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Abstract

Although underlay spectrum sharing has been shown as a promising technigue to promote
the spectrum utilization in cognitive radio networks (CRNS), it may suffer bad secondary
performance due to the strict power constraints imposed at secondary systems and the
interference from primary systems. In this paper, we propose a two-phase based
cooperative transmission protocol with the interference cancellation (IC) and best-relay
selection to improve the secondary performance in underlay models under stringent power
constraints while ensuring the primary quality-of-service (QoS). In the proposed protocol,
IC is employed at both the secondary relays and the secondary destination, where the
IC-based best-relay selection and cooperative relaying schemes are well developed to
reduce the interference from primary systems. The closed-form expression of secondary
outage probability is derived for the proposed protocol over Rayleigh fading channels.
Simulation results show that, with a guaranteed primary outage probability, the proposed
protocol can achieve not only lower secondary outage probability but also higher
secondary diversity order than the traditional underlay case.
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1. Introduction

Cognitive radio (CR) improves the spectrum utilization by allowing the secondary users
(SUs) to use the licensed spectrum without adversely affecting the operations of primary
users (PUs) in CR networks (CRNs) [1][2][3]. Generally, SUs need to sense the availability
of spectrum holes before their transmissions and then they are restricted to transmit over
the spectrum bands not occupied by PUs [4]. In [5], a cooperative sensing based cognitive
transmission protocol is proposed to enable SUs to use the licensed spectrum when the PU
is detected to be absent. However, this spectrum sharing paradigm, usually refered to as
interweave, is highly sensitive to the spectrum sensing errors and the PU traffic patterns [6].
Specifically, if false alarm occurs, i.e., the PU is considered active when it is indeed absent,
secondary transmissions are not allowed in interweave models, which potentially degrades
the secondary performance. On the other hand, if the licensed spectrum is frequently
occupied by the PUs, SUs seldom have the opportunities to achive seocndary spectrum
access.

To overcome the shortcomings of interweave spectrum sharing, the underlay approach
has thus been introduced, which allows SUs to directly access the licensed spectrum
without considering the PU traffic patterns [6]. In underlay model, SUs can simultaneously
transmit with PUs over the same spectrum, provided that the SU transmit power is limited
to satisfy a required PU quality-of-service (QoS) [6][7][8][9]. In [8], the authors considered
best-relay selection in underlay model, aiming at elevating secondary performance while
ensuring the PU QoS. Then, in [9], we proposed an adaptive underlay protocol to guarantee
the continuity of secondary transmissions, where a SU communicates with its destination
through a direct link when PUs are absent but via intermediate relays with power control
when PUs are present. However, the secondary performance of these underlay models
would be severely degraded by the stringent power constraints imposed on SUs and the
interference from PUs.

Recently, the interference cancellation (IC) technique has been applied to underlay
models to reduce the interference from PUs [10][11]. In [12], IC is employed in a non-CR
network to mitigate the interference from the selected best-relay to other relays. Note that,
as suggested by [8], conventional transmission protocols (such as the relay selection and
data reception, etc.) in non-CR networks should be properly redesigned in CRNs due to the
mutual interference between PUs and SUs. Consequently, unlike [12], this paper considers
the IC in CRNs with the objective of reducing the interference from PUs to improve the
secondary performance while ensuring the PU QoS in underlay models under the strict
power constraints on SUs. The 1C-based underlay CRNs are also considered in [10][11],
where the single-hop cognitive transmissions without relay selection were invetigated.
Different from [10][11], this paper studies two-hop cooperative transmissions with both the
IC and best-relay selection techniques for underlay spectrum sharing. Besides, we consider
the strict power constraints imposed on SUs, i.e., the SU transmit power is limited by both
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the primary and secondary systems, which is more practical than [8][9] where the SU
transmit power is only limited by the primary system. Our main contributions can be
summarized as follows:

1)

2)

3)

Under the strict power constraints on SUs, we propose a two-phase underlay
protocol with the IC and best-relay selection techniques in this paper, where IC is
utilized at both the secondary relays and the secondary destination. Then, the
IC-based best-relay selection and cooperative relaying schemes are well developed.
Unlike our earlier work [9] which aims at ensuring the continuity of secondary
transmissions, this work is with the goal of mitigating the interference from PUs to
SUs so as to improve the secondary performance in underlay models. Besides, the
proposed IC-based underlay protocol has lower implementation complexity
compared to the beamforming-based IC cases [9] since SUs do not need to equip
multi-antenna.

