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Abstract 
 

In this paper, we focus on interference cancellation for three-hop cognitive radio networks 
(CRNs) over Rayleigh fading channels. In CRNs, secondary users (SUs) are allowed to 
opportunistically utilize the licensed spectrum during the idle time of primary users (PUs) to 
achieve spectrum sharing. However, the SUs maybe power constrained to avoid interference 
and cover a very short transmission range. We here propose an interference cancellation 
scheme (ICS) for three-hop CRNs to prolong the transmission range of SUs and improve their 
transmission efficiency. In the proposed scheme, a flexible transmission protocol is adopted to 
cancel the interference at both secondary relays and destinations at the same time. And a 
closed-form expression for the secondary outage probability over Rayleigh fading channels is 
derived to measure the system performance. Simulation results show that the proposed scheme 
can significantly reduce the secondary outage probability and increase the secondary diversity 
in comparison with the traditional cases. 
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1. Introduction 

In the past years, the development of the fifth generation (5G) mobile communications has 
captured the attention of researchers around world [1][2]. One of the evolving directions of 5G  
is to decrease the size of cells, which will significantly improve the cell throughput, energy 
efficiency and user data rate of cellular system [3]. Dense network deployment exhibits the 
above advantages, but produces a series of problems  such as co-channel interference [4]. 
Interference becomes a major limiting factor for higher data rates [5]. Many new schemes 
have been proposed for interference cancellation [6][7]. 

With the development of 5G, cognitive radio (CR) technology is promising in improving 
spectral efficiency  by allowing secondary users (SUs) to opportunistically utilize the licensed 
spectrum owned by primary users (PUs) [8]-[10]. Although licensed bands are heavily 
exploited, it has been shown that some licensed bands are underutilized. Cognitive radio 
allows SUs to dynamically utilize the underutilized licensed bands without causing harmful 
interference to PUs [11]-[13]. Generally, SUs operate in three kinds of paradigms, called 
interweave, overlay, and underlay, to exploit the licensed spectrum. Various aspects related to 
the spectrum sharing pattern have been addressed [14]-[16]. In [17], a transmission protocol 
has been proposed to enable SUs to utilize the licensed spectrum detected as unoccupied. The 
interweave spectrum sharing paradigm appears to be more sensitive to the spectrum sensing 
errors, which leads to low secondary transmission efficiency [18]. To overcome the 
disadvantages of interweave spectrum sharing, underlay spectrum sharing has been adopted, 
which permits SUs to utilize the licensed spectrum regardless of PU traffic patterns [19]. 
Different from the interweave paradigm, SUs transmit signals as long as the interference to 
PUs does not exceed a given threshold. The secondary transmission performance of two-hop 
decode-and-forward (DF) relaying under the underlay paradigm is measured by the secondary 
outage probability in [20]. However, there are still several problems to be solved due to the 
limited secondary transmission power. For example, the effective distance in environments 
with high path loss should be reduced and the transmission coverage area should be expanded 
[21]. 

As a result, several studies have been carried out to use multi-hop relays to enhance the 
performance of CRNs [22][23]. Multi-hop communication systems effectively extend the 
transmission range and increase the quality of service (QoS) of relay networks [24][25]. 

However, with the increase of the number of relay hops, the quality of signal transmission 
may be reduced [26][27]. Many conventional transmission protocols, such as interference 
cancellation (IC), relay selection, and data equalization, have been utilized in traditional CRNs 
to reduce the interference of primary users and improve the secondary transmission 
performance [28]-[30]. The IC-based underlay CRNs are considered in [17] and [20], where 
the single-hop and two-hop transmissions are studied. In [31], the author derives a cooperative 
outage probability model and a cooperative block error rate (BLER) model to mitigate 
co-channel interference and improve the system performance. Recently, [32] investigates an 
interference cancellation method when there are two interferences simultaneously, in which a 
system model was established to analyze the interference cancellation performance. 

