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Abstract 
 

In order to utilize the licensed channel of cognitive radio (CR) when the primary user (PU) is 
detected busy, a benefit-exchange access mode based on cooperative communication is 
proposed to allow secondary user (SU) to access the busy channel through giving assistance to 
PU’s communication in exchange for some transmission bandwidth. A holistic joint 
optimization problem is formulated to maximize the total throughput of CR system through 
jointly optimizing the parameters of cooperative spectrum sensing (CSS), including the local 
sensing time, the pre-configured sensing decision threshold, the forward power of cooperative 
communication, and the bandwidth and transmission power allocated to SUs in 
benefit-exchange access mode and traditional access mode, respectively. To solve this 
complex problem, a combination of bi-level optimization, interior-point optimization and 
exhaustive optimization is proposed. Simulation results show that, compared with the tradition 
throughput maximizing model (TTMM), the proposed holistic joint optimization model 
(HJOM) can make use of the channel effectively even if PU is busy, and the total throughput 
of CR obtains a considerable improvement by HJOM. 
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1. Introduction 

To solve the spectrum-scarcity problem, cognitive radio (CR) has been proposed owing to its 
opportunistic transmission and dynamic spectrum access capabilities in temporal, frequency 
and spatial domains [1]. In the traditional interweave CR model, secondary user (SU) detects 
the primary user (PU) state through local spectrum sensing and then only access channels at 
the absence of the PU [2-4]. However, due to multipath fading, shadowing and hidden 
terminal problem, reliable spectrum sensing cannot always been guaranteed [5]. Thus, 
cooperative spectrum sensing (CSS) has been proposed to ameliorate the spectrum sensing 
performance. In CSS, SUs sense the spectrum independently and then deliver their sensing 
data to the fusion center that makes the final decision on the PU status [6-8]. 

Throughput is important to evaluate the performance of a communication system. Therefore, 
most of previous works focus on jointly optimizing CSS and data transmission to maximize 
the throughput of the traditional interweave CR mode [9]. In [10], the optimal 
sensing-throughput tradeoff model is proposed for a single-channel CR system, where the 
transmission power is supposed to be fixed. The joint optimization of spectrum sensing and 
dynamic resource allocation for single SU is investigated in [11], and further considering CSS, 
an upgrade model for the multiple SUs is studied in [12]. Both of the models in [11] and [12] 
make a significant improvement on the CR throughput. 

However, these proposed models are based on the traditional interweave CR mode, whose 
performances strictly depend on the status of PU. Thus if the idle probability of PU is very low, 
SU can hardly access the licensed channels, yielding the interrupt of SU communications. Due 
to the capabilities of increasing diversity gain and power saving in multi-nodes systems, 
cooperative communication has spurred great interest in recent years [13]. In cooperative 
communication, several users act as relay nodes to cooperatively forward data between source 
and destination nodes, which can dramatically ameliorate the outage probability and 
throughput of source-to-destination channel [14-16]. Some works have considered making use 
of the licensed spectrum through cooperative communication, even if PU is detected busy. In 
[17], a scenario with a pair of PU and SU is considered, where the SU acts as a “transparent” 
relay for the PU transmission link in exchange for more access opportunities. The power 
allocation at the SU transmitter is investigated and the potential effect on the stable capability 
of the whole CR system caused by the cooperative communication is discussed. In [18], a joint 
optimization problem of transmission channel, relay determination and corresponding 
transmission mode selection is proposed to maximize the outage capability of CR networks. 
Moreover, a single-user heterogeneous CR network is considered in [19], where SU acts as 
relay node to help PU communicate via amplify-and-forward (AF) mode while implementing 
its own communication using some exchanged bandwidth released by the PU. The 
transmission power allocation strategy is also studied in [18] and [19]. However, all the above 
researches consider the optimization model unilaterally. The joint optimization of different 
channel access modes in terms of different PU status has not been considered, such as the joint 
optimization of CSS and cooperative communication in CR. 

