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Analysis of Underlay Cognitive Radio Networks Based on
Interference Cancellation Mechanism

Lei Wang?, Jian Liu*“and Alan Yang?

Abstract: In this paper, we study the state-dependent interference channel, where the
Rayleigh channel is non-causally known at cognitive network. We propose an active
secondary transmission mechanism with interference cancellation technique according to
the ON-OFF status of primary network. the secondary transmission mechanism is divided
into four cases according to the active state of the primary user in the two time slots. For
these interference cases, numerical results are provided to show that active interference
cancellation mechanism significantly reduces the secondary transmission performance in
terms of secondary outage probability and energy efficiency.

Keywords: Cognitive radio, Markov ON-OFF state, outage probability energy efficiency.

1 Introduction and motivation

Cognitive Radio (CR) is one of the most promising techniques for improving the utiliziation
of precious radio spectrum in next generation networks [Li. (2018); Chen, Motani, Wong et
al. (2011)]. Secondary users (SUs) are allowed to opportunistically access the unused
licensed spectrum of the primary users (PUs) with legacy rights [Akyildiz, Lee, Vuran et al.
(2008); Wang, Hong, Chen et al. (2009)]. Underlay cognitive radio is introduced to improve
the spectrum efficiency by allowing secondary user to access the licensed spectrum under
the strict constraint to primary networks [Mitola (2000)]. Although secondary users can
better utilize the licensed spectrum in underlay approach, interference of primary networks is
the key obstacle to achieve high energy efficiency and transmission coverage in secondary
networks [Le and Hossain (2008); Luo, Zhang, Zhang et al. (2011)].

Cooperative relaying transmission has been shown to provide significant performance gains
in cognitive radio networks where communication is impeded by channel fading [Meylani,
Kurniawan and Arifianto (2017)]. Cooperative transmission attracted considerable research
interests in underlay sharing approach due to its significant increase in channel capacity and
transmission range [Duong, Bao and Zepernick (2011)]. It has shown that user cooperation
can improve transmission performance in terms of saving power consumption, increasing
the connectivity and extending the transmission coverage [Bao, Duong and Tellambura
(2013); Kim, Duong, Tsiftsis et al. (2013)]. It is noted that interference of primary network
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can only be alleviated and cannot be eliminated by cooperative relaying [Musavian, A'ssa
and Lambotharan (2010)]. Therefore, Secondary transmission performance will be greatly
improved by adopting both cooperative relaying and interference cancellation scheme [Zou,
Yao and Zheng (2012)].

To the best of our knowledge, the primary transmitter does not occupy the licensed band
all the time [Ghasemi and Sousa (2008); Jayaweera and Li (2009)], secondary network
suffers from primary interference only when primary transmitters occupy the licensed
spectrum [Heydari and Heydari (2016)]. Adopting flexible transmission mechanism
according to different primary transmitter status will save secondary energy consumption
and improve transmission efficiency [Quan, Cui, Sayed et al. (2009)].

In this paper, we propose a cooperative DF relaying mechanism based on interference
cancellation in underlay cognitive radio network where SUs coexist with PUs. The
proposed mechanism can dynamically adjust the interference cancellation according to the
status of the primary user. More specifically, SUs decide whether to cancel out the signal of
interference from received signal according to the status of PU. We derive closed-form
expressions of outage probability (OP) and energy efficiency (EE) over Rayleigh fading
channels. The analytical expressions are validated through Monte Carlo simulations.

The outline of this paper is as follows. Section Il presents the system model and Section IIT
describes decode-and-forward relaying protocol. The performance of proposed mechanism
in terms of outage probability and energy efficiency are presented in Section IV Simulation
results are provide in Section V , followed by concluding remarks summarized in Section VI.

2 Modeling of the system

As Fig. 1 shows, we consider a cognitive radio network with a primary system and a
secondary system. Primary source node PT transmits signal to primary destination node
PD. Secondary source node ST communicates with the secondary destination SD via
secondary relay cluster SR. It is assumed that the transmission channel between any two
users is an independent Rayleigh channel. h, is used to represent the channel fading

coefficient between any two nodes and obeys the exponential distribution be in the
original scale, with no stretch or distortion.

On one hand, the secondary network limits the transmission power to ensure the QoS of
primary network in underlay spectrum sharing approach. On the other hand, the co-
channel transmission causes the primary users to interfere with secondary transmission
network. Therefore, SUs should take into the consideration of PU’s interference in
underlay cognitive radio networks. Markov model is a random process with no following
effects. As Fig. 2 shows, the arrivals of PT offered by channels are governed by Markov
two-state process.

