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Abstract: A bandwidth-exchange cooperation algorithm based
on the Nash bargaining solution ( NBS) is proposed to
encourage the selfish users to participate with more cooperation
so as to improve the users’ energy efficiency. As a result, two
key problems, i.e. , when to cooperate and how to cooperate,
are solved. For the first problem, a proposed cooperation
condition that can decide when to cooperate and guarantee
users’ energy efficiency achieved through cooperation is not
lower than that achieved without cooperation. For the second
problem, the cooperation bandwidth allocations ( CBAs )
based on the NBS solve the problem how to cooperate when
cooperation takes place. Simulation results show that, as the
modulation order of quadrature amplitude modulation ( QAM)
increases, the cooperation between both users only occurs with
a large signal-to-noise ratio (SNR). Meanwhile, the energy
efficiency decreases as the modulation order increases. Despite
all this, the proposed algorithm can obviously improve the
energy efficiency measured in bits-per-Joule compared with
non-cooperation.
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he cooperation diversity''' takes advantage of the

broadcasting of wireless networks, so the relay node
can forward the replica of the source node’s data. Moreo-
ver, it can enlarge system coverage and increase link reli-
ability, and it will be a key technology in further wireless
networks. Generally, it is true to assume that the commu-
nicating users voluntarily cooperate during scenarios of re-
lief and military applications. However, this assumption
is not realistic when the users serve different tasks or be-
long to different authorities >, since the cooperative ac-
tion will cause the consumption of users’ resource (e. g. ,
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power and bandwidth ). Ultimately, a selfish user will
not participate in cooperation to save his/her own re-
source, and that will dramatically degrade the perform-
ance of the whole network. Therefore, how to encourage
the selfish user to participate in cooperation is an urgent
issue.

The main methods for stimulating the selfish users to
cooperate can be classified into three categories: the repu-
tation-based mechanism' ', the pricing-based mecha-
") and the resource-exchange mechanism """, The
first two mechanisms always rely on the use of tamper-
proof hardware. However, the resource-exchange mecha-
nism can avoid the application of tamper-proof hardware.
We study the resource-exchange mechanism in this paper.
In Ref. [8], the authors proposed a cooperation strategy
based on the Nash bargaining solution (NBS) in coopera-
tive relay networks. They modeled the problem of sharing
bandwidth between two users as a two-person bargain. A
game-theoretic approach for power allocations in bidirec-

nism

tional cooperation communication was proposed in Ref.
[9], where two nodes send data to the destination as
source and each source node has to relay the other’s data.
In their work, the problem how much power each node
contributes to relaying other nodes’ data is solved by
using the Stackelberg game. According to the scenario of
a primary user and multiple secondary users in cognitive
radio networks, the length of channel access time that pri-
mary users leave for selected secondary users and the
amount of power that secondary users contributed to help
primary users’ transmission are tackled in Ref. [ 10 ].
Zhang et al. """ proposed a cooperation strategy based on
sharing a time slot resource aiming at a model of multiple
users. Also, a fast particle swarm optimization algorithm
was put forward to obtain the Nash equilibrium solution.
The thesis of energy efficiency was also studied in Refs.
[12—-13], but the fundamental difference between their
works and ours is the measure of energy efficiency. In
Refs. [ 12 — 13 ], residual energy among all nodes was
used to measure the energy efficiency; however, we use
the amount of bits which are transmitted by the unit of en-
ergy (bit/J) to measure the energy efficiency. In Ref.
[12], the authors proposed a distributed algorithm based
on the regret matching procedure to obtain the correlated
equilibrium which decides whether the nodes are to coop-
erate or not. The proposed algorithm may break down
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when the users exist only one or two times in the net-
works. In Ref. [13], the coalition game is used to decide
the numbers of cooperative nodes, and the proposed algo-
rithm is based on the premise that the cooperative nodes
have the same benefit or belong to the same authority.
This premise is not the same as ours, since the nodes
merely focus on their own interest in no dedicated relay
station networks ( RSs) which also can be named user co-
operation networks.