In fact, when evaluating the performance of a communication system, the outage 
probability and the total throughput are the most important metrics while the data transmission 
bandwidth is not necessary [19]. Therefore, SUs may act as relay nodes to help PU forward 
data and exchange for some bandwidth released by PU to transmit their own data, thus 
ameliorating the outage probability of SU while guaranteeing the basic throughput of PU 
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[17,19]. In this paper, we propose a multi-user benefit-exchange access mode to allow SUs to 
access the licensed channel at the busyness of the PU. Moreover, once PU is not busy, the 
traditional access mode is still adopted for the SUs’ access. Then, we formulate a holistic joint 
optimization of CSS in these two different access modes, including sensing time, detection 
threshold, proportion of bandwidth and homologous transmission power, to maximize the 
throughput of all SUs. 

The rest of paper is organized as follows. In Section 2, the system model is proposed by 
respectively introducing CSS and the benefit-exchange mode, and the joint optimization 
model is also formulated. Then, the convexity of this optimization model is illustrated in detail 
and a combined algorithm of bi-level optimization and interior method is proposed to solve the 
optimization problem in Section 3. Finally, simulation results and conclusions are 
demonstrated in Section 4 and 5, respectively. 

2. System Model 
In this paper, we consider a single channel CR system, which consists of one primary user, N  
secondary users, and one licensed channel with the bandwidth W . Besides, to implement 
cooperative communication more effectively, we also assume all SUs are close to the PU 
receiver, i.e. the channel states, from SUs to the PU receiver, are favorable. 

The system is assumed to be strictly synchronized. A time-slot transmission scheme is 
adopted, where the communication duration is divided into several slots with the same length 
T . Each slot contains three phases including local spectrum sensing phase, cooperative 
sensing phase and transmission phase [12]. Through time division multiple access (TDMA), 
all SUs first sense the PU status independently in local spectrum sensing phase and then 
deliver their own sensing statistics to the fusion center that makes the final decision on the PU 
status in cooperative sensing phase, as shown in Fig. 1. Finally, in the transmission phase, if 
PU is decided to be idle by the fusion center, SUs can access the channel by the traditional 
access mode; otherwise, the proposed benefit-exchange access mode is adopted [20].  

 

SU1

SU2

SUk
……

…Local spectrum 
Sensing

…1 2 3 k

Fusion 
centre

Cooperative sensing 
phase

Time Slot

Energy 
detection

Benefit-exchange 
 access mode

Traditional access 
mode

PU is 
idle

PU is 
busy

Energy 
detection

Energy 
detection

 

Fig. 1. The structure of each time-slot 

2.1. Cooperative Spectrum Sensing 
In local sensing phase, each SU senses the PU signal by spanning the licensed channel. Due to 
the easy implement without any prior knowledge of PU, energy detection has been the most 
widely used sensing method recently. Energy detection is implemented via comparing the 
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metrical PU signal energy with a pre-configured decision threshold. If the metrical energy lies 
above the threshold, the PU status is assumed to be busy; otherwise, the status is judged as idle 
[10]. The signal received by SU i for 1,2, ,i N=   in the channel follows a binary hypothesis 
as [21] 

 
0

1

( ),                
( )    1,2, ,

( ) ( ),i sr
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s m h n m H
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= = +
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where ( )iy m denotes the received sampled signal, 0H and 1H denote the idle and busy status of 
PU, respectively, ( )s m is the PU transmission signal with power sP , ( )n m is the Gaussian noise 
with mean 0 and variance 2σ , sr

ih is the channel gain from the PU transmitter to the SUi 
receiver. M is the number of sampling nodes as follows 
 sM fτ=   (2) 
whereτ denotes the local spectrum sensing duration and sf denotes the sampling frequency. 
Using energy detection, the metrical PU signal energy of SU i is given as 
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Furthermore, in CSS, the fusion center makes the final decision on PU status via gathering 
energy statistics from all the local sensing SUs. Thus the final energy statistic obtained by the 
fusion center is given as follows 
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Supposing the pre-configured detection threshold is λ , the false alarm and detection 
probabilities of CSS are formulated, respectively, by following [10] as 
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where
2sr 2

s1
( / )N

ii
P h Nγ s

=
=∑ denotes the average sensing SNR of all SUs, and the 

function ( )Q ⋅ is defined as 
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22 x
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To ensure the reliability and stability of the CR system, we further assume that the upper 
bound of the false alarm probability fQ should be no larger than 0.5, i.e. max 0.5f fQ Q≤ ≤ , and 
the lower bound of the detection probability dQ is always larger than 0.5, i.e. min 0.5d dQ Q≥ ≥ . 
Moreover, we only focus on the case that PU is accurately detected. 