We evaluate the performance of proposed protocol in terms of outage probability
[13][14] and accordingly derive the closed-form expression of secondary ouatge
probability over Rayleigh fading channels under the constraint of satisfying a
given PU QoS requirement.

Finally, we conduct some simulations to confirm the effectiveness of proposed
underlay protocol and also compare the performance of proposed protocol with
that of [8]. Since the proposed protocol employs IC at SUs, it can be expected to
achieve better secondary performance than [8] with a guaranteed PU QoS under
the strict power constrainsts on SUs, which will be validated by the simualtion
results in Section 4.

The rest of this paper is organized as follows. In Section 2, the system model and
proposed protocol are described in details. In Section 3, we analyze the performance of
proposed protocol in terms of secondary outage probability and then derive its
corresponding closed-form expression. Simulation results are provided in Section 4,
followed by concluding remarks summarized in Section 5.

Fig. 1. System model
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2. Proposed IC-based Cooperative Relaying Protocol

2.1 System Model and Protocol Descriptions

As shown in Fig. 1, we consider a CRN organized by a primary transmitter-receiver pair
P - P, , a secondary transmitter-receiver pair S - S, and N secondary relays
Q={U,,---,Uy}. Inthis CRN, SUs should limit their transmit power to ensure the PU QoS

which is quantified by primary outage probability performance [8][9][10][11][12]. The
channels are modeled as independent Rayleigh flat fading [5][6][71[8][9][10][11][12]. We

let h, (1e{P,S,U;]i=1---,N}, Je{R,S,U;|i=1---,N} , 1] ) denote fading
coefficient of the channel from | to J with the fading variance o7, and n, represent the
additive white Gaussian noise (AWGN) at J with zero mean and variance .. We

assume that | transmits X, (E{|xI |2}=1) to its destination with the data rate R, and

power E,, where the signal-to-noise ratio (SNR) of E, is denoted as y, =E, /o, . We

further assume that the decode-and-forward (DF) protocol is used at the relays. Thus, the
signal transmitted at U; is x, =X [7][8][9][10][11][12].

S: Xs The first transmission phase to

Cancel out xp

Y'so(1)

Cancel out xp

Y'so(2)

P: Xp(2) The second transmission phase t;

Fig. 2. Transmission process of proposed protocol

In this paper, it is assumed that SUs operate in a time division multiple access fashion
[71[8]1[9][10][11][12], where each medium access control frame consists of two
consecutive transmission phases denoted by t, and t , respectively. The proposed

underlay protocol is illustrated by Fig. 2, which can be described as follows:
® In the first phase t,, S broadcasts X, to the relays and S,, which is interfered by

P . Meanwhile, S will cause interference to P,. Next, all relays attempt to decode
Xs using the proposed IC-based decoding technique. Specifically, U, first utilizes
its originally received signal from S in t, to decode X, directly. If the direct
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decoding fails, U; will try to decode x, and cancel out the interference component
induced by x, from its originally received signal if the decoding is successful,
where we assume that S, can follow the radio protocols of PUs [7][10][11]. In this
case, U; will use the interfernece cancelled received signal to decode X, again.
The relays which can successfully decode x; using the proposed IC-based
decoding method constitute a set =, called decoding set. On the other hand, S,
attempts to decode x, and then cancels out the interference component from its

originally received signal if the decoding is successful. To ensure the PU QoS, the
power E; should be limited. Besides, E; can not exceed the maximum power