Different from [17] and [20], we propose an IC-based three-hop cognitive transmission 
scheme, which is more flexible for the underlay paradigm. This three-hop model is the 
simplest and most typical model for multi-hop transmission. Taking into account the actual 
signal transmission range and direct transmission distance in the cell, we investigate the 
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performance of a cognitive radio system, consisting of a single secondary transmitter (ST), a 
single secondary destination (SD), and two relay clusters, i.e., three hops that assist the ST to 
transmit signals to the SD. Our main contributions can be summarized in two-folds. 

In this paper, we expand the secondary transmission range and improve the secondary 
transmission performance. Specifically, we use a simplified system model and utilize the 
secondary outage probability to measure the performance of the secondary system. Under the 
strict power constraints, we propose a three-phase interference cancellation scheme (ICS), 
which can expand the transmission range and improve the performance of the secondary 
system. The ICS aims at promoting the QoS of secondary transmission measured by secondary 
outage probability. Note that our scheme enables more flexible relay selection with lower 
secondary outage probability in comparison with traditional cases [17] [20]. 

Based on the interpretation of ICS for underlay communication system, we derive the 
closed-form expression for outage probability over Rayleigh fading channels. Then we 
conduct the simulations and demonstrate the superiority of the performance analysis by using 
Monte Carlo methods. The improved system achieves better secondary performance than that 
of [20] due to the flexible protocol. 

The remainder of this paper is organized as follows: In section 2, we present an overview of 
the system model and propose the protocol for three-hop relay system in this paper, while in 
section 3 we provide the analytical results on the performance in terms of secondary outage 
probability and then derive the closed-form expressions of the system performance. In section 
4, we provide the numerical and simulation results, while in section 5 we draw the 
conclusions. 

2. System Protocol 
We consider a cognitive radio system with the coexistence of primary and secondary networks, 
as shown in Fig. 1. In the primary networks, primary transmitter PT delivers signals to primary 
destination PD. In the secondary network, a secondary transmitter ST forwards its signal 
towards secondary destination SD, while a route of clusters iSR  assisting ST data transmission 
to SD. 

 
Fig. 1. System model of ICS scheme 



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 13, NO. 9, September 2019                              4449 

Relay cluster iSR  includes N single-antenna half-duplex relay node and 
decode-and-forward protocol is considered throughout this correspondence. As can be 
observed from Fig. 1, primary and secondary networks would affect each other. The transmit 
power of ST should be limited for reducing the interference to PD in order to guarantee the 
QoS of primary transmissions measured by primary outage probability performance. We 
assume that all the channels are modeled as independent Rayleigh flat fading. We let 

( { , , }, { , , }, )AB i ih A PT ST SR B PD SD SR A B∈ ∈ ≠  denote fading coefficient channel from A to B 
with fading variance. Denote that H ( { , , })H PT ST SR∈  transmits Hx  to the destination with 
data rates R , AR  and BR  represent as the data rate of ST and PT. The transmit power of H is 

HE  Watts/Hz. Kn  ( { , , })K SR SD PD∈  respect the additive white Gaussian noise (AWGN). 

 
Fig. 2. Transmission process of ICS  

 
In this paper, we assumed that ST operates in a time division multiple access fashion, where 

each medium access control frame consists of three consecutive transmission phases denoted 
by 1t , 2t  and 3t . As shown in Fig. 2, we propose a decoding strategy and it can be described as 
follows: For the first time slot, primary transmitter PT sends data PTx  to primary destination 
PD, in the meanwhile, secondary transmitter ST send data STx  to secondary destination SD. 
As is shown in Fig. 1, primary and secondary networks would affect each other. For the 
primary receiver, it would suffer interference from both the ST and secondary relay clusters. 
The secondary relays and secondary receiver are mainly interfered by PT. In order to ensure 
the QoS of primary transmissions, the transmit power of ST are required to be limited. Then, 
all relays attempt to decode the signal STx  by utilizing the proposed IC-based decoding 
technique. At first, 1SR  directly decodes STx  from the original received signal in 1t . If 
decoding fails, 1SR  will start the interference mechanism that decode PTx  and eliminate the 
interference component on PTx . In this case, SR will use the interference cancelled signal to 
decode STx  again. We make the best decoding set for the relays that utilize the improved 
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interference cancellation and decode the signal successfully. At the same time, SD attempts to 
decode PTx  using the received signal, and if decoding is successful, 1SR  removes the 
interference component of PTx  from the original received data. 