2.2. Traditional Access Mode 
In the transmission phase, once PU is detected idle, each SU is allocated a portion of the 
licensed channel at a certain transmission power [12]. In this paper, we assume SU i occupies a 
portion (0 1)i iω ωΘ Θ≤ ≤ of the channel with a certain transmission power rr

iP Θ , which can be 
implemented via either orthogonal frequency division multiple access (OFDMA) or Filter 
Bank Multicarrier (FBMC). Moreover, the channel gain between SU’s transmitter and 
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receiver is denoted by rr
ih . Using the traditional access mode, the SUi’s achievable 

transmission rate is given as 
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In order to facilitate comparison, we first introduce the traditional throughput maximizing 
problem proposed in [10]. In this model, SUs can access the licensed channel only when the 
PU is idle and a joint optimization of CSS, including sensing time and detection threshold, and 
data transmission, including proportion of transmission power and bandwidth, is formulated to 
maximize the throughput of all SUs. 

We suppose that the cooperative time used by each SU to deliver their local sensing 
statistics to the fusion center isξ . By TDMA, the whole cooperative overhead is given as 

cT Nξ= . Then the length of transmission phase is given as 
 ctT T T T Ntt  ξ= − − = − −  (8) 
Supposing 0HP is the idle probability of PU, the probability that PU is indeed idle and no false 
alarm appears is 0 (1 )H fP Q− . Therefore, the total throughput of SUs is given as 
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The traditional throughput maximizing model model (TTMM) is formulated from [10] as 
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where maxP is the maximal transmission power of SUs.  

2.3. Holistic Joint Optimization Model 
To make use of the licensed channel while PU is busy, we take cooperative communication 
into consideration and propose a multi-user benefit-exchange access model for a multi-user 
CR system. In this model, all SUs assist to relay PU’s transmission data and thus exchange for 
some bandwidth released by PU to implement their own communications. It is worth 
mentioning that cooperative communication can remarkably increase the diversity gain of the 
system and ameliorate the outage probability well [18, 22]. Therefore, if SUs are available to 
assist PU’s communication, PU may release some bandwidth for SUs’ own communications 
as a benefit exchange while guaranteeing its previous throughput level. To avoid violating the 
privacy of PU’s communication, we utilize AF rather than decode-and forward (DF) to 
forward PU’s transmission data [19]. The detailed structure of benefit-exchange access mode 
is proposed in Fig. 2. We suppose the channel state information (CSI) of the system is 
obtained via channel estimation and broadcast to all the users in advance. Besides, we also 
assume CSI keeps constant in one time slot. Thus, the specific configuration of the access 
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mode can be finalized at the beginning of the transmission phase. Meanwhile, maximum-ratio 
combining (MRC) can be used by the PU receiver to decode the received mixed PU signal 
consisting of the signals forwarded by SUs and the directional PU signal. Note that the data 
forwarded by all the SUs, i.e. the PU transmission data, are all the same. Thus all SUs can 
simultaneously forward the PU data in the same frequency band and the weight coefficients of 
MRC can be multiplied at the transmitters of SUs and PU beforehand. 
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(tUd…t…)

(tUd…t…)

Traditional access mode (SUs’own data)
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Fig. 2. The structure of Benefit-exchange Access Mode 
 