allowed by the secondary system.
® In the second phase t, if Z is not empty, the best relay U, which can cause the

highest received signal-to-interference-and-noise ratio (SINR) at S, will be chosen
from = to forward x, to S;; otherwise, if = isempty, i.e., all relays fail to decode
Xs, S will retransmit x; to S,. Clearly, PUs and SUs will interfere with each
other in this case. Similarly, S, uses its originally received signal in t, to decode
X, first and then cancels out the interference component if the decoding is
successful. Finally, S, adopts maximum ratio combining (MRC) technique to
combine its received signals in t, and t; after IC, and then attempts to decode xq
from the MRC combined signal. Moreover, the power E,_is constrained by both

the primary and secondary systems.

Note that, the proposed protocol naturally integrates the IC technique with the best-relay
selection and cooperative relaying in underlay model, which can improve the secondary
performance compared to traditional underlay cases [8] under the stringent power
constraints on SUs. Since we want to show the advantages of proposed IC-based protocol,
the choice of combining method used at S, is not critical. Hence, this work can be easily

extended to other combining technique cases. Besides, the proposed protocol also suits for
other interference scenarios as long as S, knows the radio protocols of interference users.
2.2 Signal Modeling

The proposed underlay protocol has been introduced in Section 2. 1. In t,, the signals
received at By, U, and S, can be respectively expressed as

Yr, (1) = \/E hPPO Xp (1) + \/E hsP0 Xs + g (1) 1
Yu, (1) = \/Ehsu, Xs + \/Ehpui Xp (1) +ny, (1) (2)
Ys, (1)= \/E hss, Xs + \/E hes, X (1)+ N, (1) 3

where the superscript 1 denotes the first transmission phase. Then, the IC technique as
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described in Section 2. 1 is used to cancel out x, (1) from y, (1) and y, (1) as given in

(2) and (3), respectively. Consequently, the interference cancelled received signals of U,
and S, in t, are obtained as

YL,J, (1) = \/Ehsu, Xs +1y, (1) 4)
Vs, (1) =Eshss X +1s (1) 5)

Duringt,, as illustrated in Section 2. 1, there exists two possible secondary transmission
processes depending on whether = is empty or not. Let ® represent the empty setand Q,

denote the nth non-empty sub-collection of Q . Therefore, == indicates that all relays
fail to decode x; and E =0, implies that the relays within Q_ can successfully decode

X . When the case Z=@ occurs, S will retransmit x; to S, in t,. Thus, in this case, the
signals received at P, and S, in t, can be respectively found as

yPO,G(Z):\thPPOXP (2)+\/Ehspoxs Ny, (2) (6)
Vs, 0 (2) = Eshss, Xs +Enhos % (2) +115, (2) @)

where the superscript 2 denotes the second transmission phase. Since the proposed IC
method is utilized, the recived signal of S, after successful IC in t, is written from (7) as

¥s,0(2) = Eshss X +1s (2) ®

On the other hand, when the case ==Q, happens, the best relay U, will be chosen

within Q, to forward X to S; in t,. Consider that U, is selected from €, as the best one.
In this case, the received signals of P, and S, in t; are respectively expressed as

Yr . (Z)Z\Ehppoxp (2)+\jE:U,hJ,POXS +Ng, (2) ©)
Ys,0, (2) =B My, % +Eo s X (2) 15, (2) (10)

Similarly, y; , (2) in (10) after successful IC can be rewritten as

yéo,nn (2) = xf Eui hJiSO X +Ng, (2) (11)
Finally, S,adopts MRC to combine its received signals in t, and t, after IC. It is noted
that if S, fails to cancel out the interference from P, it will use its originally received

signal for MRC combining. Since IC is employed at both the secondary relays and the
secondary destination, we can expect that the proposed underlay protocol is able to achieve
better secondary performance than the traditional underlay case [8]. This will be validated
by the simulation results in Section 4.