For the second time slot, if the optimal decoding set of 2SR  is not empty, then 1 bestSR −  is 
selected to participate in the cooperative transmission. 2SR  uses the same interference 
cancellation mechanism as 1SR . Otherwise, there is no relay could decode the signal 
successfully in the first phase, ST delivers signal towards 2SR , while ST transmits the signal 
to SD in the second time slot. 

In the third time slot, SD starts with perception, 2SR  will send data to SD if there are 
optimal decoding set of 2SR , simultaneously, the best relay 2 bestSR −  will be chosen to assist 
transmit data to SD. Otherwise, 1SR  or ST transmit the signal towards SD. Finally, SD try to 
decode PTx  by using the received signal and removes the interference component of PTx . Then 
SD performs the maximum ratio combining (MRC) technique to combine the transmission 
signals in three time slots and perform the final decoding. 

3. System Modeling 
The improved protocol has been described in section 2, the signals accepted at PD, 1SR  and 
SD during the first time slot can be respectively expressed as: 

(1)PD PT PT PD PT ST ST PD ST PDy E h x E h x n− −= + +（1） （1）                                     (1) 

1 1 1 1(1) (1)SR ST ST SR ST PT PT SR PT SRy E h x E h x n− −= + +                                          (2) 

(1) (1)SD ST ST SD ST PT PT ST PT SDy E h x E h x n− −= + +                                             (3) 
Where superscript 1 means the first transmission time slot. PTE  and STE  represents the 

transmission power of PT and ST respectively. The improved Interference elimination 
mechanism is used to eliminate PDy （1） from original signal 1SRy （1）and SDy （1） respectively. 
Signal after interference cancellation can be rewritten as: 

1
1 1 1(1) + (1)SR ST ST SR ST SRy E h x n−=                                                (4) 

1 (1) (1)SD ST ST SD ST SDy E h x n−= +                                                  (5) 

 
Fig. 3. Second network transmission of 2t  
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As can be shown in Fig. 3, there are two situations of transmission situation depending on 
whether SR1 can successfully decode the signals. In other words, two possible process rely on 
whether best decoding set Θ1 exist. We use Ω1 represent best decoding set and Ξ  represent 

empty set. Θ Ξ1 1= denote that all relays fails to decode signals and Θ Ω1 1=  indicates that 

more than one relay within Ω1 decode the signals successfully. Once the case Θ Ξ1 1= occurs, 
ST will retransmit the signal to 2SR during the second time slot. In this situation, the signal 
received at PD, SD and 2SR in 2t can be respectively described as:  

(2) (2) (2)PD PT PT PD PT ST ST PD ST PDy E h x E h x n− −= + +                                        (6) 

(2) (2)SD ST ST SD ST PT PT SD PT SDy E h x E h x n− −= + +                                              (7) 

2 2 2 2(2) (2) (2)SR ST ST SR ST PT PT SR PT SRy E h x E h x n− −= + +                                     (8) 
where the superscript 2 denotes the second transmission time slot. The received signal 

which adapts the interference elimination is written as: 
1 (2) (2) (2)PD ST ST SD PT SDy E h x n−= +                                                                      (9) 
1

2 2 2(2) (2) (2)SR ST ST SR ST SRy E h x n−= +                                                                (10) 
1 1(2) (2) (2)SD SD ST ST SD ST SDy y E h x n−= = +                                                         (11) 

In another case, once 1 1Θ = Ω  occurs, the best relay will be chosen to assist to transmit the 
data to SD in 2t , the received signals of PD, SD and 2SR  in 2t  can be expressed as: 