In Fig. 2, the access mode consists of three phase, including PU broadcast phase 1, SU relay 
phase 2 and SU communication phase 3. In Phase 1, PU broadcast its communication data to 
its own receiver and all SUs with a bandwidth 1W during 2tT , and then in Phase 2, PU 
terminates its own broadcast and all SUs transmit their PU data, received in Phase 1, to the PU 
receiver. Actually, Phase 1 and Phase 2 can be easily implemented via TDMA. As an 
exchange, PU releases a bandwidth 2 1W W W= − for SUs to transmit their own data in Phase 3, 
and the traditional access mode is utilized to assign the released channel. Following the 
methods in Section 2.2 and Section 2.3, the thi SU’s achievable transmission rate in the 
benefit-exchange access mode can be formulated as  
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where iω∗ is the assigned bandwidth of SU i with a certain transmission power rr
iP ∗ in 

benefit-exchange access mode. Furthermore, the total throughput of all SUs in the 
benefit-exchange access mode can be formulated as 
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To impel PU to release the bandwidth, we must ensure that PU’s throughput in the 
benefit-exchange access mode is no less than PU’s previous throughput, i.e. 
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where sdh denotes the channel gain from PU’s transmitter to its own receiver. Following the 
ways in [19], the throughput of PU in benefit-exchange access mode can be given as 
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where rd
ih denotes the channel gain from thi SU’s transmitter to PU’s receiver, rdP denotes the 

power cost by each SU to forward the PU data and 
1
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= −∑ is the portion of 
bandwidth used for cooperative communication. To ensure the fairness, we assume the 
forward-cost powers of all SUs are all the same. Hence, the total throughput of the all the SUs 
is given by  
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Therefore, catering to different PU status, the holistic joint optimization model (HJOM) of 
CSS and different access modes to maximize the throughput of all SUs can be formulated as 
follows 
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where maxP denotes the maximal transmission power of each SU. 
 

3. Holistic Joint Throughout Optimization Algorithm 

To solve problem (16), we implement the bi-level optimization where (16) is divided into two 
sub-level optimization problem. Specifically, the upper-level is to optimizeW ∗ , while the 
lower-level is to optimize other parameters with a specificW ∗ . The lower-level optimization 
problem is given as 
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Actually, whenW ∗ is given, problem (17) is a convex optimization problem and can be directly 
solved by the interior-point method. Next, we will prove this convexity in detail. For a 
givenW ∗ , we give three lemmas as follows. 
 

Lemma 1: Functions ( , )fQ τ λ and ( , )fQ τ λ is concave and convex in both τ and λ , 
respectively. 

Proof: With a specific λ , we derive the first and second derivations of ( , )fQ τ λ  and 
( , )dQ τ λ inτ , respectively, as follows 

 

( )

2

s s2 2

2

s s2 2

1 1
( ) exp

22 2

1 1
( ) exp

4 22 4 2

f

d

Nf N f
Q

Nf N f
Q

λ λ τ
τ ss

τ pτ

λ λγ γ τ
τ ss
τ γγ pτ

     − −     ∂      = − −  ∂
  
  


     − − − −    ∂      = − −
 ∂ + +
 
 

 (19) 

 

( )

2 2

s s2 2 s2 2

2

2 2
s

s2 2 s2 2

2

11 1 1
( ) exp

24 2

11 1 12 1( ) exp
4 24 4 2

f

d

Nf Nf N f
Q

Nf Nf N f
Q

λ λ λ τss  ττ s
τ pτ

λ λ λγ γ γ τss  γ ττ s
τ γγ pτ

        − − +      −       ∂     = −  ∂  
  


       − − − − +     − −    +   ∂     = −
 ∂ ++
 
 








 (20) 

From cons. (16b) and (16c), we have 
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By substituting (21) into (19) and (20), we further have 
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Therefore, with a specificλ , ( , )fQ τ λ is concave and ( , )dQ τ λ is convex with respect toτ . 
Next, with a specificτ , we derive the first and second derivations of ( , )fQ τ λ and ( , )dQ τ λ inλ , 
respectively, as follows 
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By substituting (21) into (23), (24), (25) and (26) we further have 
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Similarly, with a specificτ , ( , )fQ τ λ is concave and ( , )dQ τ λ is convex inλ . This completes 
the proof. 
 