3. Outage Performance Analysis

3. 1 Power Control
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In this paper, we impose strcit power constraints on SUs, i.e., the SU transmit power is
limited by both the primary and secondary systems, which is different from the traditional
underlay cases [8][9] where the SU transmit power is only limited by the primary system.
Since we use outage performance to quantify the PU QoS, the primary outage probability
should be kept below a predefined threshold T, . Following [8][9] and from (1), (6) and (9),

we can write the traditional power constraits on S and U, as
Es =Ep05, 0/ (As0%, ) (12)
By, = En0m 8/ (Ap0s,) (13)

Ap

1 P . . .
where 5=max[—e 7P —1,0} and A, =2% —1. However, in practice, the transmit

0

powers of S and U, are also limited by the secondary system, i.e., it can not exceed the
maximum power E, allowed by the secondary system. Thus, E; and E, should be
chosen as

Eq =min(Epop,6/(Ap0%, ) Ey | (14)

Ey, =min(Epote 8/ (Ap0y s, ). Eo) (15)

Toensure the PU QoS, S and U, need to set their transmit powers according to (14) and

(15), respectively.
3. 2 Secondary Outage Probability

From (2), we know that the achievable data rates of the links S —-U; and P - U, are

respectively obtained as
2

h
c:m:%log2 1. % = (16)
7P‘hPUi‘ +1
h 2
c:,,ul=%|og2 147" = (17)
7s‘hsui‘ +1

Then, from (4), the achievable data rate of the link S —U, after successful IC is
calculated as

1 2
Cslﬁi =§|092 (1+7s‘hsui‘ ) (18)

As shown in Section 2. 1, U, can successfully recover x, through either direct decoding
or IC-based decoding. Therefore, in an information-theoretic sense [7][8][9][10][11][12],
the occurrence probability of that U, can successfully decode x, in t, is given as
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R, =Pr{Cq, 2R} +Pr{Cy, <R,Cy, 2R,,C 2R}

oo +o, -0, 0<AA, <1 (19)
oy +0,,AA, 21
A (1+A
where Ay =2°% —1, TZM and
1-AA,
2
Og A
v, = . VsOsu, —exp| — s2 (20)
7sOsu, +AsVp0py, VsOsy,
As7eo00y 1
v, = sz7p P, —exp : T 21)
ASVPUPU, 1750, 7pOpy, 7so-su s7PO'Pu
2
Opy, A
v, = 27P P —exp| - pz _ s (22)
YpOpu, +Apys0y, VeOpy, 7/so'su 7/PO-PU
2
o A Ap
v, = 27/P PU; —exp| - p2 B s (23)
7pOpy, +Ap7s0gy, 7pOpy, 7/so'su 7/PO-PU

Therefore, the occurrence probabilities of the cases Z2=0 and E=Q,_ are respectively

given as
N

Ro=[]0-R,) (24)

=T1r, H( ) (25)

ieQ), jeQy,

where Q_ is the complementary set of Q.

For notation simplicity, we define x = y ‘hsso ‘2 , Y =maxy,, ‘h,iso ‘2, Z=y, ‘hpso ‘2 . Then,

+1
E =0 occurs, the achievable data rate between P and S; in t, can be obtained from (7)
as Céo . According to Section 3. 1, under Z =0, the achievable data rate between S and

from (3), the achievable data rate between P and S, in t, is C; =Iogz(1+ij. If
° X

S, has two possible cases depending on whether the IC at S, is successful or notin t, and
2X

t,. If the IC fails, the secondary achievable data rate is given as C, , = Iog2 (1+—J,
o Z+

otherwise, the achievable rate is CSO’2:%I0g2(1+2x). Hence, using the results of

Appendix A, the secondary outage probability of proposed protocol conditioned on that the
case = =0 occurs is given by
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Pout, =Pr{C, , <R;,Cy <R, }+Pr{C, , <R;,C} >R}