(2) (2)SD ST ST SD ST PT PT SD PT SDy E h x E h x n− −= + +                                            (12) 

2 1 1 2 2 2(2) (2) (2)SR SR SR SR ST PT PT SR PT SRy E h x E h x n− −= + +                                 (13) 
After Interference elimination, SD and 2SR in 2t  can be expressed as: 

1 (2) (2)SD ST ST SD ST SDy E h x n−= +                                                                       (14) 
1

2 1 1 2 2(2) (2) (2)SR SR SR SR ST SRy E h x n−= +                                                             (15) 

ST SD

Secondary Relay Cluster 1 Secondary Relay Cluster 2

U1 Ui

UN UN

UiU1

Link 1

Link 2

 
Fig. 4. Secondary network transmission of 3t  

 
Fig. 4 shows secondary transmission during the third time slot, and there are still two 

situations which depends on whether 2Θ  is an empty set. If it is an empty set, 1SR  or ST will 
deliver signal towards SD depending on whether 1SR  can utilize IC-based relay selection 
scheme to decode signals.  

Case 1: This happens only 1SR  is empty set ( 1 1Θ = Ξ ), the signals received at PD and SD 



4452                                              Zhang et al.: Interference Cancellation Scheme for Three-hop Cooperative Relay Networks 

can be shown as: 
(3) (3) (3)PD PT PT PD PT ST ST PD ST PDy E h x E h x n− −= + +                                     (16) 

(3) (3)SD ST ST SD ST PT PT SD PT SDy E h x E h x n− −= + +                                          (17) 
Similar to the second time slot, SD get the signal after interference cancellation is shown as:  

1 (3) (3)SD ST ST SD ST SDy E h x n−= +                                                      (18) 
Case 2: If 1SR  successfully decode the signal by taking IC-based protocol, the signal 

received at PD and SD can be derived as: 
1 1 1(3) (3) (3)PD PT PT PD PT SR SR PD SR PDy E h x E h x n− −= + +                                 (19) 

1 1(3) (3)SD SR SR SD ST PT PT SD PT SDy E h x E h x n− −= + +                                       (20) 
After interference cancellation, signal received at SD is given as follows: 

1
1 1(3) (3)SD SR SR SD ST SDy E h x n−= +                                                        (21) 

Eventually, SD adapts MRC to combine the signals received in 1t , 2t  and 3t . We assume 
that if the signal interference cannot be eliminated at SD, we will use the original received 
signal for MRC combining. Better secondary outage probability could be expected due to 
using the improved interference elimination scheme at both SD and PD. 

In fact, we can think of this as a transmission process in multi-hop transmission. When the 
signal is transmitted to the Nth trunk group, the above relay selection will be performed until 
the signal is transmitted to the N+2 relay. So the three-hop interference cancellation model is 
the simplest form of the multi-hop model. 

4. Analysis of Secondary Outage Probability 
The case corresponds to the relays in best decoding set being accessible during the first time 
slot, i.e. 

2
1

1 2 2
1

1 log 1+
3 1

ST ST SR
ST SR

PT PT SR

h
C

h

γ

γ
−

−

−

 
 =
 + 

                                             (22) 

And achievable data rates can be expressed as: 
2

1
1 2 2

1

1 log 1+
3 1

PT PT SR
PT SR

ST ST SR

h
C

h

γ

γ
−

−

−

 
 =
 + 

                                              (23) 

Notice that fading factors 2
1ST SRh − and 

2
1PT SRh −  are independent and follow the 

exponential distributions with parameters 2
1

1

ST SRσ −

 and 
2

1

1

PT SRσ −

 respectively. As can be shown 

from (22), accessible data rate at SR1 can be shown as: 

( )1

2
2 1

1= log 1
3ST SR

ICS
ST ST SRC hγ

− −+                                                     (24) 