Cooperation bandwidth allocations ( CBAs) between
users are studied in Ref. [ 8 ] , but the Nash equilibrium of
CBAs is obtained by geometrical interpretation without
analytical solution. Meanwhile, the authors did not con-
sider the effect of different modulations on the coopera-
tion strategy'®’. Our main contributions can be summa-
rized as follows: 1) A cooperation algorithm based on the
NBS is proposed; therefore, the critical problems that
when to cooperate and how to cooperate are solved for
selfish user cooperative networks. Consequently, both us-
ers can improve their energy efficiency by adopting the
proposed cooperation algorithm. 2) We revisit the CBAs
of NBS between cooperation users, and the analytical so-
lution is obtained through the Lagrange multiplier method
instead of geometrical interpretation as used in Ref. [8].
3) The influence on the cooperation algorithm is re-
searched when different modulation orders of QAM are
used.

1 System Model

In this paper, we consider a symmetric relay scenario
composed of two users and an access point ( AP), in
which a user acts as source as well as a potential relay
node. The network is assumed to be geographically static
or quasi-static so that the time scale of the algorithm con-
vergence is shorter than the channel variations, and it
works on frequency division multiple access ( FDMA) ;
hence, there is no interference between user 1 and user 2.
The antennas are omnidirectional, and each user is alloca-
ted W bandwidth for transmission.

The illustration of CBAs is given in Fig. 1, where user
1 uses W,,(W, e [0, W]) to relay user 2’s information,
and user 2 uses W, (W,, e [0, W]) to relay user 1’s in-
formation. It means that user 1 can transmit his/her own
information only using the remaining (W - W,,) of his/
her bandwidth and only W,, will be relayed by user 2.

User 1

User 2

|<_W21_>’<—( W-Wy)

Fig.1 [Illustration of CBAs (unit; Hz)

The information carried on W,, can be transmitted in a co-
operative manner, and he/she can obtain the cooperative
diversity. Also, the information carried on (W - W, —
W,, ) will be transmitted to the AP without any cooperative
diversity. Similarly, user 2’s information carried on W,
can obtain cooperative diversity, and the remaining (W -
W, — W, ) will be transmitted to the AP without it. Since
the relay node cannot relay the information greater than
that originating from the source node, we have constraints
that W, <sW-W, and W,,<W - W, . Then, we can have
W, + W,  <W. The constraints can be expressed as

w,=0, W, =0, W, +W, <W (1)

Both users need to help each other in relaying, so the
amount of bandwidth that a user is willing to take out to
exchange for the other user’s cooperation is a problem.
We define the problem of bandwidth sharing between two
selfish users as CBAs.

2 User Satisfaction Metric

Generally, a selfish user in a wireless network is inter-
ested in two factors: throughput and energy consumption.
This means that he/she wants to achieve as much
throughput as possible while consuming less energy.
Therefore, there is a tradeoff between throughput and en-
ergy consumption, which can quantify a user’s satisfac-
tion in transmitting its own information''*’. Saraydar et
al. '™ proposed a function that involves these two fac-
tors, and we quote their definition .

mw»igﬁmw (2)

i

which can be explained as the average amount of data re-
ceived correctly per unit of energy consumed. In Eq.
(2), p,is the transmit power, and T,(p,) is the user’s
efficient throughput, which is expressed as

T,(p) = Wi(y,) (3)

where L < M bits are information bits per frame; M bits
are the information bits that are packed into frame; and M
— L bits are used for error detection. f(y,) is expressed
as

f(y,) =(1 =2BER(y,))" (4)

and it is used for approximating the frame success rate
(FSR). v, is as follows:

hp,

Yi:NOW (5)

where N;W and & are the noise power and channel path
gain, respectively. Here, h = (7.75 x107°)/d* and d
is the distance between the receiver and transmitter.

When the QAM modulation is adopted, BER( ) can
be expressed as
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(6)

1) (6y,log,K
BER(y) - 2K 1)Q( Yslog, )

Klog,K M -1
where K is the modulation order, v, is the signal to noise

ratio per bit, and Q ( +) is the standard error function,
which can be expressed as

0(z) =p(X=2) = e dx (1)

1
| =
The relationship between vy, and vy, is

__ Y
Vo log,K

(8)

3 User Utility Function

In general, a game is composed of participants, the
non-empty strategies set of each participants and the utili-
ty function defined on the set of strategies. In this paper,
the participants are user 1 and user 2, and the strategies
set are cooperation bandwidth W, (W, e [0, W]) and
W, (W, e [0, W]). Following the definition in Eq.
(2), if the transmit power of user 1 is p,, the utility
function of user 1 can be expressed as

