International Journal of Multimedia and Ubiquitous Engineering
Vol.11, No.3 (2016), pp.351-360
http://dx.doi.org/10.14257/ijmue.2016.11.3.33

Cooperative Spectrum Sharing in Cognitive Radio Networks: A
Centralized Contracted-Based Approach

Guanggiang Shi, Ying Liu and Xiaomin Mu

School of Information Engineering, Zhengzhou University, Zhengzhou, China
15038292064@163.com, 1069984045@qq.com,iexmmu@zzu.edu.cn

Abstract

In this paper, we study the relay-based communication schemes for COW\.@
spectrum sharing among multiple primary users (PUs) and multiple secor%@y sers
(SUs) with incomplete information. Inspired by contract theory, we mod twork as
a labor market. In this market, PUs and SUs are regard as emp employee
respectively. Each PU proposes certain contracts to at e SUs %gmntract include
b

relay power and spectrum access time, each SU mlil ts utili lecting the most

suitable contract. But PUs and SUs have confli ject ntract content. To

tackle this problem, we put forward to a cen m%%g expectation utility

scheme, which convert the optimal contract n |nto imization problem. After

that, a approximate method for solving tw atlon%b lem is proposed. Simulation
1 d

results show that the losses of PUs’ to ities ¢ incomplete information and
approximate algorithm are reIat|veI , espe when the number of SUs is very
large. éi

Keywords: cooperative s&ctrum sharm@mtract theory, multiple primary users
1. Introduction, * ‘Q

With the expl6 deve ﬁ of wireless networks and services, the spectrum
becomes more crow: scarce. In addition, low utilization ratio of spectrum
cased by static/spectr allocation policy shows that it is urgent to find a new
communication mode prove the utilization ratio of spectrum. Dynamic spectrum
sharing (DSS) aIIo icensed users opportunistic spectrum access, is an effective
method to ov b@ e low utilization ratio of spectrum [1]. To solve the incentive
problem that P ack of motivation in traditional DSS model, researcher put forward to
a market-dﬁé&spectrum trading mechanism [4], in which PUs sell the spectrum to SUs
for mone eward or resource. In the former spectrum sharing model, PUs provide SUs

e m access opportunities so as to obtain monetary rewards, auction theory and
b@ eory, as well as market theory [2-7] are widely applied in this spectrum sharing
mo When PUs have some temporarily idle spectrum resources, the strategy of
monetary reward spectrum sharing is commonly effective. However, when PUs’ own
demands are high or the primary channels’ capacities are low, PUs almost no extra
resource for sale. In addition, the monetary reward spectrum sharing requires a
trustworthy billing system, which is difficult to design in practice [8]. Therefore, the latter
spectrum sharing model is a better choice. Cooperative spectrum sharing is an effective
form of resource-exchange spectrum trading, where SUs relay traffics for PUs and get the
spectrum resource [9]. Such cooperation can improve PUs’ data rate and free up spectrum
resource for SUs significantly. Many existing works of cooperative spectrum sharing are
based on Stackelberg game formulations with complete information [10], but these work
can’t extended to the scenario of incomplete information for SU can increase its utility by
hiding its private information. As contract theory can elicit the SUs’ private information
efficiently [11], Paper [12] study cooperative spectrum sharing based contract between
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single PUs and multiple SUs under incomplete information. The study of cooperative
spectrum sharing between multiple PUs and multiple SUs is discussed in [13], which
achieve an optimal match-based scheme with complete information and a stable matching
scheme with incomplete information. However, this work may lead to excessive loss
which is avoidable.

In this paper, we study the cooperative spectrum sharing between multiple PUs and
multiple SUs. Firstly, utility functions of PUs and SUs are proposed, and then we
establish a new contract design scheme which maximize the expected PUs’ total utility
and convert the optimal contract design into an optimization problem under the
incomplete information. After that, an approximate method for solving the optimization
problem is proposed. Simulation results show that the losses of PUs’ total utilities caused
by incomplete information and approximate algorithm are relatively small, cially

e
when the number of SUs is very large. Compare with the [13], the scheme i f;&sper
has a better performance. rv

2. System Model and Problem Formulation \4% Q)Cﬁ

2.1 System Model Q
We consider a cognitive radio network with S and%r communication links
an

as shown in Figurel (N>M). All Imks hav air of smitting-receiving antenna,
which defined

S{(PTUPRl) (PTZaPR ): :(PTMIPR ) Ri) (ST Rz v (STN:SRN )} respectlvely TO
protect PU’s communication link an r communication link when PU’s
channel condition is poor. PU sharedhe spect source with SU, which as the reward
of relay service. Taking TD or example, the interactions between the PUs and the
SUs involve three phases agsin Flgurekg\

@ -\—\\}«»
T1 o — D

2; PU,” Cooperative
; i . Tm-) - STM-) -

spectrum sharing

Phase 1 Phase 2 Phase 3

Figure 1. Cooperative Spectrum Sharing Model with M PUs and N SUs

Phase 1: Every PU’s transmitter broadcasts its data to the corresponding receiver and
the involved SUs’ transmitters.

