will 

decrease if node k employs the other nodes as relays and we 
have 

k k kW W RP= −               (3) 

where 
1

kN
R

k j
j

RP P
=

=∑ , R
jP  is the transmission power of the j-th 

relay of node k, j=1,…, Nk. 
For each source/destination pair k(Sk, Dk), source node Sk 

will compute the possible throughput according to 
kSW  before 

competing for the time slot. 
kSW  indicates whether node Sk 

should use cooperation or not. If 
kSW  is larger than the total 

required power of Sk’s relays, cooperation should be adopted. 
Otherwise, node Sk cannot afford the cooperation. The 
corresponding possible throughput can be computed then. It 
can be seen that with the use of Wk, no nodes can keep 
employing relays. Since the time slot is allocated to the one 
with the highest possible throughput, by using power reward it 
is very unlikely that one node will continuously occupy the 
time slot. On the other hand, if some node always contributes 
to other nodes’ transmission, it will have a larger Wk so that it 
can have more chances to transmit with relays. Therefore, it 
can be seen that with this new protocol, fairness can be 
guaranteed in two aspects: no node can keep accessing the 
channel and no node will always act as relays. The energy of 
all the nodes would decrease at a similar rate and so the 
throughput can be improved. 

This cooperation protocol shall be referred to as Fair 
Cooperation Protocol and is described below. 

FAIR COOPERATION PROTOCOL 

1. For each pair k(Sk, Dk), compare 
kSW  and the total 

required power of relays kRP . 
If 

kS kW RP≥ , compute the possible throughput with 
cooperation. 
Else, compute the possible throughput with direct 
transmission (without cooperation). 

2. Compare the throughput of all the pairs and select the 
maximal one ( )* * *,k kk S D . 

3. Update the power reward of *
kS  and its relays *

kS
jR , 

1,..., kj N= , using (2) and (3). 

IV. THROUGHPUT  AND LIFETIME ANALYSIS 
In this section, we will evaluate the performance of the Full 

Cooperation Protocol and Fair Cooperation Protocol in terms 
of the aggregate throughput and lifetime. For comparison, the 
related analysis of direct transmission will be also presented. 

A. Direct Transmission 
Assume no cooperation among the nodes. For each time 

slot, the corresponding throughput of the i-th source/destination 
pair, i=1,…, ( )d tM , is computed and the one with the 
maximum throughput is selected. Let us define the network 
lifetime as the maximum lifetime over all nodes, i.e., 

{ }1 2max , ,..., KT T T T= , where iT  is the lifetime of node i, 
i=1,…, K. Then, with direct transmission the network lifetime, 

dT , can be given by 

0/( )d t dT P P D K
α ≈ ⋅  

               (4) 

where /tP E T=  and dD  is the average distance of the 
selected source/destination pair. 

The aggregate throughput of the network dC  can then be 
given by 

( )2
20 1,..., ( )

max log 1d

d

T

d ii t
C h dtρ

=
= +∫ M

      (5) 

where 0 0/P Nρ =  is the average received SNR in each 

transmission. Due to the Rayleigh fading assumption, 2
ih  is 

exponentially distributed. Then, from [12], (5) can be further 
written as 

( )( ) ( ) 1

20 0
( ) log 1 1d dT t

d dC t e e d dtγ γργ γ
∞ −− −= + −∫ ∫

M
M   (6) 

Assume that all the nodes always have packets to transmit in 
each time slot. Then, ( ) ( )d dt t=M K , where ( )d tK  is the 
number of nodes in time slot t and is a monotonously 
decreasing function of t. Notice that here we do not use the 
fairness constraint [11]. In each time slot, we only select the 
pair with the maximal throughput. Therefore, some pairs with 
good channel conditions will always access the channel. Their 
corresponding source nodes will run out of energy very rapidly 
(which implies that the minimum lifetime of the nodes is much 
smaller than Td so that it can be neglected). In that case, the 
number of nodes ( )d tK  can be shown to be 

( ) (1 / )d dt K t T≈ −K     (7) 

By substituting (7) into (6), the aggregate throughput can be 
computed. Obviously the increasing rate of dC  will go down 
with time due to the decreasing multiuser diversity gain. The 
curves of ( )d tK  and dC  will be presented in Section V. 