Lemma 2: The objective function of problem (17) is a convex function. 
Proof 2: For simplification, we first let 

0 1

2 2 2 2

2 2 2 2

(1 )

, , ,

H f H d

rr rr rr rr rr rr
i i i i i i

i i

T N T NA P Q B P Q
T T

P h P h h h
P P

τ ξ τ ξ

ω ω
σ σ ω σ ω σ

Q ∗

Q ∗ Q ∗Q ∗

− − − −
= − =

= = = =

， ，

  (28) 

Thus, when other parameters are given, the second derivation of allR in iωΘ is given as 

 
2

2

( ) 1 1 0
( ) ln 2

all

i i i

R AP
P P

ω
ω ω ω ω

Θ Θ
Θ Θ Θ

Θ Θ Θ

∂  = − ≤ ∂ + + 
 (29) 

i.e., allR is convex in iωΘ . Similarly, we also have 

 
2

2

2 2 2

( ) 0
( ) (1 ) ln 2

rrall rr ii
rr rr

i i

A hR p
P P

ω

ω σ

Θ Θ

Θ Θ
Θ

∂
= − ≤

∂ +
 (30) 

i.e., allR is also convex in rr
iP Θ . As iω∗ and rr

iP ∗ have the same forms with iωΘ and rr
iP Θ , 

respectively, we can also have a similar conclusion that allR is also convex with respect 
to iω∗ and rr

iP ∗ . Next, when other parameters are given, we derive the second derivations 
of allR inτ andλ , respectively, as follows 

 
0 1

0 1

2

2
1 1

2 2

2 2
1 1

( ) 2all N N
f d

H i H i
i i

N N
f d

H i H i
i i

R Q QP C P C
T

T N Q QP C P C
T

τ
τ τ τ

τ ξ
τ τ

Q ∗

= =

Q ∗

= =

 ∂ ∂ ∂   
= − −    ∂ ∂ ∂    

 − − ∂ ∂   
−    ∂ ∂    

∑ ∑

∑ ∑
 (31) 
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 0 1

2 2 2

2 2 2
1 1

( )all N N
f d

H i H i
i i

R T N Q QP C P C
T

l τ ξ
lll 

Q ∗

= =

 ∂ − − ∂ ∂   
= − −    ∂ ∂ ∂    

∑ ∑   (32) 

By substituting (22) and (27) in to (31) and (32), we have   

 
2 2

2 2

( ) ( )0, 0
all allR Rτ l
τ l

∂ ∂
≤ ≤

∂ ∂
 (33) 

i.e., allR is also convex with respect toτ andλ . This completes the proof. 
 

Lemma 3: With a specificW ∗ , the constraint (16h) is a convex constraint in rdP . 
Proof: For a givenW ∗ , we first define 

 
( )

2 2 21 2 2

2
23 2 2

2

,  ,  sr rd rd
i s i i i i

sd
ssr

i s i

H P h h H h W

P h
H P h W W S

s

ss
s

∗

∗ ∗

= =

= + ⋅ =，

 (34) 

Thus, ( )rdR P can be concisely given as 

 
1

2 22 3
1

( ) log 1 log (1 )
2

rdN
ird

rd
i ii

W S P HR P S
W P H H

∗

∗
=

= + + − + + 
∑H  (35) 

The second derivation of R with respect to rdP can be given as 
 

( ) ( )

2
1 1 2 3 1 3

3 22 3 2 3 2 32 1 1 1

22 1

2 3
1

2 1
( ) 0

2
1 ln 2

rdN N N
i i i i i i

rd rd rdi ird i i ii i i i

rd rdN
i

rd
i ii

S P H H H H H H
W P H H P H H P H HR P W

P S p H
W P H H

∗
∗ = = =

∗
=

   + + +  +  + +∂  = − <
∂  + +  + 

∑ ∑ ∑

∑

H

                                                                                                                                               (36) 
i.e. R is a convex function in rdP and thus the constraint (16h) is a convex constraint 
in rdP whenW ∗ is given. This completes the proof. 
 