_ 1+ﬂ1_ﬂ2_ﬂ3_ﬂ4’APAS<2 (26)
1B+ B AN 22

a alAg Ag 1 a a

- 2 _2 2 _2v 2 2 2 A 2
Where ﬂl — ﬂz e YPOpsy  £7s0ss, ’ 132 — ele Vs0ssg ' ﬂs — (1_92)6750'550 VPOps, PYs0ssy ,
Ap As ApAg 2
ﬁ —0.e 7PUF2’SO 2750'550 27PUF2’SO a= AF’ (2 + AS) 4 = 27/50_550 and
4 — V2 ! - ’ 1™ 2 2
2—=ApAg 2750, + As¥pOps,

2
VpOps,

= 2 2 "
VpOps, + Ap?/sass0

0,

On the other hand, when Z=CQ_ occurs, the achievable data rate between P and S,

can be obtained from (10) as CZ = Iogz(1+ LJ In this case, the achievable data rate
0 y+

between S and S, has four possible scenarios as shown in Table 1.

Table 1. Secondary achievable rates under == €2

Scenarios Secondary achievable data rates
- 1 X+Yy
IC fails in both t, and t C, .,==log,|1+——
0 1 So,3 2 9, ( 7 +1J

IC succeeds in t, but fails in t, C , :%Iogz(1+x+il)
o +

0

N . 1 X
IC fails in t, but succeeds in t Cs. s :Elogz(lJr y+Z—+J

0

IC succeeds in both t, and t, Cs6= %Iog2 (1+x+y)

Therefore, using the proposed 1C-based best-relay transmission protocol, the secondary
outage probability conditioned on that the case ==, occurs can be calculated as

Pout, =Pr{Cy , <R;,Ci <R,,C} <R, |
+Pr{Cs s <R;,Ci 2R,,CZ <R} -
+Pr{Cq s <Rs,Ci <R,,C2 2R}
+Pr{Cq s <R;,Ci 2R,,C2 2R}
Utilizing the results of Appendix B, Pout,, in (27) is obtained as
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Pout, =Y, +Y,+Y;+Y, (28)

Following the total probability law, the overall secondary outage probability of proposed
protocol is derived as
2N

Poutg™ = Pout, P, + > Pout,, P, (29)
n=1

Simulation results will be presented in Section 4 to illuatrate the advantages of proposed
protocol as compared to traditional underlay case [8].

4. Simulation Results

In this section, the performance of proposed protocol will be evaluated by simulation
results, which is also compared with the traditional underlay case [8]. We let Poutgo“"

denote the secondary outage probability of traditional underlay protocol for simplicity.

10 — ———=<

[y — — = f T { T T }
—— e~ | | | —
T T o TV P P P
) —& — + - -+ +
= !
@©
S A A A A o
E. 10 S w,’
N — S - —
O I 4 Poutlwiths2, =0.2and R, =0.2
% L * SU SPD S
S [ OPoutwithod, =0.2andRg=02| TN\ _
(@) H () 0
OO0 ¢ o ¢
> || + Poutl®withc 2, =0.4and R =0.2 o600 © )
© 10 [ 0 0
T | o Poutt®with 6 2, =0.4and Rg = 0.2
o : 0 ]
g Poutl® with 6 2, =0.2and Ry = 0.4
(%)) H pfo o, ° B _ | Markers: Simulated results
v p‘)“tsD with & sp, 0.2and Rg = 0.4/ || jines: Analytical results
-3
10 T T T T T T T T
-10 -8 6 -4 2 2 4 6 8 10

0
Y, (dB)
Fig. 3. Secondary outage probability versus y, for the traditional and proposed underlay protocols
with the PU QoS requirement T, =0.04, relay number N =2, P ’s transmit SNR y, =10 dB,
priamry data rate R, =0.4 bits/s/Hz, and the channel variances o3, =1, o5, =0p, =0.2,