1SR  can successfully deliver the data sx  by direct decoding or ICS-based decoding. The 
occurrence probability of 1SR  successfully decode data sx  during 1t  can be expressed as:  

{ } { }1 1 1 1 1Pr Pr , ,SR ST SR A ST SR A PT SR B ST SR AP C R C R C R C R− − − −= ≥ + < ≥ ≥  

1 2 3 4

1 3

0 1
1

A B

A B

a a a a
a a

+ + − < ∆ ∆ <
=  + ∆ ∆ ≥

                                                                     (25) 
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Therefore, we can utilize the table of exponential distribution to calculate the approximate 

detection probability, that is 
2

1
1 2 2

1 1

expST ST SR A

ST ST SR ST ST SR

a
γ σ
γ σ γ σ

−

− −

 ∆
= − 

 
                                                                         (26) 

2
1

2 2 2 2 2 2
1 1 1 1 1

1expA PT PT SR

A PT PT SR ST ST SR PT PT SR ST PT SR A PT PT SR

a
γ σ

γ σ γ σ γ σ γ σ γ σ
−

− − − − −

 ∆ Ψ Ψ
= − − ∆ + ∆ 

     (27) 

2
1

3 2 2 2 2 2
1 1 1 1 1

expPT PT SR B A A B

PT PT SR B PT ST SR PT PT SR ST ST SR PT PT SR

a
γ σ

γ σ γ σ γ σ γ σ γ σ
−

− − − − −

 ∆ ∆ ∆ ∆
= − − − + ∆  

       (28) 

2
1

4 2 2 2 2 2
1 1 1 1 1

expPT PT SR B B

PT PT SR B ST ST SR PT PT SR ST ST SR PT PT SR

a
γ σ

γ σ γ σ γ σ γ σ γ σ
−

− − − − −

 ∆ Ψ∆Ψ
= − − − + ∆  

       (29) 

Where 22 1AR
A∆ = − , 22 1BR

B∆ = −  and ( )1+
1

A B

A B

∆ ∆
Ψ =

−∆ ∆
. 

During the second time slot, the detection probability of that 2SR  can successfully decode 
sx  during 2t  is expressed as:  

{ } { }2 2 2 2 2Pr Pr , ,SR ST SR A ST SR A PT SR B ST SR AP C R C R C R C R− − − −= ≥ + < ≥ ≥               (30) 
Therefore, the occurrence probabilities of the case that both of 1SR  and 2SR  cannot decode 

the data correctly can be shown as: 

( )( )i j
i=1 1

1 1
N M

ICS
SR SR

j

PC P PΞ
=

= − −∏∏                                                          (31) 

And the probability of a link can be expressed as: 

1 21 21

( ) (1 ) (1 ) ( ) (1 )
ii k j

N
ICS

SR SR SR SR SR
i i jk

PC P P P P P
υ

υ
Ω

∈Ω = ∈Ω∈Ω ∈Ω

− − += −∏ ∏ ∏ ∏ ∏                             (32) 

Where  Ω1  and Ω2   is the complementary set of Ω1  and Ω2  respectively. After applying 
the Interference elimination mechanism at SR and SD, interference from PT can be fully 
suppressed. From (7), the achievable data rate between PT and ST in 1t  is given as:

2

0 2 2log 1
1

−

−

 ϒ
 = +
 ϒ + 

PT PT SDPT
S

ST ST SD

h
C

h
. 

According to section 2, if Θ=Ξ  occurs, there are two situations depending on whether ST 
could decode the data by ICS or not. If SD fails to use ICS to decode the data, the secondary 

achievable data rate is shown as
2

0,1 2 2

3
log 1

1
ST ST SDICS

S
PT PT SD

h
C

h
−

−

 ϒ
 = +
 ϒ + 

, otherwise, the achievable data 

rate is ( )2
0,2 2log 1 3ICS

S ST ST SDC h −= + ϒ . Then the outage probability of the case Θ=Ξ should be 

calculated as: 
{ } { }0,1 0 0,2 0Pr , Pr ,ICS PT ICS PT

S A S B S A S BPout C R C R C R C RΞ = < < + < ≥                            (33) 
For convenience, we define 2