[Tll)a( lex’pl) +T1(V11Ré>(w21 ’pz)]
p,

Ui(p)) = (9)

where T (W,,,p,) represents the direct transmission effi-
cient throughput that occupies (W - W,, — W,, ) band-
width without cooperation diversity, and Ty ( W,,,p,)
represents the efficient throughput relayed by user 2 with
cooperation diversity, and it also occupies W,, bandwidth
of user 1. Since W, is used for relaying user 2’s informa-
tion by user 1, it is not included in the direct transmission
efficient throughput; hence, the direct transmission effi-

cient throughput is

L
T]lja(Wla’pl)=(ﬁ)f(7la)(W_W12_W21) (10)
The efficient throughput 72 (W,, ,p,) relayed by us-

er 2 can be expressed as

T (W op) = (37 ) Wal (A5 (1)

MRC
la

where y,, is the SNR when the receiver uses the maxi-
mum ratio combination and user 2 adopts amplify-and-

forward, and it can be expressed as

L+y, +y5,
where y,,, y,,, and vy, are the SNRs of the wireless
channels from user 1 to AP, from user 1 to user 2, and
from user 2 to AP, respectively. Substituting Egs. (10)
and (11) into Eq. (9), we can obtain the utility function
of user 1 as

Vi =Y, + (12)

U (p)) zﬁ[f('yla)(w_wlz -W,) +f('yll\f1RC)W21]

(13)

Similarly, the utility function of user 2 can be ex-
pressed as

U,(p,) =MLpZ[f(72{,)(W—W12 W) AW, ]
(14)

MRC _ + Y21Y1a
Yaa Yaa L+y, +vy.,

where y,, is the received SNR of the wireless channel
from user 2 to user 1.

4 CBAs based on NBS

(15)

The bargaining problem of the cooperation game theory
can be described as follows: Let n =1,2,---, N represent
the set of participants, and let SC R" be a nonempty con-
vex and closed set representing the feasible set of payoff
allocations for participants if they all work together. Let

Ui be the minimal payoff that the i-th participant expects.
Then, the pair (S,Ui) is called an N-person bargaining
problem"® .

Let S, represent the set of feasible payoff allocations for
user i (i=1,2), we have

S[={U[

0= Hem0, Wasg W Vo)
[ p i/ W =V W =Y W W =
(16)
Then, the set of feasible payoff allocations that the two
users can obtain when they work together is

S={U=(U1aUz)‘UleanzESz} (17)

Given the transmit power, we need to prove that the
CBAs can model as a two-person bargaining problem only
ifU= (U (p,),U,(p,)) €S is a convex set. This
means that for any § (0<6<1), if U'=(U;,U;,) €S
and U' = (U, UN) €S, U + (1 -0)U" eS.

By the simple derivation, we can obtain

Ut + (1-0) U =A§—Z<f<yl,,> (1-a-B) +/(y"™)p)

(18)

whereaze(&)a+(1 —(9)(W'2)b and,BzH(ﬁ)a +
w w w

b

WZ] . .
(1-96) ( W) . According to Eq. (1), we can obtain

( ]2)a ( 12)b ( 2])a ( 2[)b = 0 ( ]2)a
“, ’ ‘1, ’ “, ’ W = ’ “,

( 2‘)a<l ( ]2)b+( 2])b<1
=<1, =1.

of 0<9<1, we can derive

Under the condition
a=0, B=0, (19)

Therefore, OU; + (1 - 9) U; e S,. By the same meth-
od, we can prove that QU: + (1 —9) U, € S,. Eventually,

a+B=<l

we obtain U* = (U;,U;) € S and S is convex. Thus, we
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prove that the CBAs between users in this model are a
two-person bargaining problem.
Nash proved that there is a unique solution function

f(S ,Bi) for an N-person bargaining problem that satisfies
invariance, efficiency, independence of irrelevant alterna-

tives and symmetry. Meanwhile,
[16]

this solution satis-
fies

U* —ArgmaxH(U U)