O'szs0 =O'szu, zo'j,so =1 and O-SZPO =O-L21|P0 [8]
First, Fig. 3 depicts the secondary outage probability versus y, =E, / o (i.e., the SNR

of the maximum power E, allowed by the secondary system) under different settings for

the traditional and proposed underlay protocols. Note that the simulation parameters are set
according to [8] in this paper. As shown in Fig. 3, the proposed protocol significantly
reduces the secondary outage probability compared with the traditional case under the
stringent power constraints on SUs due to the use of IC. In low y, regions, the SU power

constraint imposed by the secondary system is the dominant factor to affect the secondary
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outage performance, thus the secondary outage probability will decrease as y, increases in
this case. On the other hand, in high », regions, since the SU transmit power limited by the
PU QoS requirement T, becomes the dominant factor to induce a secondary outage, the
secondary outage probability will keep at a constant value for a given T, when y, is high.
One also can observe from Fig. 3 that the secondary outage probability can be reduced
when the interference links S — P, and U, — P, become weak, which is due to the fact

that more transmit power is allowed for SUs in this case. Clearly, the secondary outage
probability will increase as the secondary data rate Ry is improved.

i -E-E-E-T N-S-N — =
S====5 N = — =
\ N \ e
1071%7777 o=
— \ i — Tra _ _
i N —Pout“ with T,=0.02 and N=4
10 QT " 0
\ Poutt™ with T =0.02 and N=4
\ \ SO 0

Q Tra
102 z ; PoutSO with T,=0.04 and N=2

T Poutgm with T
0

N
O-

&

-©-Pout?" with T;=0.02 and N=2
0

=
o

Secondary outage probability

I
-5 | [
- ==»»»=»- - Tra i = =
+Poutso with T,=0.02 and N=2

=
o
(J'I“'

10 15 20 25 30
7, (dB)
Fig. 4. Secondary outage probability versus y, for the traditional and proposed underlay
protocols with y, =10 dB, R, =0.4 bits/s/Hz, R, =0.2 bits/s/Hz, o5, =1, o5, =0pg, =0.2,

2 _ 2 _ 2 _ 2 _ 2 _
Oss, = Osy, =0y, =1 and oy =0y, =02

Second, Fig. 4 illustrates the secondary outage probability versus y, under different
settings for the traditional and proposed underlay protocols. It can be seen from Fig. 4 that,
under the strict power constraints on SUs, the secondary outage probability of traditional
underlay protocol grows with y, increasing in high y, regions, which accounts for the
fact that the interference from PUs is the dominant factor to induce a secondary outage in
this case. However, owing to the use of IC, the secondary outage probability of proposed
underlay protocol remains at a low level in high y, regions, where the SU power
constraint imposed by the secondary system becomes the dominant factor to affect the
secondary outage performance. This illustrates the advantages of proposed underlay
protocol compared to the traditional case. In low p, regions, the secondary outage
probability is equal to 1, which is because that the secondary transmissions are not allowed
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so as to ensure the PU QoS as much as possible when y, is low. Then, the secondary
outage probability will decrease as y, grows since more available transmit power is

allowed for SUs in this case. As expected, the secondary outage probability can be reduced
by improving the number of relays. Besides, the secondary outage probability will decrease
as the PU QoS requirement loosens.

10° o
e
'sﬁ,‘_’--* ......
...... Mg
......... L TS
1075 N 6 qm._ oo - Fereeenn Hevnenn Herrnnnn
i o B T +ee.

? ...... ©O-..... Iy N

s O-....

{ O, ?
10 >~ E

-%- Traditional case N=1
Proposed case N=1
10 [ - Traditional case N=2 T
Proposed case N=2
@ Traditional case N=3
Proposed case N=3

Secondary outage probability

10 15 20 25
2 2
Vpr 1o sp, and 1/c up, (dB)

Fig. 5. lllustration of the generalized diversity gain with T, =0.01, R, =0.4 bits/s/Hz,

R, =0.2 bits/s/Hz, G;PO =1, O’Sui zaéso =01, 05250 :Uszui :Gjiso =1 and GSZPD :oﬁipo =01

Following [8], the generalized diversity gain of proposed protocol can be defined as