This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE ICC 2006 proceedings.

3635



B. Full Cooperation Protocol 
Here node cooperation is always adopted. In particular, for 

any source/destination pair i, iN  relay nodes located in the 
relay region iR  will assist the communication. With node 
cooperation, one time slot in direct transmission protocol is 
split into two sub time slots. In the first sub time slot, the 
source node transmits to the relays and the relays decode and 
forward the packet with the source node using beamforming to 
the destination node in the second sub time slot. With decode-
and-forward protocol, the throughput of each transmission is 
given by [3] 

{ }1 2min , / 2bc c c=                      (8) 
where 1c  and 2c  are the throughput of the first sub time slot 
and the second sub time slot, respectively. Assume the same 
transmission power in two sub time slots, i.e., η =1. Then, the 
radius of the relay region iR  can be computed by (1). For a 
large β , the average receive SNR of s-r channels is much 
higher than the s-d channel (and the r-d channels). Therefore, 
we have 1 2c c≥  and so 

ibc  is given by 

2
2

0

1 log 1 || ||
2

i

i

N

b j
j

c hρ
=

 
= + 

 
∑               (9) 

Multiuser diversity scheme is adopted to schedule different 
source/destination pairs. In each time slot, the corresponding 
throughput 

ibc  of the i-th source/destination pair, i=1,…, 
( )b tM , is computed and the one with the maximum 

throughput is selected. Then, the aggregate throughput is given 
by 

( )20 1,..., ( )

1max log 1
2

b

b

T

b ii t
C dtρλ

=
= +∫ M

          (10) 

where 2

0
|| ||

iN

i j
j

hλ
=

=∑  is chi-square distributed with dimension 

2( 1)iN + , and we have 2 ( )i i bN d tM .  

Again, it can be shown that 

0/( )b t bT P P D K
α ≈ ⋅  

  (11) 

and 
( ) (1 / )b bt K t T≈ −K   (12) 

where bD  is the average distance of the selected 
source/destination pair with Full Cooperation Protocol. From 
(1), we know that the radius iR  of the relay region iR  will 
increase with the distance of source/destination pair. More 
relays can be used with a larger iR  so that higher throughput 
can be achieved. As multiuser diversity scheduling is adopted 
here, the source/destination pair with a larger distance will 
have more chances to access the channel. Therefore, it can be 
proved that b dD D> . This implies that compared to direct 
transmission, Full Cooperation Protocol will lead to a smaller 
lifetime bT  and at any time slot t, ( ) ( )b dt t<K K . Although the 
lifetime of Full Cooperation Protocol is less than that of direct 
transmission, the throughput of each transmission will increase 
thanks to the beamforming gain. It can be expected that Full 

Cooperation Protocol will bring significant capacity gains over 
direct transmission in the first several time slots. However, this 
gain will gradually fall down due to the decrease of ( )b tK . 
Besides, the Full Cooperation Protocol is also an unfair 
protocol where the minimum lifetime of nodes is very small 
compared to Tb. That is why ( )b tK  again linearly decreases 
with t. These will be clearly shown in Section V. 

C. Fair Cooperation Protocol 
It has been shown that Full Cooperation Protocol will lead 

to unfairness in two aspects: some nodes may always access 
the channel and some nodes over contribute to relaying. In our 
proposed Fair Cooperation Protocol, whether to cooperate or 
not is dependent on the power reward. The node can use 
cooperation only if its power reward is large enough to cover 
the power required by its relays. Here power reward is adopted 
by each node to evaluate the power contributed to and by 
others. The power reward will increase if the node acts as a 
relay and decrease if the node employs the other nodes as 
relays. It can be seen that by the use of power reward, no nodes 
will over-contribute to others or over-utilize others as relays. 
As a result, fairness can be improved significantly. 

The aggregate throughput of Fair Cooperation Protocol is 
given by 

( )
1 1

2
2 2 20

1,..., ( ) 1,..., ( )

1max( max log 1 , max log (1 ))
2

f

N Ni i
R R

i j i j
j j

f f

T

f i i
W P W P

i t i t

C h dtρ λ ρ

= =

> <

= =

= + +
∑ ∑

∫
M M

(13) 

and the lifetime of Fair Cooperation Protocol is given by 

0/( )f t fT P P D K
α ≈ ⋅     (14) 

where fD  is the average distance of the selected 
source/destination pair with Fair Cooperation Protocol. In 
contrast to the full cooperation case, the source/destination pair 
with a small distance is more likely to use relays for 
cooperation since the required power cost is low. Therefore, 
with the use of power reward, fD  will decrease and so the 
lifetime increases. 