Finally, it is obvious that other constraints of problem (17), i.e. from (16d) to (16g) and 
(16a), are all linear constraints. Therefore, according to the three lemmas proposed above, 
whenW ∗ is given, problem (17) is proved to be a convex optimization problem with respect to 
all other optimization parameters, and thus can be directly solved via the interior-point method 
[23, 24]. For problem (18), the direct optimization ofW ∗ is intractable. However, the domain 
ofW ∗ within [0, 1] is a finite set of real number, and thus we consider adopting the exhaustive 
method to optimize problem (18). As long as the selected exhaustive stepε is small enough, 
we can also obtain a favorable sub-optimal solution of problem (18). In a word, the combined 
optimization algorithm, including bi-level optimization, interior-point method and exhaustive 
method, for problem (16) can be given in the Algorithm 1, where 1 / ε   denotes the maximal 
integer no larger than1 / ε . 
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Algorithm 1. Combined optimization algorithm 
Initialization: set an exhaustive step ε and then define a vertex set 1/

1{ }k kT ε  
==T  

(1) For 1,2, , 1/k ε=    , repeat step (3) to (4); 

(2) GivenW kε∗ = , find the optimal solution ( )* *, , , , , ,rd rr rr
k k k k k k kpτ λ Θ Θp pω ω  and the corresponding 

maximal all
kR of the problem (17) via interior-point method; 

(3) Let ( )* * *, , , , , , , ,rd rr rr all
k k k k k k k k k kT p W k Rτ l εΘ Θ= =p pω ω and add it toT ;  

(4) Find * arg max for 1,2, 1/all
kk R k ε= =    and output *kT . 

 

4. Simulation Results 
In this section, simulation results are proposed to demonstrate the effectiveness of our scheme, 
by comparing the HJOM, i.e. problem (16), with the TTMM, i.e. problem (10).  

We consider a single-PU multi-SU CR network consisting of N=8 SUs and one licensed 
channel with the bandwidth 1 kHzW = . The length of the divided time slot is 2sT = and the 
sensing sampling frequency is 2 kHzsf = . The length of cooperative slot used by each SU to 
deliver sensing data is 0.01 sξ = . The power of the noise is 2 0.1Wσ = , the transmission 
power of PU is 0.5WsP =  and the maximal transmission power of each SU is max 0.5WP = . 
The busy and idle probabilities of the licensed channel are 1 0 0.5H HP P= = , respectively. The 
upper bound of the false alarm probability and the lower bound of the detection probability 
are max min 0.5f dQ Q= = , respectively. The exhaustive step is 310ε −= . To operate CSS and 
cooperative communication more effectively, we consider the circumstance where the channel 
states from PU’s transmitter to SUs’ receiver is unfavorable but the channel states from SUs’ 
transmitter to PU’s receiver is fine. We define the channel SNR as the square of channel gain 
to the noise power ratio. We suppose the channel SNR of PU’s directional link (PPSNR) is 0 
dB/W. Besides, the channel SNR from PU’s transmitter to each SU’s receiver (PSSNR), the 
channel SNR from each SU’s transmitter to PU’s receiver (SPSNR) and the channel SNR of 
SUs’ own communications channel (SSSNR) are respectively given as follows 

 
Table 1. Different channel SNR in the CR network 

SUs 1 2 3 4 5 6 7 8 
PSSNR(dB/W) -4 -4 -5 -8 -8 -10 -11 -12 
SPSNR(dB/W) 21 29 20 27 28 28 20 23 
SSSNR(dB/W) 24 20 29 22 24 24 23 29 