1 | |ST ST SDX hγ −=   and 2
3 | |PT PT SDX hγ −= , the above formula can 

be written as 
3 31

2 2 2 1 2
3 1 1

31 1{ (1 ) , (1 ) }+ { (1 3 ) , (1 )}
3 1 1 3 1A B A

X XXPout Pr log R log R Pr log X R log
X X XΞ = + < + < + < +

+ + +
    (34) 
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When 3A B∆ ∆ <  
33

3
1

( 1)( 1)
33 3

1 3 1 3 1 3 1 3 1 3 1 30 ( 10 10 )
( ) ( ) ( ) ( ) ( ) ( )

AA A
B B

B

xx

x x
f x f x dx dx f x f x dx dx f x f x dx dxPout

κ
κ

∆ +∆ + ∆
∆ ∆ ∞

+ ∆−
Ξ + += ∫ ∫∫ ∫ ∫∫

(35) 

When 3A B∆ ∆ ≥  
33

3
1

( 1)
1

3 3
( 1)1 3 1 3 1 3 1 3 1 3 1 30 ( 1)
3

0 0
( ) ( ) ( ) ( ) ( ) ( )

A A
B

A
B B

xx

x x
f x f x dx dx f x f x dx dx f x f x dx dPout xκ

∆ + ∆
−∆ ∞ ∞

∆ +∆Ξ + ∆
= + +∫ ∫ ∫∫ ∫∫

(36) 

where 1
1 2 2

1( ) ( )
ST ST SD ST ST SD

xf x exp
γ σ γ σ− −

= −  , 
 

3
2 23

1( ) ( )
PT PT SD PT PT SD

x
f x exp

γ σ γ σ− −

= − , (3 )=
3

B A

A B

κ
∆ + ∆
−∆ ∆

. 

On the other hand, when Θ = Ω  occurs, the achievable data rate between ST and SD has 
four possible situations as given in Table 1. For simplicity, we define 2

1 | |ST ST SDX hγ −= , 

2 22
2max | |

N
SR SR SDi

hX γ −∈Ω
= , 2

3 | |PT PT SDhX γ −= . The achievable data rate between 2SR and SD can 

be shown as 3
0,2 2

2

(1 )
1

PT
S

X
C log

X
= +

+
. 

 
Table 1. Secondary achievable rates of four cases 

Situations Secondary achievable data rates 

ICS fails in 1t , 2t  and 3t  , 4 1 2
2

3

21 (1 )
3 1

ICS C
ST SD

X XC log
X−

+
= +

+
 

ICS succeeds in 1t , 2t , but fails in 3t  , 2 2
2 1

3

1 (1 2 )
3 1

ICS C
ST SD

XC log X
X− = + +
+

 

ICS fails in 1t , 2t , but succeeds in 3t  , 3 1
2 2

3

21 (1 )
3 1

ICS C
ST SD

XC log X
X− = + +

+
 

ICS succeeds in 1t , 2t  and 3t  , 1
2 1 2

1 (1 2 )
3

ICS C
ST SDC log X X− = + +  

 
 
Therefore, the secondary outage probability conditioned on that case Θ = Ω  occurs can be 

calculated as: 
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0 0,2
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0 0,2

, 4
0 0,2

{ , , }

{ , , }

{ , , }

{ , , }

ICS C PT PT
ST SD A S B S B

ICS C PT PT
ST SD A S B S B

ICS C PT PT
ST SD A S B S B

ICS C PT PT
ST SD A S B S B

Pout Pr C R C R C R

Pr C R C R C R

Pr C R C R C R

Pr C R C R C R

Ω −

−

−

−

< < <

+ < ≥ <

+ < < ≥

+ < ≥

=

≥

                                         (37) 
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The above formulation can be calculated as: 

3 31 2
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According to the above integral area, when 3A B∆ ∆ ≥ , we can get the following calculation 
process of 1P  

3
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where 3
3
A B B

A B

ϑ
+

=
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. 