Phase 2: The involved SUs’ transmitter amplify or decode the data received in phase 1
and forward it to the corresponding primary receiver.

Phase 3: The involved SUs can transmit their own data through the dedicated time
allocations. SUs using the same spectrum access the spectrum using TDMA and do not
interfere with each other.
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In above interactions, PU and SUs have conflicting objectives in relay powers and time
allocations when exchange their resource. PU wants the involved SUs to offer high power
levels when relay its traffic, which will increase the PU’s data rate but reduce the SUs’
battery levels. The involved SU want to obtain large dedicated transmission time, which
will increase the SU’s own performance but reduce the PU’s average data rate. Therefore,
it is necessary to design an effective incentive mechanism to ensure both cooperation
parties obtain the maximal benefit of one’s own. To analysis the cooperative benefit, the
contract theory will be introduced and the problem of both PUs and SUs want to
maximize their benefit will be converted into the problem of how to design the optimal
contract.

2.2. Problem Formulation .
To better understand the problem of how to design optimal contract, we imagi as
the employer and SU as the employee in labor market. PU design contrac roadcast

the contracts, SU chooses one contract that maximizes 4its _benefi orms the
corresponding PU its choice. As SU is passive to sel ‘ﬂ%(most ﬁ@)e contract, the
problem of contract design is how PU design contrac; t benefit. In this
paper we define the user’s benefit as utility. The |s how P d SU evaluate the

contracts. X

2.2.1. PU’s Utility Model \C‘)

We assume SU decodes PU’s dat |ved X@st phase successfully and forward
s assigned by PU from its random

it to the correspondlng PR usi ace -ti

code book. To define " ﬁ&y functions~we enote the set of involved SUs as*Vn and
the corresponding contract@e{( Prc: i) I’i }, in which Preand represent the contact
relay power and tlme atlon bet@num and Y- respectively, we should emphasize
that the relay po % asured a%u s receiver. The utility function of PUnis

Q Rdlr Z pm,k

1 ke dir
+llog| 14K IR
%’uz%k 2 T30 n "
P

ke, (1)

dir
Where Rn is Pmys dlreCt data rate, " is the noise power at the receiver of "r the first
term on th@\eght side of (1) represents PUn - average date rate, therefore, the utility

" is the increment of the average data rate during the entire time period by

2.2.2. SU’s utility model

U ) SU, .

Assuming U, accepts PUy »5 contract (Pan- b utility is:

om" — 2hSTn,PRm (Rn - p:)
um n — gm,ntm,n _ pm,n Cn (2)

, Where
tr
Where Rn, Py represent the data rate and transmission power of SUs for its own traffic,

h . .. .
PR s the channel coefficient between ST and PRr , CajsSU

m ’s sensitivity for unit power
consumption, O is the type of SUs when it is pitched on by PUn The type reflects all the

private information ofSUn, including its own transmission rate and power, its channel
gain over the relay link corresponding to a certain PU, its battery technology. We assume
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that a SU can obtain its own type by local measurement of the wireless environment and
different SU have different type for a PU.

3. Optimal Contracts Design under Incomplete Information
Now we study the contract design under the incomplete information scenario, in
which PUn only knows the set of SUs’ types{ mad<n <N} connected to it, and has no

knowledge of SU’s exact type. Without loss of generality, we assume Ona 2 Oz =2 O

PU design contract for SU’s type under incomplete information. As there is multiple PUs
in the network, it is possible multiple contracts are designed by different PUs for a SU.
SU choose contract according to its utility function and contract designed by PU may be
rejected. Therefore, the optimal contract design scheme under incomplete m%ﬂon
proposed in paper [12] does not apply to the network with multiple PUs.

