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Abstract—Traffic offloading over heterogeneous networks allows 
the traffic to be offloaded between networks, in order to ease the 
strain on the overloaded network.  In this paper, a cognitive 
cooperative traffic offloading scheme over heterogeneous 
networks is proposed. In the proposed scheme, the shifted users 
which are offloaded from the overloaded network to the under-
loaded network are treated as the secondary users (SU) for the 
target under-loaded network, and the users in the under-loaded 
network are primary users (PU). SU cooperates with PU’s 
transmission with a reward of access to the PU’s spectrum. More 
importantly, Stackelberg game is applied to optimize the 
strategies of both under-loaded and overloaded networks, in 
order to ensure both of their utilities in terms of data rate and 
cost are maximized. Simulation results reveal that the proposed 
scheme improves the utility of the overloaded network, and 
enhances the user satisfaction and spectrum efficiency of the 
under-loaded network, which indicate the traffic is effectively 
offloaded from overloaded network to under-loaded network and 
at the same time the performance of under-loaded network is 
improved.  

Keywords-Cognitve; Cooperative; Traffic offloading; 
Heterogeneous networks 

I.  INTRODUCTION 
The future networks are envisaged to be heterogeneous and 

ubiquitous, and the coverage of various networks will be 
overlapped with each other. Currently, a large percentage of 
mobile data traffic is generated by the emerging mobile social 
applications and mobile broadband PC [1], and the mobility of 
such applications makes the user service demand random both 
in time and location, resulting in the uneven traffic load 
distribution among the wireless access points [2], which 
imposed increasing challenges for mobile network operators. 
Therefore effective and efficient traffic offloading over 
heterogeneous networks has become more important in this era 
where the data traffic demand grows rapidly and distribute 
unevenly.   

Furthermore the recent wireless applications are multi-
mode and multi-interface, and they are able to access to 
heterogeneous networks when necessary, which makes the 
traffic offloading over heterogeneous networks possible. 

Recent researches on heterogeneous networks mainly focus 
on vertical handoff [3] and mobility management [4], and there 
is not much research on improving the overall heterogeneous 
networks performance. [5] proposed a spectrum borrowing 
scheme between cellular networks and WLAN. In that scheme, 
in order to ensure the reliable link, a channel reserved 
mechanism with channel borrowing prediction algorithm is 
adopted. However this scheme only focuses on raising the 

spectrum utilization, and neglects the improvement on user 
satisfaction in the leasing network. 

The development of cognitive technology enables the 
dynamic spectrum allocation between heterogeneous networks, 
and improves the spectrum efficiency by allowing the 
unlicensed users (secondary users) access the licensed bands 
from the license holder (primary users). Conventionally, the 
primary users (PU) use its spectrum regardless the existence of 
the secondary users (SU), SU look for the unoccupied spectrum 
and access them for data transmission opportunistically. There 
is no cooperation between PU and SU.  

In this paper, a cognitive cooperative traffic offloading 
scheme over heterogeneous networks is proposed. In this 
scheme, the shifted users offloaded from the overloaded 
networks to the under-loaded networks are treated as SU, and 
users from the under-loaded network are PU. SU can be 
leveraged as the relay for PU to enhance the PU‟s 
transmission. In return, SU can access certain available 
spectrum in the under-loaded networks for their own 
transmission as rewards.  In this way, cooperation between PU 
and SU not only benefits both the under-loaded and 
overloaded networks, but also effectively balance the load 
between networks.   

More importantly, in this paper, Stackelberg game theory, 
which is a leader-follower sequential game, is applied to 
optimize the behaviors of both users in overloaded network 
and under-loaded network. In the Stackelberg game, aware the 
follower will observe its action, the leader adopt its optimal 
strategy, and then the follower will adopt its own optimal 
strategy accordingly, in this way, both utility of leader and 
follower are maximized. In the paper, the under-loaded 
network is modelled as leader, and the overloaded network are 
modelled as follower. Simulation results indict that the 
proposed scheme not only improves the utility in terms of data 
rate and cost of overloaded network, but also enhances the 
user satisfaction and spectrum efficiency of the under-loaded 
network. 