 
First, we demonstrate the effect on the total throughput allR of HJOM caused by the local 

sensing timeτ and the pre-configured sending thresholdλ . With different pairs ofτ andλ , the 
optimal utilities of HJOM can be obtained via a simplified Algorithm 1 including both the 
exhaustive and inter-point methods. Fig. 3 (a) and (b) shows  allR  versus τ  andλ via 3D and 
2D, respectively, and the global optimal solution obtained by Algorithm 1 is marked in Fig. 3 
(b). It shows that the relation surface is convex, which verifies the proposed lemmas well. 
Algorithm 1 successfully obtains the optimal solution to maximize allR , and specifically, the 
optimal 5.3102 bps/HzallR = is obtained when 0.0739 sτ = and 0.1069λ = . Fig. 3 (c) and (d), 
which show allR versusτ with different λ and versus λ with differentτ in detail, are some 
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particular cross-sections of Fig. 3 (a). Both of them confirm the convexity of (16) and the 
effectiveness of Algorithm 1 more concretely. Fig. 3 (c) shows with the increase ofτ , all the 
optimal utilities first increase and then decrease. In fact, the increase ofτ leads to a lower false 
alarm probability and a higher detection probability, which imply a better spectrum sensing 
performance and thus a higher throughput of the whole system. However, the increase ofτ also 
yields the loss of transmission time tT . Onceτ reaches a certain value, the improvement on the 
spectrum sensing capability is wearing off while the loss of tT becomes dominant, thus directly 
triggering the decrease of allR . In Fig. 3 (d), with the increase ofλ , allR also first increases and 
then decrease. Actually, the increase of λ leads to both lower false alarm and detection 
probabilities. Thus, the first increase of allR is mainly due to the decrease of fQ , and 
onceλ reaches a certain value, the decrease of dQ is dominant and finally leads to the decrease 
of allR . Note that the effect caused by the tradeoff of fQ and dQ is mainly determined by the 
values of the attainable transmission rates of these two access mode, i.e. CΘ and C∗ .  
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(c)                                                                         (d) 
Fig. 3. Effect of τ and λ  on allR in HJOM: (a) allR versus τ  andλ (3D);  

(b) allR versusτ and λ  (2D); (c) allR versusτ with different λ ; (d) allR versus λ with differentτ . 
 

Before the detailed simulation analysis of HJOM and TTMM, we compare the 
computational complexity between these two models first. The ‘fmincon’ function of Matlab 
is used to accomplish the interior-point method, which is the most important factor to 
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influence the computational complexity of the proposed optimization algorithm. Therefore, 
the complexity can be approximately represented by the running durations of the entire Matlab 
programs. Fig.4 shows the comparison of algorithm running durations between HJOM and 
TTMM. We run the Matlab programs for 1000 times to ensure the universality of the 
comparison. In Fig.4, almost all of the red dots are above the corresponding blue dots, which 
means that the running durations of HJOM are larger than that of TTMM. In other words, the 
computational complexity of HJOM is indeed higher than that of TTMM, which is obviously 
due to the extra cost of BEAM. However, from Fig.4 we can also find that the difference of 
HJOM and TTMM is very small. Compared with the throughput benefit of HJOM, the slight 
cost of computational complexity is actually negligible. 
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Fig. 4. Comparison of algorithm running durations between HJOM and TTMM (1000 times) 
 

Then, we focus on the effect on both the throughputs in the HJOM and TTMM caused by 
the original PU transmission power sP . Fig. 5 (a) shows allR versus sP in both HJOM and 
TTMM. It can be seen that, with the increase of sP , the throughput of TTMM keeps increasing 
all the time. According to Fig. 5 (c) and (d), in TTMM, the increase of sP leads to the sustained 
decrease of fQ while dQ keeps fixed with min 0.5dQ = , which is coincident with the conclusions 
in [10] and [11]. Thus, the continuous increase of allR in TTMM is mainly due to the decrease 
of fQ . In Fig. 5 (a), the curve of allR in HJOM first increases and then decrease. 
After sP reaches 0.6W, the optimal utilities of both HJOM and TTMM become same. 
According to Fig.4 (c) and (d), with the increase of sP , fQ keeps decrease while dQ first 
increase and then experiences a drastic decrease in HJOM. The increases of fQ and dQ are 
caused by the enhancement of the received PU signal power, which can directly improve the 
spectrum sensing capability. However, according to (15), the increase of sP also implies that 
more cooperative power rdP should be used by SUs to forward PU’s communication data to 
help PU reach the original throughput of PU’s directional link. Therefore, the throughput of 
benefit-exchange access mode, i.e. C∗ , is wearing off. As shown in Fig. 5 (b), after sP reaches 
0.6W, even if SUs allocate all transmission power to forward PU’s data, it will also be invalid 
for SUs to help PU achieve its original throughput, and thus C∗ becomes zero ultimately. 
Meanwhile, the HJOM also degenerate into TTMM for the same reason, and thus all contrast 
curves of HJOM and TTMM in Fig. 5 (a), (c) and (d) become overlapping after sP reaches 
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0.6W. From Fig. 5 (a), we can also find that the throughput of HJOM is always no lower than 
that of TTMM, which verifies the principle of our work perfectly. 
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(c)                                                                           (d) 
Fig. 5. Effect of sP on HJOM and TTMM: (a) allR versus sP in different models; (b) CΘ and C∗ of 