3.1 Optimization Problem of Optimal Contracts 6
tot I J&/

The aim of this paper is to design contracts maX|m The main idea

is that each "Yn select " m types from high to Io <N} and design
contract for those type, then we can

L»&[ ected utility under
fixed " 1SM=M} Through optlmlze the @ power%\d ime allocations, we can
obtain the maximal expected total utili he optlmﬁg 1=sm=<M}can pe got by
comparing the utility achieved in dif

Each PU select ™ types@% to Iog\}tordmg to Onnlsn<N} and design

contract for those type, PUn g expected uﬁ!@

EU, {(t, m21 P2 ) "N¥ P )D) = Zpr (N,,8) D, U, (o)

\ 0eQ(,, 5) (3)
Where E0) ts co %ectation operator P& (N S) is the probability of s
contracts ar pted Eé@ corresponding SUs in ™ contracts, Qn,,,5) represents the

event set of s contrac ccepted by the corresponding SUs from ™ contracts designed

by PU» and @ is ement of n..s) U (@) j PU
{(tm,ll pm,l)’ (tm,Z’ b bt (tm,nm! pm,nm )}When 9] happen.
Theref@ s’ expected total utility is:

m ’s utility under the contracts

O E U s Pr): (P P D) )= S b, S U, (@) "
‘ b m=1 m=1s=0 weQ(ng, ,s)

ording to theory 2 in paper [12], the optimization problem of PU’s expected total
utility is:

D09 Y Uy

LU PRI A pml P HLsM<M =7 =0 ©eQ(n 5

IR:forany 1<m<M

t,, =t

ml = m2—

Zt >Opmlzpmzz"'zpm‘nmZO
em nm,ng, pm Ny = 20
1S k < r]ml pm,k+1 +6m,k+1(tm,k m,k+1) = pm,k = pm,k+1 +em,k (tm,k _tm,k+1) (5)
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3.2 The Solution of Optimization Problem of Optimal Contracts

A conceptually straightforward approach to derive the optimal contract is to solve (5)
directly. Going through this route, however, is very challenging as (5) is non-convex and

involves complicated constraints. In addition, it is difficult to compute P"(™ ) we
proposed a approximate algorithm to solve problem (5). The main idea of the approximate
algorithm is reducing the variants by the relationship between relay powers and time

allocations, then compute P S) ynder the condition the numbers of contracts
designed by PUs are equal.

According to the theory 3 in [12], we think the optimal relay powers and time
allocations have the approximate relationship as theory 3. Thus, (5) can be simplified into

(6): ,\)

r(n,s U (o :ZV
{N tmtmz o, }1<m<Mz_1;p ( ' )(ueﬂ(n ) ()

subject to: t,, >t ,>..> ﬁlim<% 6)

Assuming that when multiple PUs deS|gn for, a under incomplete
information, the probabilities of each contract |s epted

b‘x U are equal. If every
PU design K contracts I=K=N) the probabquf a cont%ct iSaccepted is:

,&C&k) > %L)

(7)
Where P (1) represents the SU™a contract |gned for is offered contracts by L PUs.
Proposition: M PUs an(@SUs |f design contracts for K SUs, if a PU design

contract forSU" | th I|ty E offer Contracts forSU' is x (L) .

'Q \Q ) GG CE )M
Q b (oD 8)

Proof. After aﬁ@bfgn contracts for SU” | the number of other PUs’ selection schemes

A (CK)M—l A
is N the number of schemes L-1 PUs design contracts

. . -1 L-1 K M-L
for SU is va) (G Where Cus represents choosing L-1 PUs fromM-

1PUs, is M-L PUs don’t design contract forSU". Therefore, the probability of L

er Contracts forSU" can be expressed as (8).
probability of a contract is accepted can be written as:

M Cll\;| ll(CK—l) —l(C 1)M—L
P(K) = LZ; C o

The probability of s contracts from " contracts designed by PUn are accepted is:
pr (K. 8) = P(K)* (1 p(K))"** (10)

Therefore, (6) can be simplified into (11):
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M K
> p(K)'@- p(K))“* U, (@)
subject to tml 2tm2 2.2t >201<m<M

(11)

As problem (11) isn’t convex optimization problem, we can use heuristic algorithm to
solve it after (11) has maximal value be proved in theory. Thus, the approximate
algorithm works as follows:

Stepl. Let K=1:N, compute P(K) according to (9);

Step2. According to (11), compute the PUs’ expected total utility fork=1: N,
respectively;

Step3. Compare the utility obtained in step 2, pick the maximal utility and select the
corresponding K and contracts.

4. Simulation Result and Analysis

In order to verify the correctness and effectiveness %:entraq%)&cheme we

perform the simulation on the matlab in this section.