When 3A B∆ ∆ < , the calculation is as follows: 
3
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where 1
2 21) 1 )( (

ST ST SD ST ST SD

xef x xp
γ σ γ σ− −

= − , 2
2 2 2

1( ) ( )
SR SR SD SR SR SD

xf x exp
γ σ γ σ− −

= − , 

3
3 2 2

1( ) ( )
PT PT SD PT PT SD

x
f x exp

γ σ γ σ− −

= − . The remaining probability calculation formula is similar, 

and the calculation process is no longer described in the text, which will be explained in detail 
in the appendix. 

Therefore, the outage probability of system can be calculated as: 
* *ICS ICSPout Pout PC Pout PCΩ Ω Ξ Ξ= +                                              (41) 

In fact, we describe the simplest model of multi-hop under the proposed interference 
cancellation scheme. This dual relay transfer scheme is also the selection and transfer mode of 
any two adjacent relays in multi-hop model. However, considering the restriction of direct link 
connection and system complexity, we do not specifically analyze the N-hop model. Moreover, 
the transmission range of dense cells is getting smaller and smaller under the 5G background, 
and excessively increasing the number of multi-hop is not constructive to the job of improving 
transmission efficiency. 
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5. Simulation and Analysis 
In this section, we evaluate the proposed information cancellation scheme and show the 
superiority of proposed scheme by simulations. Note that all the simulation results are for 
independent Rayleigh flat fading. We consume that each secondary relay clusters insist of two 
relays. For the sake of simplicity, we assume that 2 2 0.2PT SR PT SDσ σ− −= = , 

1 1 2 2

2 2 2 2 2 1PT PD ST SD ST SR SR SR SR SDσ σ σ σ σ− − − − −= = = = = , 2 2
ST PD SR PDσ σ− −= , 0.2AR =  and 0.4BR = . 

 
Fig. 5. Secondary outage probability versus 0γ  

First, Fig. 5 shows the secondary outage probability versus 2
0 00( / )Eγ σ  under different 

kinds of settings for traditional scheme and improved scheme. Note that TraPout  denotes the 
secondary outage probability with single-relay cluster, 2

0
Pro
SPout  and 2

0
simPro

SPout  respectively 
represent the theoretical and simulated values of the secondary outage probability for 
dual-relay scheme. Similarly, 2

0
Pro
SPout  and 2

0
simPro

SPout  represent theoretical and simulated 
values for single-relay network. The lower corner 1 denotes 2 2 0.2ST PD SR PDσ σ− − == and 

0.2 / /SR bits s Hz= , the lower corner 2 denotes  2 2 0.4ST PD SR PDσ σ− − == and 0.2 / /SR bits s Hz= , 
and the lower corner 3 denotes 2 2 0.2ST PD SR PDσ σ− − == and 0.4 / /SR bits s Hz= . As expressed by 
following formula, dual-relay scheme adopts the same dual secondary power constraint as 
single-relay scheme. 0T  denotes the preset threshold ordered by primary networks. As shown 
in Fig. 5, proposed scheme significantly reduces the secondary outage probability compared 
with traditional scheme because of power constraint and interference cancellation scheme. 
What’s more, compared with the scheme with single-relay, the improved system in this paper 
reduces the outage probability due to the flexible relay selection scheme. The power constraint 
of secondary network is the dominant factor that affects the secondary outage probability in 
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low 0γ   area. As the 0γ  increases, the secondary outage probability will maintain a steady 
trend owning to the fact that the QoS requirement of primary network, which become the main 
reason for SU transmit power constraint in high 0γ  regime. It is important to note that, when 

0 2γ ≤ − , the trend of the two curves for the improved scheme remains the same, then the 
downward trend of the two curves changes due to the power limitation and channel variance. 
As can be seen, the gap between the two curves in the same scheme in terms of outage 
probability increases as the channel variance increases. 