The remaining paper is organized as following: in section II, 
the system model and utility function of both networks are 
presented. Section III applies the Stackelberg game to derive 
the optimal strategy of both networks. In section IV, the 
simulation results about the performance of the proposed 
scheme are analyzed. Section V is the conclusion of the paper. 

II. SYSTEM MODEL 
In this system model, as shown in figure 1, it is assumed 

that there are two overlapping infrastructure-based 
heterogeneous networks, which are under-loaded network and 
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overloaded network respectively. In the overloaded network, 
the data demand has already exceed the network capacity, 
some users cannot be served by the overloaded network‟s own 
spectrum and need to be shifted to other networks, so 
overloaded network need to rent some available spectrum 
from the under-loaded network to serve such shifted users. 
Thus for the spectrum in under-loaded network, the users in 
this network are primary users who possess the license for the 
spectrum, and the shifted users from overloaded network are 
secondary users. There are M primary users (PU) in the under-
loaded network, PU1,…,PUm…(m<=M), and the data is 
transmitted between PUm and primary access point(PAP). 
There are N shifted secondary users (SU) in the overloaded 
network, SU1,…,SUn…(n<=N), which transmit data to 
secondary access point (SAP).   

Uplink transmission is considered in this model, the 
downlink transmission can be analyzed in the same way. 
OFDM based frame is used in this model as shown in figure 2, 
if SUn is selected as the cooperative relay for PUm,, PUm will 

lease the bandwidth for a fraction of time to the selected SUn 
as a reward for their cooperation. And then SUn will use 

 for PUm‟s cooperative transmission, and the remaining 

 M  for its own transmission. 

PAP

SAP

PU
SU

 
Figure 1.  The ovelapping scenario of overloaded and under-loaded networks 

 
Figure 2.  OFDM based frame strucure in this model 

We assume, the PAP is aware of the channel gains 

1mpg  (the channel gain of the direct link between PUm and 

PAP)
npg (the channel gain between SUn and PAP),

mng ( the 

channel gain between PUm and SUn, where SUn act as the relay 

for the PUm). And the SAP only knows the 
nsg (the channel 

gain between SUn and SAP). And all these channel gains are 
assumed time-invariant within frame duration.  

To establish the baseline case where the fraction of time 

leased to secondary user is 0  . In this case, PUm transmits 
directly to PAP without regarding SUn as relay. In the OFDM 
frame with Ns symbols and M subcarriers, the data rate of the 
direct transmission is 

2log 1
m mpd

m f

o

P g
R M

N

 
  

                        (1) 
Where 

mP  is the PUm‟s transmission power for each 

subcarrier for direct transmission,
oN is the background noise 

in PAP.   
If PUm lease symbols to the relay SUn and sends its data 

to PAP via SUn, and when the decode and forward (DF) 
scheme is used, the data rate for this cooperation transmission 
is 

min{( ) , }r

mn s mn npR N R R  
                (2) 

Where
mnR is the data rate between PUmand SUn, npR is the 

data rate between SUn and PAP. 
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Where 'mP  is the PUm‟s transmission power for each 

subcarrier for cooperative transmission,
nP  is the SUn‟s 

transmission power for each subcarrier, and each SUn is 
considered to use the same power for both cooperation 
transmission and its own traffic.  

For fair comparison, PUm is assumed to use same power for 
its direct transmission and cooperative transmission via SUn. 

Thus ' s

m m

s

N
P P

N 



. 

In the OFDM based cooperative transmission, the 
transmitted symbol for PUm to SUn should be equal to the 
number of symbol in the SUn to PAP link. Thus the 
cooperative transmission must be constrained by [6]: 

( )s fN M                              (5) 

From equation (5), the relationship of  and  is obtained: 

f s
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The matrix  mn M N
K k


 ,  0,1mnk  is used to denote the 

relationship between PUm and SUn. 