U>U,; i=

(20)

which is well known as the NBS. Then the CBAs can be
modeled as the Nash bargaining problem that was proved

in Ref. [ 8 ]. Hence, the NBS function of CBAs can be
expressed as
Uur = Argmax (U, (p,) =U(p)) -
U(p)) >U(p)) ,Us(ps) >Us(p»)
(Uz(pz) _Uz(pz)> (21>

where U, (p,) and U, (p,) correspond to the utility of us-
er 1 and user 2 in the case of non-cooperation between

them, respectively. U, (p,) and U,(p,) are as follows:

U, (p,) =%fm> (22)
U,(py) =%f(m) (23)

Substituting Eqs. (13), (14), (22) and (23) into
Eq. (21), we can obtain the NBS function of CBAs,
which also can be named as the cooperation gain product

(CGP), and then we have

U*: ﬁgmax (Ul(Pl)—Ul(P1>) °
U(p)) >U(p)) ,Us(ps) > Us(p»)

(U,(p,) =U,(p,)) =
L ’ MRC
(37) 5o L) =y W =Fp ) W] -

[(f('yMRC)_f(')/zu))wlz_f(')/zg)Wzl]
s W,=0, W, =0, W,+W,<W

(24)

Combining Egs. (1) and (24), we use the Lagrange
multiplier method to determine W,, and W,,, and we ob-
tain

F(WIZ’WZI’)\) :(U|(p1) _Ul(p])>(U2(p2) -
Uz(pz)) +)\(W_W12_W21> (25)
Taking the derivations of variables W,, W,,, and A,

and, furthermore, making derivations be zeros, we can
obtain the CBAs as
WI*Z = K[ 1+ /t ‘);/IZI;IC) ft nﬁc)
21 TR T (26)
WZ*I = K[ 1+ ! ’)I:/IIIZC /t ’)]/VIZI;IC ]
2 f(7 )

To guarantee that the utility of cooperation is not lower
than non-cooperation, we have the following constraints

-U,(p,) >0
(27)

Ul(p|>_U|(p|)>O’ Uz(pz)

By solving above inequalities, we have the cooperation
condition :

f('yMRC> f(')’2u> 2*1 f(')’m)

If the CBAs satisfy the above constraints, the coopera-

(28)

tion between user 1 and user 2 can be reached, or there is
no cooperation between them. Under the non-cooperation
case, the CBAs are

le =0, W;l =0 (29)

Based on above analysis, we proposed a bandwidth-ex-
change cooperation algorithm using NBS to stimulate the
selfish users to participate in cooperation. The proposed
algorithm is as follows:

Algorithm 1  Bandwidth-exchange cooperation algo-
rithm based on NBS

1) User 1 and user 2 exchange their channel state infor-
mation, and they calculate the efficiency function f(y,,) ,

F(¥2) s Fyin) and f(yp©).

2) User 1 and user 2 judge cooperation condition :

If U (p,)-U(p,) >0, then user 1 selects coopera-
tion, or selects noncooperation.
If U,(p,) - U,(p,) >0, then user 2 selects coopera-

tion, or selects noncooperation.

3) If both users select cooperation, then CBAs are exe-
cuted according to Eq. (26).

4) If not, there is no cooperation between user 1 and
user 2.

To obtain the CBAs of two users, the efficiency func-

tions f(y,,) » f(72,) s F(¥O) andf(YMRC) are only nee-

ded to be calculated. While the four functions depend on

(1,2) (2,1)
Yias Y2as Var

alized based on the premise that the users know all the
channel state information among the three links. Mean-
while, computational complexity is acceptable for modern

and y,; . Thus, the algorithm can be re-

intelligent terminals.
5 Simulation Results and Analysis

The adopted model is similar to Ref. [8 ], and where
the AP is located at the origin and the two users are on
the X axis. The coordinates of user 1 and user 2 are (d,,
0) and (d,,0),
adopt the same modulation order simultaneously. The

respectively. We assume that both users

simulation parameters are shown in Tab. 1.