,

,

( , )

( , )

Tra
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Tra
SR SR SR Thr
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=
                                                           (42) 
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Fig. 6. Secondary outage probability versus PTγ  

 

In Fig. 6 we study the impact of PTγ  on the secondary outage probability by comparing the 
conventional scheme and improved scheme. 0T  denotes the preset threshold ordered by 
primary networks. It is noteworthy that upon raising the number of PTγ  up to about 18, the 
system performance degrades as expected in terms of secondary outage probability due to 
interference from PT. However, comparing with conventional scheme, the decline of 
secondary outage probability of improved scheme is more obvious because of the IC-based 
relay selection scheme. Concerning the multi-hop based on ICS, we compared the improved 
three-hop scheme with two-hop scheme, as can be shown in the Fig. 6, the three-hop scheme 
can achieve lower secondary outage probability. Note that more flexible IC-based relay 
selection scheme could ensure the reliability of secondary transmission link and improve the 
effect of secondary transmission in the system model. In low PTγ  regions, the secondary 



4458                                              Zhang et al.: Interference Cancellation Scheme for Three-hop Cooperative Relay Networks 

outage probability is equal to 1, which due to the fact that the secondary transmission are not 
permitted in order to ensure the PU QoS when PTγ  is low. The higher is PTγ  , the lower is the 
secondary outage probability, due to the fact that more available transmit power is allowed in 
secondary system. Moreover, in order to evaluate the impact of numbers of relays on the 
secondary system performance, we calculate the system performance in terms of secondary 
outage probability achieved by traditional scheme, two-hop relay scheme and improved ICS 
scheme. As relay number increases in each relay cluster, each mechanism will have significant 
reduction in the secondary outage probability. 

If the SU receiver can reduce the interference close to zero, we can make the definition of 
the generalized diversity gain as an asymptotic ratio of secondary outage probability to the 
interference gain as follows: 

2 2

2

0
lim ( lim ) / ( )

ST PD SR PD

pro pro
SD ST PDd log Pout log

σ σ
σ

− − →∞
−

→
=                                         (44) 

 
Fig. 7. Illustration of generalized diversity gain 

 
The proposed analysis of the exact generalized diversity gain of the underlying protocol is 

beyond the scope of this article. Fig. 7 shows the generalized diversity gain by simulation for 
conventional and improved scheme, where power constraint imposed by secondary networks 
will be removed. Fig. 7 shows that the underlying improved protocol achieves a higher degree 
of diversity than the traditional cases owing to the fact that the interfering link from the 
primary transmitter to the secondary destination can utilize additional diversity gain by using 
ICS on the secondary users. 

6. Conclusion 
In the final analysis, we focus on three-hop cooperative system and propose IC-based 
transmission protocol for underlay CRNs, where a flexible IC-based scheme is utilized at both 
the secondary relays and the secondary destination. The proposed IC-based transmission 
scheme indeed improves the secondary relay transmission efficiency and reduces the 
possibility of interruption drastically by adapting. What’s more, secondary users transmits 
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signals under dual secondary power limitations which is restricted by both primary and 
secondary systems. Under the stringent power constraint, the improved system can ensure 
both the QoS requirement of primary users and the reduction of secondary outage probability. 
We evaluate the secondary transmission system in terms of secondary outage probability and 
derive the closed-form expression over Rayleigh fading channels. As simulation results show, 
even with the increased hop number of relays, the secondary outage probability is still reduced 
due to the flexibility of the improved protocol. Furthermore, the proposed protocol can be 
easily extended to multi-hop transmission system where multiple relays assisted secondary 
transmissions would almost eliminate the interference from primary users. 

APPENDIX 

When 1A B∆ ∆ ≥ , we can get the following calculation process of 2P  
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When 1A B∆ ∆ < , the calculation is as follows: 
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3P  can be calculated as: 

When 2A B∆ ∆ ≥  
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When 2A B∆ ∆ <  
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4P  can be calculated as: 
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