 

            1,    SUn act as relay for edge user PUm 

0    SUn does not act as relay for PUm                               (7) 
 
And the data rate of PUm is as following: 

r

mnR             when 1mn

n

k    

d

mR                else                                            (8)  

Consequently the achievable data rate for the selected SUn‟s 

own traffic transmission in the remaining fM  subcarriers 

is: 
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To ensure the cognitive cooperative traffic offloading 
scheme will add value to both the networks. Two problems 
need to be resolved. First one is which SU n should be 
selected to serve the PU m. Second is how much power should 
the SU use for the cooperative transmission for PU. In this 
paper, Stackelberg game is used to optimize the behaviors of 
the PU and the SU, which will maximum the benefit of both 
the under-loaded network and overloaded network. 

A. The Utiltiy of Overloaded network  

The utility function o

n of SUn is defined as the difference 

between the achievable data rate and the cost of transmitted 
power. 

o

n ns n fR cP M     [7]                        (10) 

Where c is the cost per unit transmission energy, is the 

total time when SUn is activated.
fM is the total subcarriers 

that SUn is occupied.  
The utility function of the overloaded network is the sum 

of all the utility of o

n  

1

N
o o

n

n

U 


                              (11) 

B. The Utiltiy of Under-loaded network  
The utility function of under-loaded network is defined as 

the user satisfaction of all the PUs concerning with the 
achievable data rate.  

1u aU e                                  (12) 
And 

1

M

m

m

T
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                              (13) 

 Where a  is the satisfactory weight factor,  is the PU‟s 
average achievable data rate versus the traffic 

requirement TR . 

III. STACKELBERG GAME ANALYSIS 
The spectrum sharing among the under-loaded network 

and overloaded network is modeled as Stackelberg game. Both 
the primary and overloaded network are rational and selfish, 
they only want to maximize their own utility. They adopt their 
optimal strategy sequentially. Stackelberg game is used to 
model such leader-follower sequential game. In this 
Stackelberg game, the under-loaded network plays as the 
leader, since it owns the spectrum. And the overloaded 
network plays as the follower, since it wants to rent spectrum 
from the under-loaded network. 

The backward induction method is commonly used to 
analyze such as sequential game and it can be divided into two 
steps. First of all, assuming the leader‟s strategy is fixed, the 
follower‟s optimal strategy is analyzed. In our case, the 
overloaded network determines the amount of power used for 
PU‟s cooperative transmission. In the second step, aware of its 
decision‟s effect on the overloaded network, under-loaded 
network will make decision on the relay selection K and 

spectrum leasing subcarriers  . 

A. The Strategy of Overloaded network  
 

For SUn, it wants to get the largest achievable data rate 

with the lowest cost, that is to maximize the o

n , substituting 

(6)(9) into (10),  
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From (14), it is apparent that with the increase of
nP , 

o

n is first a increase function of
nP  and then a decrease 

function of 
nP . Thus given a certain number of   the optimal 

value of  *nP  can be derived, when 0
o

n

nP





(15). 

  
By solving the function (15), the optimal amount of 

power SUn used for cooperative transmission is given by:  
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Substituting (16) into (14), the maximized utility of the 

SU *o

n , as a function of  is derived. 
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   (17)  

When o

n is maximized, oU can be maximized as well. 

B. The Strategy of Under-loaded network  
Assuming the SU in overloaded network will adopt the 

above optimal strategy. The PAP in under-loaded network will 
make decision on relay selection K and the spectrum leasing 

subcarrier   in order to maximum their user satisfaction.  

Based on (3)(4)(16), (2) can be rewritten as: 

min{ , }r

mnR A B                            (18) 

Where 
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A and B are all function of  .  