Fig. 2 shows the CGP of user 1 and user 2 adopting dif-
ferent order QAM vs. different y,, when the distance be-
tween user 1 and AP is 700 m. Also, the CGP is meas-
ured in (bit/J)?. When the CGP is greater than zero,
both users can benefit from cooperation, which means
that the cooperation between both users is reached. Hence,
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Tab.1 Simulation parameters

Total bits M 60
Information bits per frame L 80
Modulation QAM
Modulation order K 4.8, 16
Bandwidth W/Hz 10°
Noise power WN,/W 5x10°15

Channel path gain A (7.75 x10 %) /d*®
Transmit power of user 1 p,/nW 30
Transmit power of user 2 p,/mW 30

the CGP of user 1 and user 2 decides when to cooperate.
Moreover, we define the range of SNR where cooperation
occurs as the cooperation range. In Fig. 2, we can ob-
serve that the SNR becomes larger, which creates the co-
operation between two users reached, as the modulation
order becomes higher. Also, the amplitude of the cooper-
ation gain product decreases when the modulation order

increases.
12
== 4-QAM
z:\l()— A ===8-QAM
il AU - 16-QAM
- 8r i
5 A
g x
- 1]
=1 LS n
- 4} T An
N
8 PoL o
~ oot 0 7 55
1 /‘ " 1
0 T N I o ve Y W\ |
-4-20 2 4 6 8 1012 14 16 18 20 2

Y2a / dB
Fig.2 The CGP of user 1 and user 2 vs. different y,,

Fig. 3 illustrates the CBAs of both users adopting dif-
ferent modulation orders, and the simulation parameters
are the same as those in Fig.2. In Fig. 3, the solid line
represents the bandwidth that is used by user 1 to relay
user 2’s information, while the dotted line represents the
bandwidth that is used by user 2 to relay user 1’s informa-
tion. The intersection of the two lines means that both us-
ers have the same channel state. When the SNR is lower
than the value of intersection, user 2 is the willing to con-
tribute more bandwidth for cooperation to exchange user
1’s help, since the user 1’s channel state is better than us-
er 2’s within this range. When the SNR is greater than
the value of the intersection, the situation is the opposite.
Also, the CBAs are zeros outside the cooperation range
which means that there is no cooperation between either
users. From Fig.3, we also can see that the cooperation
range becomes smaller as the modulation order increases.
Furthermore, cooperation between both users only occurs
under the condition of a large SNR.

In Fig. 4, the solid line represents the efficient energy
efficiency sum ( EEES) of both users adopting the pro-
posed algorithm, and the dotted line represents the effi-
cient energy efficiency sum of both users with no cooper-

10
— Wi
8r Wy
T 6
=
P
24
&)
2_
O | | 1 1 1 1 1 Il 1 1 J
-4-2 0 2 4 6 8 10 12 14 16 18 20
7211/dB
(a)
10
— Wi
81 =Wy
N
T 6
=
P
= 4r
5]
2_
O 1 1 1 | 1 ]
4 6 8 10 12 14 16 18 20 22
72a/dB
(b)
10
— Wi
8r =Wy
£ 6
=
P
= 4F
&)
2_
1 1 1 1 1

0
12 14 16 18 20 22 24
Y2a /dB

()
Fig.3 CBAs vs. different y,,. (a) CBAs of both users adopting 4-

QAM; (b) CBAs of both users adopting 8-QAM; (c) CBAs of both
users adopting 16-QAM

ation. From Fig. 4, we can observe that the EEES increa-
ses as the modulation decreases. In general, compared to
no cooperation, the proposed algorithm can improve ener-
gy efficiency.

6 Conclusion

To stimulate the selfish user to cooperate, a resource-
exchange algorithm based on NBS is proposed according
to the model where a user acts as the source mode and the
potential relay node. Then the problems that the amount
of bandwidth contributes to relaying other users’ infor-
mation and the amount of bandwidth used to transmit its
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Fig.4 EEES of user 1 and user 2 vs. different vy,,. (a) EEES
of both users adopting 4-QAM; (b) EEES of both users adopting 8-
QAM; (c) EEES of both users adopting 16-QAM

own information are solved. Furthermore, the influence
on the cooperation algorithm is investigated when users
adopt different modulation orders of QAM under different
SNRs. The cooperation range becomes nearer to AP and
smaller as the modulation order increases, and the coop-
eration only occurs at large SNRs when high modulation is
used. Meanwhile, energy efficiency is clearly improved as
the modulation order decreases. In conclusion, compared
to non-cooperation, the proposed algorithm can increase
the energy efficiency that is measured in bit-per-Joule.
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