Pr(HPT (2):H1|HPT (1)=H0)
Pr(HPT(Z):HO|HPT(1):H1):ﬂ 2
Assume that Hp(i)=HO0(i=1,2)and Hp(i)=H1(i=12) means that the primary user is

a Q)
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in idle and transmission state in the i-th transmission time slot respectively.

Figure 2: Markov model of primary network

3 Decode-and-forward relaying protocol

The secondary users adopt different transmission mechanisms based on interference
cancellation according to the decision result sent by the fusion center. The fusion center
adopts soft consolidation to aggregate information and make judgements on the status of
PT. In the data transmission phase, SUs adopts flexible mechanism according to the
decision result of fusion center.

ST broadcast signal to SR and SD during the first time slot. According to the status of PT,
the secondary transmission can be described as follows:

CASE 1: IfH,, (1)= H,, that is, the primary user is in an idle state, PT does not cause

interference to the secondary system. The fusion center sends information to SR and SD,
then SR and SD decode the signal directly without interference cancellation. Relays

which successfully decode in relay cluster constitute the optimal decoding set Q.

CASE 2: IfH; (1)=H,, that is, PT is in transmission state and will interfere with the
secondary system. Then SR and SD first attempt to decode interference information X, .
If the signal X, from PT is successfully decoded, it will be cancelled out from original
received signally and then SR uses interference cancelled signal to decode X, . The

secondary relays that successfully decode the data using the interference cancellation
technique constitute the best decoding set Q__ .



122 JIHPP, vol.1, no.3, pp.119-133, 2019

If SD can decode x,, successfully, SD will directly remove the interference component

from the original received signal. In order to ensure the transmission quality of the
primary network, the secondary transmission power is limited by both primary network
and secondary network.

During the second time slot, there are still two situations to discuss according to the status
of PT.

CASE 1:H_; (2)=H,, SD directly uses the maximum radio combining technique to
combine the received signals of two transmission time slot.

CASE 2:H,; (2)=H,, PT is in transmission state. If the best decoding set Qg is not
empty, the relay in the decoding set with the highest SINR is selected as the best relay to
assist secondary transmission to SD. SD attempts to decode the interference signal X,; in
the second time slot. If the signal x,, is successfully decoded, it will be cancelled out

from the original received signal. Finally, SD combines the signal received from the two
time slots by using the maximum radio combining technique.

According to the above discussion, Hp(1)=HO, that is, PT is in an idle state in the first
time slot. Signals received at SR and SD can be written as:

ngi (1)=yEq Nsr_sg Xsr + Neg (1) 3

yéD (1) = {Esr Ner_spXsr +Ngp (1) (4)

where the superscript 1 denotes the first transmission time slot. Hp(1)=H1, that is, the
primary transmitter is in transmission state, signals received by PD, SR and SD are
respectively given as:

ylgD (1) =\ Epp Npp_pr Xer (1) +Esr Ner_ppXer + Ny (1) ®)
ySZRi (1) =\ Esr Ngr —sr Xt + Epr hPT—SRi Xpr (1) + Neg, (1) (6)
Yéo (1) = Est Nsr_spXst +/Epr Por_spXpr D) +Ngp (1) (7)

The improved mechanism is used to cancel out interference signal y2, from Yar and Vi,
respectively. The interference cancelled signals received by SR and SD can be expressed as:

yszRi (1) =yEsr hST—SRi Xsr + Ng; (l) (8)

ySZD (1) = {Esr Nt spXsr +Ngp (1) 9)

In the second time slot, there exists two possible secondary transmission process
depending on whether PT is in transmission state or not. If the secondary user detects that
the primary user is in idle state, the signal received by the secondary destination user can
be expressed as:

y;D (2) = ESR hSRst XST + nSD (2) (10)
where the superscript 2 denotes the second transmission time slot. If the primary user is
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in the transmission state, it will cause interference to the secondary transmission system,
and the signal received by SD can be found as:

yiD (2) = JEshsz_spXsr +/Eor Nor_spXer (2) + N5 (2) (11)
Similarly, ygD after successful interference cancellation can be rewritten as:
yiD (2) = ESR hSR—SD XST + nSD (2) (12)

Finally, SD adopts MRC to combine the signals received in two time slots. It is noted that
SD will combine the original signal for MRC if it fails to cancel out the interference.