In (13), 2ρ  is the average received SNR of the second time 
slot. (1) provides the relationship between the power ratio η  
and distance ratio ξ . Usually we assume the same transmission 
power (η =1) in two sub time slots (as we did in Section IV.B). 
However, there should be an optimum *η  (or *ξ  equivalently) 
with which the aggregate throughput can be maximized. 
Intuitively, with a larger ξ  (or η ), more relays can contribute 
to the transmission but less power sdP  is allocated to the 
second time slot. An appropriate ξ  (or η ) can be found to 
maximize the throughput of each transmission. On the other 
hand, for any node i, a larger ξ  implies a higher srP  and a 
lower /( 1)sd iP N + . ξ  can be optimized to minimize the 
transmission power iP  of node i . It is found that to maximize 
the aggregate throughput, the optimal *ξ  should satisfy 

2 2
*

22

1max /
1 1

f

R

D K
α

α αξ

ξξ ξ β
ξ β ξ β ξ

       = +    + +       

       (15) 
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where R is the radius of the network. This will be verified in 
Section V. It is not easy to obtain the analytical expression of 

( )f tK . The simulation results will be presented in Section V 
and we will show that with this new cooperation protocol can 
improve the fairness significantly. 

V. SIMULATION RESULTS 
In this section, we present simulation results that validate 

the previous analysis. We assume that the source nodes and 
destination nodes are uniformly distributed in two round areas 
with unit radius and the distance between two centers is 
denoted by R0. There are totally K=250 source nodes, each of 
which has a total power constraint Pt = E/t. Assume that all the 
nodes always have packets to transmit in each time slot and in 
each transmission, the average received SNR ρ  is 0dB. The 
required average error probability ratio β  is 100 and path loss 
factor α  is 4. The initial power reward of each node is given 
by W0. With a small W0, no nodes can afford cooperation and 
the throughput will be the same as direct transmission. 
However, a large W0 will lead to full cooperation and so the 
fairness cannot be guaranteed. Therefore, W0 should be 
carefully selected. In our simulations, we let 0 0 / 2W Rαρ= ⋅ . 

As shown in Section IV.B and C, the aggregate throughput 
with cooperation is dependent on the transmit power ratio η  
of two sub time slots (or distance ratio ξ ).  With Full 
Cooperation Protocol, the transmission power in the first time 
slot is equal to that in the second time slot and so from (1) we 
know that the distance ratio 0.316ξ = . With Fair Cooperation 
Protocol, the optimal *ξ  can be calculated via (15). We obtain 
the aggregate throughput with Fair Cooperation Protocol via 
simulation under different values of ξ  when R0=3 and Pt 
=20dB. As shown in Fig. 1, the analytical optimal *ξ  is 
marked by diamond, which perfectly matches the simulation 
results. Besides, the throughput may vary a lot with ξ , which 
implies that ξ  should be carefully selected to maximize the 
aggregate throughput. 

Fig. 2 presents the aggregate throughput curves with direct 
transmission, Full Cooperation Protocol and Fair Cooperation 
Protocol when R0=3 and Pt=20dB. It can be seen that the 
increasing rate of throughput with direct transmission, Full 
Cooperation Protocol and Fair Cooperation Protocol will go 
down with time due to a decreasing multiuser diversity gain. A 
closer observation indicates that during the first 150 time slots, 
Full Cooperation Protocol can achieve the highest throughput 
thanks to beamforming gain. However, as stated in Section 
IV.B, it always chooses the source/destination pair with a 
larger distance and some nodes may always act as relays. Such 
nodes will run out of energy very quickly. As shown in Fig. 2, 
the throughput with Full Cooperation Protocol will keep 
constant after 160 time slots, which implies that all the nodes 
have run out of energy. Direct transmission can achieve a 
higher aggregate throughput than Full Cooperation Protocol, 
while its throughput is always lower than that with the Fair 
Cooperation Protocol. Our proposed Fair Cooperation 
Protocol can achieve the highest aggregate throughput thanks 
to both fairness and beamforming gain. For instance, the 