HJOM versus sP ; (c) dQ versus sP in different models; (d) fQ versus sP in different models. 
 

Next, we focus on the effect on both the throughputs in HJOM and TTMM caused by 
different configurations of the lower bound of detection probability, i.e. mindQ . Fig. 6 (a) 
shows allR versus mindQ in both two models. With the increase of mindQ , allR of TTMM keeps 
decreasing. According to Fig. 6 (a), through replacing fQ with an expression of dQ , allR of 
TTMM can be proved to be a monotonically decreasing function in mindQ as detailed in [10-12]. 
Besides, the optimal utilities of TTMM can only be obtained when dQ acquires its lower bound, 
i.e. mind dQ Q= , which is coincident with the TTMM dQ curves in Fig. 6 (b). For HJOM, with 
the increase of mindQ , both allR and dQ keep unchanged at first as shown in Fig. 6. However, 
when mindQ is larger than a certain value, i.e. almost 0.87, allR begins decreasing and dQ is 
always equal to its lower bound mindQ . At the beginning, the optimal dQ of HJOM is 0.87 
and mindQ has not reached this optimal value, and thus the increase of mindQ has no influence on 
the optimization model at first, as shown in Fig. 6 (b). Nevertheless, once mindQ is larger than 
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0.87, more and more local sensing timeτ should be allocated to satisfy the increase of dQ , 
which directly leads to the decrease of transmission time tT and thus the later decrease of allR , 
as shown in Fig. 6(c). 
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(c) 
Fig. 6. Effect of mindQ on HJOM and TTMM: (a) allR versus mindQ in different models; 

 (b) dQ versus mindQ in different model; (c)τ versus mindQ in different models. 
 

Finally, we demonstrate the effect on these two models caused by the value of 0HP . From 
Fig. 7, it is obvious that with the increase of 0HP , allR of both HJOM and TTMM also keep 
increasing. allR of HJOM is always larger than that of TTMM, which verifies forcefully the 
effectiveness of HJOM when using the licensed channel even if PU is busy. Besides, the 
difference between HJOM and TTMM is decreasing along with the increase of 0HP . Actually, 
the superiority of HJOM is mainly owing to the spectrum utilization at the presence of PU, and 
thus the superiority is wearing off when the busy probability of PU is decreasing. 
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Fig. 7. Effect of 0HP on HJOM and TTMM 
 

5. Conclusion 
In this paper, a multi-user benefit-exchange access mode is proposed to allow the SUs to 
make use of the licensed channel when PU is busy. A holistic joint optimization problem is 
formulated to maximize the total throughput of CR system via jointly optimizing the 
parameters of CSS in both benefit-exchange access mode and traditional access mode. A 
combination of bi-level optimization, interior-point optimization and exhaustive searching 
is proposed to solve the proposed optimization problem effectively. Finally, we demonstrate 
the effectiveness of HJOM by comparing it with TTMM. Simulation results show that 
HJOM has a significant improvement on the total throughput of the CR system and utilizes 
the licensed channel successfully when PU is detected to be busy 
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