4 Secondary outage probability analysis

For the first time slot, if Hp(1)=HO, the data achievable rate of ST—SR; and ST—SD can
be written as:

1 2
CSI‘CI':'\_ASRi = > log, 1+ 75 ‘hST—SRi ‘ ) (13)

1
Csl$'\-/|so = E Ing (1+ YST |hST—SD |2) (14)

The occurrence probability of that the i-th relay in SR can successfully recover xsr after
direct decoding is given as:

PD: =Pr{C'CM ZRS} (15)

SR ST-SR;
If Hp(1)=H1, SRifirst utilize the original signal from ST to decode X, directly. If direct
decoding fails, SR; attempts decode X, and cancels out the interference component
from original signal if decoding is successful. Then, SR; uses interference cancelled

signal to decode Xy again. Therefore, the probability of successful decoding in the first
time slot is shown as:

PD? =Pr{C! >R }+Pr{C'™ <R;,Ci" >R,.C™ >R} )
_{ai+az+a3—a4 L0<AA, <1
8 + 8, AN, =1
where A. =2%% _1 A_=2%_1 ‘P:M
. T | 1-AsA,
2
"o e eXp| ————— (17)

2 2
Ys10st_sr +AsVp1Opr_sr VstOs1-R
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. AsYpr Ugr_SRi exp 1 Y v 18)
2 = 2 2 2 - 2 B 2
AsVer Opr_sg T 7s10s7-sr Vp1Opr_sr, YsTOpT_sr AsVpr Opr_sR
2
Ver Ot s A A AA

G=— e | (19)

Vp1Opr_sr T BpYprOs7_sR, Vp1Opr_sr, VstOst-sr,  VPTOPT 3R,

_ Vet O-;T-SRi A, v YA,

a, = 2 A 2 EXp| — 2 - 2 N 2 (20)

Vp1O0pr s, T 2pY 51087 s VerOpr-sr, Vs1Ost-sr,  7/PTOpPT-sR,
The probability of having a secondary relay optimal decoding set Qg is given as:
PCgI)CM = 1;[ PDg; I (1- PDSR]- ) (21)

R ieQg 1 jeQsr

Given the optimal decoding set Qg , the conditional outage probability of secondary
transmission system is Pout{Ci"s, <Ry | Qg .

The achievable data rate between ST and SD has four scenarios depending on the status of
PT in two time slot.

(1) Hp(1)=HO & Hp(2)=H0, the primary transmitter is in an idle state in both sub-timeslots
t 1, t,,. The achievable data rates of link ST—SD can be expressed as:

1 2 2
CsSTl—SD = E log, (1+Y5Ri |hST—SD| + iTQas)rg YSRi ‘hSRi —SD‘ ) (22)

(2) Hp(1)=H1 & Hp(2)=HO, primary transmitter is in transmission state in t, ; and turn

idle t, ,. The reachable data rate of the link ST—SD depends on whether the interference

cancellation performed by the SD is successful or not. The data achievable data rate of link
PT—SD is given as:

Yor [Nor_so|
cs2  =log, [1+LTSZD|j (23)
Vst |hST—SD| +1

If the interference cancellation is unsuccessful, it can be expressed as:

Yor e so|”
CSSTZ’,lsD :% |og2 [1+M + max YSRi ‘hSRi _sD ‘ZJ (24)

1+ YPT |hPT—SD |2 <05

If the SD performs interference cancellation successfully, the achievable data rate of the
link ST—SD can be expressed as:

1 2 2
%o =3100, 1Ty I of 1 Ve, o 25)

ieQSRi

In this case, the outage probability of the secondary transmission mechanism is given as:
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S2 S21 S2 S2,2 S2
Pout®? =Pr{C3"y, <Ry, Cof o5 <R} +Pr{C#%, <Rg,Cof o 2Ry} (26)
_{1+K1 -K,-K,-K, A, <2
1-K, +K, AN, >2
_ Us 7& _ Ag 1 Kg Ky
Where Kl :Kze Ypro'fz’rfsn 2Y570'§7,SD 'KZ ZKGe ZYSTUET—SD ’K3 :(1_K7)6YSTU§T—SD YPTO';T—SD APYSTU§T—SD ,
Ap Ag AgA,
2
K _K e YPTO%T—SD ZYSTO-.éT—SD ZYPTO%T—SD :AP (1+A5) K = ZYSTo-ST—SD
e LT 2AA, T 20 ALY, O
S—FP STGST750+ S PTGPTst

2
K YPTo-PT—SD

7= > 3 .
YPT O-PT—SD +APYST O-ST—SD

(3) Hp(1)=HO & Hp(2)=H1, primary transmitter is in idle state in t,; and turn
transmission state in t, ,. Similarly, the reachable data rate of the link PT—SD and the

reachable data rate of the link ST—SD can be respectively expressed as:

Y..|h 2
CsTs_SD :I092 1+ PT| PT—SD| (27)

2
max ¢, |hSR, S | +1
ieQgr i i

2
max Y |hSRi—SD|

1 2 ieq
CSSTs’_lso =—log, | 1+Y; |hST—SD| +— 2 (28)
2 1+ Yer |hPT—SD|
s32 _1 2 2
Cor'sp —§|092 I+Yg |hST—SD| + Tgx YSRi ‘hSRi 750‘ (29)

The outage probability of the secondary transmission mechanism can be expressed as:
Pout®® =Pr{C3¥, <Ry,CoY gy <Ro | +Pr{C3%, <R,CoY o 2R |
_{1+M1 ~M,-M,-M, A, <2 (30)
1-M, +M, AN, 22
(4) Hp(1)=H1 & Hp(2)=H1, that is, the primary user is in the transmission state in both
time slot t, ,, t, ,. The achievable data rate between ST and SD has four possible cases

depending on whether SD successfully performs interference cancellation or not in two
time slots, Firstly, the data achievable data rates between PT and SD at t, ; and t, , can

be obtained respectively from (7) and (11) as:

YPT |hPT—SD|2 J

(31)
Vst |hST—SD|2 +1

CS;}ESD =log, [1"'
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Y. |h 2
Corep =log, | 1+ e Merco| (32)

2
max Y ¢ |hSR 7SD| +1
ieQqq i i

SITUATION 1: SD fails to eliminate the interference at t,, and t,, . The data
achievable data rate of the secondary transmission link ST—SD is given as:

2 2
Yo ‘hST—SD‘ +max Yo ‘hSRi—SD‘
SR

(33)

1
Csp="log, | 1+ 2
2 14 Yor [Ner_so

In order to facilitate calculation and expression, we define z =y |n

2
ST—SDl !
2
_ 2 oy . .
zZ,= ITQaS)é Y ‘hSRi ,SD‘ » 2= Yor |Ner_sp| - The outage probability of improved mechanism
can be shown as:

Pout®*" = Pr{CST‘L-lso <Rs,Corlsp <Re,Coilep < RP} (34)

7,+12 z z
:Pr{l 2 <Ay, —2=<A,, 31<AP}

, <
z,+1 z,+1 Z,+

SITUATION 2: SD succeeds to eliminate the interference at t, , and fails att, , .The
data achievable rate of the secondary transmission link ST—SD and the mechanism's

outage probability can be shown as:

2
max Vg, ‘hSR,—SD ‘

1 2 ieQ

CSSTAY—ZSD == Iogz 1+YST |hST—SD| + = 2 (35)
2 1+YPT|hPT—SD|

Pout**? =Pr{C3*%, <Ry, C3f'p >Ry, Cofp <R, } (36)

SITUATION 3: SD fails to eliminate the interference at t, , and succeeds att, ,.The

data achievable rate of the secondary transmission link ST—SD and the mechanism's
outage probability can be shown as:

Yo [her |
C3 _1 log, | 1+max Y, [hg, o |2 4— ST STSBE Pt sol - (37)
2 1SQsR 1+ Y, |hPT—SD|
Pout®*® = Pr{CSTAfSD <R ’CS'IA'%SD <R, ics‘?’—zSD = RP} (38)

SITUATION 4: SD succeeds at both t,, and t,,. The data achievable rate of the

secondary transmission link ST—SD and the mechanism is outage probability can be
shown as:
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1 2 2
CSST4’,45D :E log, (1+ T&f YSRi |hSR—SD| + Ygr |hST—SD| ) (39)
Pout*** =Pr{C5", <Ry, Colp 2 R, ot 2 Ro | (40)

In this case, according to the interference cancellation situation of SD in two time slots,
the outage probability of the secondary transmission system is obtained as:

Pout®* = Pout®** + Pout®*? + Pout®*? + Pout®** (41)

In summary, according to the transmission status of the primary user, the probability of
occurrence of four cases can be obtained as:

CASE 1: Pr[H,(1)=Hy,H, (2)=H, ] = pol-@) (42)
CASE 2: Pr[H,(1)=H, H,(2)=H,]=p,

CASE 3: Pr[H,(1)=Hy H,(2)=H,]=0-p,)p

CASE 4: Pr[H,(1)=H,, H,(2)=H,]=@1-p,)(1-B)

Therefore, the total probability formula is applied to obtain the outage probability of four

cases:

Pout'™ = p,(1-a)x Pout™PC,_ + p,arx Pout®* PCL " @)
+(1- p,) B x Pout>*PC,, . +(1- p,)(1- ) x Pout>*PCy>

Qgr
5 Results and discussion

In this section, we present some analytical and simulation results to evaluate the
performance of improved mechanism and compare with the traditional mechanism [Dai, Liu

and Long (2012)]. Assume that OGP pp =05 o =0 =0insp =1
0% =0hr_op =0.2, Rs=0.2, Rp=0.4. Pout'® and Pout”" present the OP of mechanism
with IC-based direct link and the OP of improved mechanism respectively.
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Figure 3: Secondary outage probability vs. 7

Fig. 3 depicts the secondary outage probability versus y,; values under different settings.

It can be seen that the improved mechanism can significantly reduce the secondary OP
compared to the traditional mechanism that ST transmits signal to SD directly without

interference cancellation. And Pout™ can keep at a low value due to the IC-base

cooperation transmission mechanism compared with Pout'™ .

Fig. 3 also shows the

secondary OP will increase as the secondary data rate Ry is improved.
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Figure 4: Secondary outage probability vs.
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Fig. 4 illustrates the secondary outage probability vs. y,, . Comparing with traditional

scheme, the decline of secondary OP of improved mechanism is obvious due to the IC-
based cooperation mechanism. Flexible 1C-based transmission mechanism could ensure
the reliability of secondary transmission. Transmit power constraints of SUs which is
limited by PUs can be written as:

—Apr
1
ESTGr = EPO-IET—PD max(ﬁeYPTaéTpD -10)/ (APTO—SZU—PD) (44)
Transmit power of SUs can be chosen as Eq, =min(EY),E,). E, is the Maximum power
allowed by the secondary system and is set as 0 dBm.

In low Ypr regions, the secondary outage probability is equal to 1, which due to the fact

that the secondary transmission is not permitted in order to ensure the QoS of PT. It is
noteworthy that when y,, is up to 18, the traditional system performance degrades as

expected due to the interference from PT. However, the secondary OP of improved
scheme remains at low level due to the IC-based cooperation mechanism.

x 10°

3 T T T
——Markov ON-OFF mechanism

——|C-based direct transmission mechanism

<—Direct transmission mechanism

Secondary transmission energy efficiency

Ypr (dB)

Figure 5: Secondary energy efficiency vs. y,,

Fig. 5 shows the simulation results of secondary energy efficiency vs. y., . Energy
efficiency of secondary system can be calculated as:

C
EE,, = —2F (45)
PDF
1 el | 1 e ool ] 1 |hee-so "
Cor —min{EBlog{1+7ﬂN$],EBlogz(1+yﬁl\l#}+§8|ogz(1+yml\l#]} (46)
int int int

According to the status of PT, the interference signals at SR and SD are respectively
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expressed as:

her_sa|’ Hp(i)=H1

Nilnt: 7PT| PT—SR| +Nge p(') 47)
Ne Hp(i)=HO
her s’ Hp(i) = H1

Niit: 7PT| PT—SD| +Ngp p(_') (48)
N, Hp(i)=HO

The power consumption of SUs are also expressed as P and P; depending on whether

SUs perform interference cancellation. Then the total energy consumption of receiver is
given as:

P =(1+&) (P +Pg )+ P, + P, (49)

where P =5 dBm, P; =0 dBm, and P, =0 dBm. In low Y, regions, the secondary

transmission capacity is increased since more available transmit power is allowed in
secondary system. As Y, increases, the energy efficiency of traditional mechanisms is

seriously affected by the interference of PT. However, owning to the improved
mechanism, the secondary EE of improved mechanism maintains the stable trend, where
SUs power constraint imposed by the secondary system become the dominant factor to
affect the secondary outage probability.

6 Conclusion

In this paper, we propose IC-based cooperative mechanism for underlay CRNs, where the
interference cancellation is utilized at both the secondary relays and the secondary
destination. We derived closed-form expressions of outage probability and energy
efficiency for both improved mechanism and traditional mechanism over Rayleigh fading
channels. As simulation result shows, the secondary system effectively mitigates the
interference and improve energy efficiency due to the flexible improved protocol. The
proposed IC-based cooperative mechanism indeed improves the transmission
performance in terms of secondary outage probability and secondary energy efficiency
under the strict power constraints. More importantly, considering ON-OFF state of
primary transmitter, the improved mechanism can improve the secondary energy
efficiency by increasing the capacity of secondary system.
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Appendix
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