Iog[ lim Poutg’o“’j
dPro — ||m 7P'1/JU|FU_)°O

&y >0 log (o-szpo)
where the power constraint on SUs imposed by the secondary system should be removed to

obtain d"™. From (29), we know that the closed-form expression of the secondary outage
probability in proposed protocol is very complicated and thus it is impossible to derive

d"* using (30) directly. The analysis of exact generalized diversity gain for the proposed
underlay protocol is out of the scope of this paper, which will be considered in our future
works. However, we still attempt to show the generalized diversity gain by simulations in
Fig. 5 for the proposed underlay protocol and then compare it with the traditional case [8].
One can observe from Fig. 5 that the proposed underlay protocol achieves higher diversity
order than the traditional case, which is due to that fact that, by using IC at SUs, additional
diversity gain can be exploited by the interference links from the primary transmitters to the
secondary receivers.

(30)
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5. Conclusion

In this paper, we propose a two-phase IC-based cooperative transmission protocol with
best-relay selection for underlay CRNs, where the IC technique is employed at both the
secondary relays and the secondary destination. Then, the IC-based best-relay selection and
cooperative relaying schemes are well developed. Our goal is to improve the secondary
performance of underlay models under the stringent power constraints on SUs while
satisfying a given PU QoS requirement. We evaluate the performance of proposed
underlay protocol in terms of secondary outage probability and also derive the
corresponding closed-form expression over Rayleigh fading channels. Finally, simulation
results are presented to show that, under the stringent power constraints on SUs, the
proposed protocol can achieve lower secondary outage probability as well as higher
diversity order than the traditional case. Furthermore, the proposed protocol can be easily
extended to other cases where different combining techniques are employed at the
secondary destination. Proposed protocol also can reduce other interference in underlay
CRNs provided that SUs are able to emulate the radio protocols of the interference users.

Appendix A: Calculation of (26)

In (15), the first term at the right-hand side can be rewritten as
Pr{C, , <Ry,Cl <R, |

1 2X z
=Pr{=log,| 1+ — |<R.,log,|1+— |<R 31
[t (1025 )<t 112 )<m | -

:pr{&<AS,L<AP}
z+1 Xx+1

When A A <2, (31) is calculated as
Pr{C, , <R;,Ci <R, |

=Pr{x<A—25(z +1),2<AP}+ Pr{Ai—1<x<A—23(z +1),A, < z<a}

=]

= (z41)

Ap| 2

:J' I 12 exp(— 12 x}dx 12 exp[— 12 z]dz (32)
0 0
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AL (2+A . .
where a= M . On the other hand, when A A, >2, (31) is derived as

P=S

Pr{(:sm1 <R;,C < RP}

(33)
=Pr x<£(z+1),z<A el 1ex<Bs —(z+1),A, <1
2 A, 2
The second term at the right-hand side of (26) can be rewritten as
Pr{C , <R;.Ci 2R, }
—PriLlog, (1+2x) < R..log, [ 1+—2 | >R,
2 x+1
(34)

Il
>
+
[N

Pr{x<A—25,zz( )AP}

3ot 1 1 1
J. _[ exp| ————2 |dz >—eXp| ————X |dX
0 | (x:1)ap VPO Ps0 VpOps, VsOss, Vs0ss,
By solving the integrations in (32)-(34) and then substituting them into (31), we have
1+ 8, -6, — By — B, ApAs <2
Pout,, = PP Bo= P olhs (35)
1_ﬁ1+ﬂ4'APAS 22

>

Appendix B: Calculation of (27)

L . . Ap(2+A
To simplify the notations, we define the parameters 7, = % :
—2pSs

T, = ’
2 2 P 1-ALA

— 244A,(2+A
y+\/,u + p( + s) . _AP(]-“LAS), 7, =A, 1+£ , ﬂSZAP(1+AS),
2

z
1 7.
f=———e ™™ and the operator
VeOps,

u=2-A,—A,A; , the function

Jlonl 4

T(A)= )] [(—1)‘5"“‘)‘(A)], where S, (k) is the k th non-empty sub-collection of Q, .