1.2

1.15

1.1

PU's expected total utility

% The number of contracts designed by a PU

Figure 2. Th@laﬁonship between PU’s Expected Total Utility and the
Number of Contract Designed by a PU

udy how the number of contract designed by a PU affects PU’s expected
y. The main parameter settings of simulation are as follows: M=2, N=10,

dir

'5, R, 20'5, the type of SU connected to PU obey uniform distribution of 5t025.
We can conclude that PU’s expected total utility achieve the maximal value when all PU
design 2 contracts from Figure2. When the number of contracts equal to 1, once the
contract is rejected, PU’s utility will be damaged seriously and will affect PU’s expected
total utility. When the number of contracts more than2, the average quality of SUs will
decline with the number of contracts increasing. More than that, we can know a higher
type SU can obtain more utility if choose the same contract from formula (2), so when a
PU design contracts for multiple SUs, it should be guaranteed that higher type SU can
obtain the maximal utility when choose contract designed for its type. PU has to lease
their utility to satisfy this constraint and the utility loss is in proportion to the number of
the contracts designed by the PU.
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To study the influence of PUs’ m%%l en 'rﬁ@t to its expected total utility, we
perform an experience as Figure3, ich rv% 0, PUs’ direct data rate range from
0 to 1. We can conclude that will ge@ea tility increment when the environment

otal Utility and Pus’

of PU is poor from Figure3, The reason i n the environment of PU is poor, PU can’t

use spectrum effectivel ithout g SU. The relay service can weaken the
influence of poor c&q@xvironme
QQ 3 I~ 4 3

X

PU's total Gtili

14

6)O

—&— the algorithm we proposed
—B— DMA-UI 4
—¥— the maximal utility in complete informationm

r r T r r r
3 5 10 15 20 25 30 35 40
The number of SU in the nrtwork

Figure 4. The Comparison Between Our Algorithm with DMA-UI

Figure4 compare our algorithm with DMA-UI proposed in paper [13] and study the
influence of the number of SUs in the network to PU’s expected total utility. The main

dir __ dir __
parameter settings are as follows: M=2,M=2, R"=05 : R =07 ,the type of SU connected
to PU obey uniform distribution of 5t025. It can be seen from Figure4, there is a little
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difference between our algorithm and DMA-UI in PU’s total utility, which shows the
algorithm we proposed is effective. Besides, a conclusion from Figure4 is PU’s expected
total utility increase with the number of SUs increasing, finally convergence to the
maximal utility achieved in complete information. The reason is the probability of
contract is accepted increase with SUs’ number and attends to 1. When the probability is
equal to 1, the competition between PUs can be ignored, this to say, this situation is equal
to complete information.
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Figure 5. The Corrfp&son b.etv%en ur Algorithm with DMA-UI

In order to further E&e the @nce of the algorithm in this paper and the
DMA-UI, we con eﬁ@ imulation scénarios as follows: M=2, R" =05 R =07 the
corresponding SLA% ch PK@‘% divided into two kinds, one SU included in the first
kind, whose @ nected to PY obey uniform distribution of 20 to 40, the reminded
SUs’ types ¢ ted toyt U obey uniform distribution of 5 to 25. Figure5 shows that
the algorithm in this pageMpUtperform the DMA-UI, this is because there is a defect in the

thought of DMA-UI( [q€"idea of DMA-UI algorithm is each PU designs its contract on
the condition tha fixed utility, then all SUs choose their optimal contract and inform

PUs' total utility

=
3
T

the correspondin , PU will raise its utility requirement if more than one SU choose its
contract untilkanly one SU choose the contract. When the requirement has increased a
very sma unt and the number of SU who choose the contract is 1, down from 2, PU

won’t e its utility requirement any more, however, as a result of there is a high-
nce SU in the network, the SU won’t reject the contract even though PU raise its
utility’requirement, therefore, the DMA-UI algorithm will lead to the loss of PU’s utility.

5. Conclusion

In this paper, we study the cooperative spectrum sharing between multiple PUs and
multiple SUs. Through the mathematical derivation, under incomplete information we
obtain an effective optimal contract design scheme and proposed an approximate
algorithm to solve the optimization problem derived from the scheme. The simulation
result shows us under incomplete information PUs’ expected total utilities increase with
the number of SUs. When the number of SUs is far larger than the number of PUs, the
utility losses caused by incomplete information are negligible. However, SU’s
information is known by PU as the form of probability distribution in general, the
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problem of cooperative spectrum between multiple PUs and multiple SUs worth further
studying in future.
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