PAP solves the following optimization problem: 
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mn mR R  when 1ij

n

k                        (24) 

 0,1mnk  , 1 m M  and 1 n N 
    

              (25) 

The constraint (22) means one SU can serve at most one 
PU, this is because serving multiply edge users will consume 
most energy of the SU, insufficient power remains for the 
SU‟s own transmission. Constraint (23) indicates that one PU 
can only select at most one SU, because one relay is capable to 
achieve full diversity of cooperation [8]. Constraint (24) 
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means the SU is selected as relay only if the data rate of PU‟s 
cooperative transmission is larger than the data rate of PU‟s 
direct transmission. 

 We can see the optimization problem of the under-loaded 
network is a mixed integer problem, and it is difficult to solve. 

Fortunately, the utility function uU increase as the function 
r

mnR grows. What‟s more r

mnR is independent with K . Thus 

this optimization problem can be solved in two linear parts. 

First of all, spectrum leasing subcarrier   is determined to 

maximize r

mnR . Secondly, based on the result of the first part, 

relay selection K  is decided to maximize the utility of the 
whole under-loaded network.  

With the optimal  and optimal relay selection K , the 

utility function of the under-loaded network can be maximized. 

Based on the optimal strategy of the PU (  and K ), the SU 

can make its optimal response (  *nP  ) accordingly, and the 

utility of the overloaded network also gets to maximum. Thus 
a unique NE point is obtained. 

IV. SIMULATION RESUILTS  
In this section, the simulation results are presented and 

analyzed to evaluate the performance of the proposed scheme. 
In this simulation platform, one under-loaded network 

and one overloaded network which operate in different 
operation frequency are overlapped. In the under-loaded 
network, 10 PUs are located randomly at the cycle region, 
with PAP as center, and the radius as 1. In the overloaded 
network, N shifted SUs are randomly located in the cycle 
region, with SAP as center, and radius as 0.3. The SAP is 0.1 
away from PAP, and thus all the SU are located in the 
intermediate area between PU and PAP. The PU‟s 

transmission power ( mP ) and background noise ( 0N ) are 

normalized. Satisfactory factor a is set to 2, traffic 

requirement TR is set to 1, and the unit power cost c  is set to 

0.1.
 mnd is the distance between PUm and SUn, npd  is the 

distance between SUn and PAP, nsd  is the distance between 

SUn and SAP. Considering a path loss model (shadowing is 

not modeled), the channel gains are as following: 1npg  ,  

2
1

mn
mn

g
d

 , 
 

2
1

np

np

g
d



,

 
 

2
1

ns

ns

g
d

 [7] 

The performance of the proposed cognitive cooperative 
traffic offloading scheme (CTO) is compared with the 
performance of the no traffic offloading (NTO) and traffic 
offloading without cooperative transmission (NCTO). In NTO, 
PU will monopolize the spectrum and no SU can access its 
spectrum. In NCTO, PU will lease the part of spectrum to SU, 
but PU will transmit directly without regarding SU as the 
cooperative relay. 

A. Utiltiy/ User Satisfaction of the Under-loaded network  
Figure 3 shows the utility/user satisfaction of under-loaded 

networks versus the number of shifted users in overloaded 

network. CTO outperform NCTO and NTO, since in CTO, the 

shifted users are properly leveraged as the relay for the users 

in the under-loaded network and the diversity is exploited. 

Furthermore, with the increase of the shifted users in 

overloaded network, the improvement of CTO in the under-

loaded network‟s utility is more apparent. This is because, in 

CTO, only when the data rate of cooperative transmission is 

larger than the direct transmission, the users in under-loaded 

network will leverage the shifted users in the overloaded 

network as the cooperative relays and offer the relays 
available spectrum as a reward. When there are more shifted 

users which are available to be relay, there is higher chance 

that more users from under-loaded network can find their 

suitable relays, which enhance the data rate of the users from 

under-loaded network and the utility of under-loaded network. 