The four terms at the right-hand side of (17), respectively denoted as Y,, Y,, Y, and Y,,
can be calculated as follows. First,
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Y, =Pr X+y<AS, . <A, : <Ap
z+1 x+1 y+1

m Ap
[ (f,—f,)fdz+ j f,fdz, ApAg <2 (36)

Ap

j(f—f fdz+jffdzAA >2

AP
1 (z_
where f, :M  f :(bl _&]T (Cl) , f3=1-Db, +—T [Cngk)] , b =¢e ysass"[AP l] ,
7sO0ss, b, Ys0ss,
AS(ZH) z(k i O'U iSo [E_ J

b, =e %% and c,=e "
respectively written as
A (z+1)-2(z/A,-1)|b,, 7, =0
cpl(k):{[ AR (37)
c,(d,/d,—d,)/m,m #0

. Besides, @, (k) and ®,(k) in (36) can be

A (z+1)b,,n, =0
(I)Z(k _ s( ) b Th (38)
Cz(d2 —1)/771,7717&0
1 1 B As(z+l) [7_]
where 7, = - , g =e e g _g % ) ang d, =em( |
' ie%k)%ioﬁiso 7/50'3250 ’
Second,
z z
Y2=Pr{x+211<AS,X+12AP,y+1<AP}
j (f,—f, fdz+ff—f)fdzAA <1 (39)
Ap b
j(f fdz+j ) fdz, A, 21
Ap T
T / T -1)/
where  f, = [C - 772] . fi=(1-b)T(c) , fs= (CZ(ez 2 ) UZ) ,
750'550 7sOss,
1 As— hp _ ,2 z_
:(1_b3)T(C1)1 b3:e 750550[ AP(Hl)J, n,= Z 2+ - = ) elze](AP J and

2 2
ies,(k) Yu,Ou;s, 7VsOss,
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Y3:Pr{y+ X <Aq, Z <A;, : ZAP}

z+1 X+1 y+1
[ (fg+ 1) fdz+ [ £, fdz,ApA <1 (40)
Ap )

[ (fg+ ;) fdz+ [ £, fdz, ApAg 21

Ap .23
b, T|ei(g -0 /g,)/m |
where fo=b—b,+|b-=T(c,) , fy= 5 :
b, VsO0ss,
2(z+1) (1+Ag )(z+1) Ag
Tl|c - / - 2 - 2 -VZ o2
o= b1 _b2 + [ 3(gl 293) 773:| ’ b4 —e Ap7sTss, , b5 —p %% , C,=e icSn(k) Ui OUiso ,
Vs0ss,
732(z+1) o
= Z : . v O =g v g, =€ o and g;=e {AP J :

ieS, (k) YU, Ujiso (Z "'1) 750550
Finally,

z z
=Prix+y<Ay,—2A,,—2A,;
{ YTy }

z z
=Pr y<——1,x<1+AS —A—,ﬂ'4 <z<7z5}
P

+Pr{y<——1 x<i LA <Z<7r4}

(41)

p

+Pr{y <Ay —x,0< X< Ag, 7y < 2}

z z
+Pr{y<AS - X1+ Aq —A—<x<A——1,7r4 <Z<7r5}

P P

= j f,, fdz + j fo + fig) fdz + j f,, fdz

7Ty 75

where  f,=(1-b)[1+T(c)] . f12=1—b1+[1—zl—6JT(01) : f13=-r[®—3gk)] ’

VsO0ss,
T|D k - A52
fl4=1—b6+[;£)] and by =e ™ . Moreover, ®,(k) and @,(k) can be
VsO0ss,

respectively obtained as
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o, (k)= by (221 Ap —2-Ag),1,=0 w)
: Cy(d,—dy /d,)/ 7,7, #0
@ (k): Asbﬁ’nlzo (43)
! c;(dy—1)/7,m,#0

where d, =exp(7,A;).
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