aggregate throughput of direct transmission, Full Cooperation 
Protocol and Fair Cooperation Protocol is 1650 bit/s/Hz, 1250 
bit/s/Hz and 550 bit/s/Hz, respectively. At least 30% and 
200% gain can be obtained by Fair Cooperation Protocol over 
direct transmission and Full Cooperation Protocol, 
respectively. 
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Fig. 1: Throughput vs. ξ  with Fair Cooperation Protocol when R0=3 and Pt 
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Fig. 2: Throughput curves of direct transmission, Full Cooperation 

Protocol and Fair Cooperation Protocol when R0=3 and 
tP =20dB 

The lifetime comparison is shown in Fig. 3. As stated in 
Section IV.A and B, both direct transmission and Full 
Cooperation Protocol are unfair protocols. Some nodes may 
run out of energy quickly. Therefore, the number of nodes will 
decrease linearly with time. Our proposed Fair Cooperation 
Protocol can improve the fairness significantly. As shown in 
Fig. 3, in the first 150 time slots, nearly no nodes run out of 
energy. Actually this stage is expected to be as long as 
possible.4 After that, the number of nodes will decrease very 
fast, partially because the residual power of nodes is very low, 
and partially because in each transmission totally iN +1 nodes 
will contribute to the transmission and so more than one node 
may run out of energy in one time slot (Notice that with direct 
transmission, at most one node may run out of energy). 

If we increase the power constraint Pt to be 30dB, Fair 
Cooperation Protocol will approach the ideal fair case. As 
shown in Fig. 4, the number of nodes will not decrease until 

                                                        
4 The ideal case is that all nodes run out of energy simultaneously.  
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the 2500th time slot. It turns out that this fairness will bring 
significant throughput gains. The simulation results show that 
in this case, 60% and 200% gain of aggregate throughput can 
be obtained by Fair Cooperation Protocol over direct 
transmission and Full Cooperation Protocol, respectively. We 
do not present the curves here due to limited space. 
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Fig. 3: Number of nodes vs. Time slots with direct transmission, Full 

Cooperation Protocol and Fair Cooperation Protocol when when R0=3 and          
Pt =20dB 
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Fig. 4: Number of nodes vs. Time slots with direct transmission, Full 

Cooperation Protocol and Fair Cooperation Protocol when R0=3 and Pt 
=30dB. 

It has been shown that Fair Cooperation Protocol can 
provide substantial throughput gains over the direct 
transmission. However, this gain is dependent on the average 
distance of source/destination pairs. In particular, the pair with 
a large distance can have more relays and so the throughput 
would increase. Therefore, if the network has a large average 
distance of source/destination pairs, cooperation can bring 
significant throughput gains. On the other hand, for a small 
average distance, the gain is quite slight. Fig. 5 presents the 
throughput gain of Fair Cooperation Protocol over direct 
transmission under different values of R0. We evaluate here 
such gain as ( ) /d f dC C C− × 100%. It can be seen that the 
throughput gain will increase dramatically with the increase of 
R0. For instance, with a R0 of 4, Fair Cooperation Protocol can 
bring over 80% gains over direct transmission. However, this 
gain will diminish when R0 is less than 0.5. Therefore, we 
conclude that cooperation is more suitable for the network 
with long-distance transmissions. 

VI. CONCLUSIONS 
In this paper, we proposed a novel multiuser cooperation 

protocol for energy-constrained ad-hoc networks, where power 
reward is used to improve the fairness and optimal power 
allocation is adopted to maximize the throughput. We 
compared this Fair Cooperation Protocol to the direct 
transmission and full cooperation protocols and showed that 
our proposed protocol can significantly improve the fairness 
performance and increase the lifetime. Substantial throughput 
gains can therefore be obtained. The numerical results 
validated our analysis and demonstrated that our proposed Fair 
Cooperation Protocol can achieve 60% and 200% gain over 
direct transmission and Full Cooperation Protocol, for instance. 
This gain will be even larger for a network with long-distance 
transmissions. 
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Fig. 5: Throughput gain of Fair Cooperation Protocol over direct 

transmission vs. R0 when Pt =30dB. 
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