In NCTO, with the increase in shifted users in overloaded 

network, the utility of under-loaded network decrease, it is 

because NCTO allows the shifted users access the available 

spectrum of the under-loaded network without delegating 

them as relay, thus more shifted users, more spectrum will be 

given away, less utility of under-loaded network will have. 
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Figure 3.  The utility/ user satisfaction of under-loaded network 

B. Utiltiy of the Overloaded network  
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Figure 4.  The utility of overloaded network 

Figure 4 shows that the proposed CTO distinguished from 
those three schemes in term of the utility of overloaded 
network. This is because, in CTO, due to the cooperative 
transmission, the data rate of the users from the under-loaded 
network enhanced, their traffic requirement is better satisfied 
within less spectrum consumption, and then more available 
spectrum can be leased to the shifted users from the 
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overloaded networks. In this way, the shifted users can access 
more spectrums for their own transmission, which improve the 
utility of the overloaded network. More importantly, the 
improvement in the utility of overloaded network indicates the 
load are more effectively offloading, the shifted users from the 
overloaded network is better served. In NCTO, without the 
advantages of cooperative diversity, fewer spectrums are 
available for the shifted users, which results in the less utility 
of overloaded network than that in the CTO. In NTO, both the 
utility of under-loaded and overloaded network are constant 
with the increase of the number of the shifted users in the 
overloaded network. This is because in NTO, the users from 
the under-loaded network will occupy the entire spectrum in 
the under-loaded network and no shifted uses from the 
overloaded network can access them, so the under-loaded 
network and overloaded network are independent. 

C. Spectrum Efficiency of the Under-loaded network  
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Figure 5.  The spectrum efficiency of under-loaded network 

Figure 5 demonstrates the spectrum efficiency of the 
under-loaded network in CTO is largest among these three 
schemes, which indicates CTO wins out in the overall network 
performance. What‟s more, with the increase of shifted users, 
the improvement of CTO is more apparent, it is because in 
CTO, when more shifted users are available as relays, the 
cooperative diversity can be exploited more efficiently, the 
date rate of users from under-loaded network can be enhanced, 
and also more users from overloaded network can access the 
spectrum for their own transmission, which improve the data 
rate as well. 

D. Spectrum Resource Lease to the Overloaded Network 

Figure 6 shows the average spectrum lease to per shifted 

user in overloaded network decreases, as the number of shifted 

users in overloaded network raises. The reason for this 

phenomenon is that in our model, the under-loaded network is 
the market leader, and in the applied Stackelberg game, the 

leader has a significant advantage. When more shifted users in 

overloaded network, the users in under-loaded network has 

much more choice to select the relays, the under-loaded 

network‟s dominating advantage is more powerful. The more 

shifted users participate in the game, the under-loaded network 

can take the better dominate position to negotiate with the 

overloaded network, and thus the under-loaded network can 

make the shifted users offer proper relaying power by giving 

them less spectrum as a reward. 
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Figure 6.  The spectrum lease to per user in overloaded network 

V. CONCLUSION  
In this paper, a cognitive cooperative traffic offloading 

scheme over heterogeneous networks is proposed. In the 
proposed scheme, the under-loaded network will lease some 
spectrum to the shifted users (secondary users) from the 
overloaded network in exchange for the cooperation for the 
primary users‟ transmission in under-loaded network. The 
Stackelberg game theory, which is a leader-follower 
sequential game, is applied to enable all the under-loaded 
network and overloaded network to adopt optimal strategies. 
Theoretical analysis of the proposed scheme is undertaken. 
Simulation results show the proposed scheme not only 
enhances 10% in the user satisfaction and more than 40% in 
the spectrum efficiency of the under-loaded network, but also 
improves more than 30% in the utility in terms of data rate and 
cost of overloaded network, which indicate the traffic is 
effectively offloaded from overloaded network to under-
loaded network and at the same time the performance of 
under-loaded network is improved. 
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