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Abstract

In this paper, we study performances of multi-hop transmission protocols in underlay cognitive radio
(CR) networks under impact of transceiver hardware impairment. In the considered protocols, cooperative
communication is used to enhance reliability of data transmission at each hop on an established route between
a secondary source and a secondary destination. For performance evaluation, we derive exact and asymptotic
closed-form expressions of outage probability and average number of time slots over Rayleigh fading channel.
Then, computer simulations are performed to verify the derivations. Results present that the cooperative-based
multi-hop transmission protocols can obtain better performance and diversity gain, as compared with multi-hop
scheme using direct transmission (DT). However, with the same number of hops, these protocols use more time

slots than the DT protocol.
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1. Introduction

In wireless networks such as adhoc networks
[1] and wireless sensor networks [2], multi-
hop relaying scenarios are used widely due
to far distances between source node and
destination node. In conventional multi-hop
scheme, the direct transmission (DT) is used
to relay the source’s data to the destination
[3, 4]. Although the implementation of the DT
protocol is easy in practice, its performance
significantly degrades in fading environments
[4]. To enhance performances for the multi-
hop schemes, in published literature such as
[5, 6], the authors proposed multi-hop diversity
relaying protocols in which a relay is selected
to cooperate with the transmitter at each hop
to forward the data to next hop. In [7], a

cluster-based cooperative protocol for multi-hop
transmission was proposed and analyzed. In this
protocol, the cluster node with the maximum
instantaneous channel gain will serve as the
sender for the next cluster. In [8, 9, 10, 11, 12],
the authors proposed cooperative routing
protocols in which intermediate nodes on
the established route exploit the cooperative
communication to forward the source data.
Although performances of these protocols
significantly are enhanced, as compared with
the DT protocol, their implementation which
requires a high synchronization between all the
intermediate nodes, is a very difficult work.
Recently, multi-hop relaying protocols in
cognitive radio (CR) networks have gained much
attention as an efficient method to enhance the
coverage and channel capacity for secondary



16 T.T. Duy, V.N.Q. Bao / VNU Journal of Science: Comp. Science & Com. Eng., Vol. 31, No. 2 (2015) 15-28

networks. Different with the conventional
wireless networks, transmit powers of secondary
users are limited by interference thresholds given
by primary users (PU) [13, 14]. Due to
the limited power, performances of multi-hop
CR protocols significantly degrades [15, 16],
especially in CR schemes with multiple PUs [17].
Again, cooperative communication protocols are
employed to enhance quality of service (QoS) for
the secondary networks. In [18, 19], underlay
cooperative routing protocols with and without
using combining techniques were proposed and
analyzed, respectively. Results in [18, 19]
presented that the proposed schemes provide an
impressive performance gain as compared with
the DT model.

So far, almost published works related to the
multi-hop networks assumed that the transceivers
are perfect. However, in practice, they are
suffered from impairments due to I/Q imbalance,
high power amplifier non-linearities and phase
noise [20]. Due to the hardware noises, the
channel capacity obtained at high signal-to-noise
ratio (SNR) region is limited [21]. In [22, 23], the
authors considered two-way relaying protocols
under the presence of the hardware impairments
over Rayleigh fading channel and Nakagami-
m fading channel, respectively. Works in [24]
and [25] proposed relay selection methods to
obtain diversity order as well as compensate
the performance loss due to the hardware
impairment. To the best of our knowledge, the
most related to our work is the cognitive decode-
and-forward relaying protocol proposed in [26].
However, the authors in [26] only considered
the dual-hop network with selection combining
technique at the destination. Moreover, only
outage probability of the proposed scheme was
evaluated in [26], while other important metrics
such as diversity gain and spectrum efficiency
were not considered. In this paper, we study
performances of cooperative-based multi-hop
protocols in underlay CR networks under the
impact of the hardware impairment. The main
contributions of this paper can be summarized as
follows:

e We propose two multi-hop protocols in
which either conventional cooperative (CC)
protocol or incremental cooperative (IR)
protocol [27] is used to enhance quality
of the data transmission at each hop. In
the CC protocol, the receiver at each hop
is equipped with maximal ratio combining
(MRC) technique to combine the received
data [27]. In the IR protocol, the relay link
is only used if the quality of the direct link is
poor [27].

e We derive exact closed-form expressions of
outage probability for the proposed schemes
over Rayleigh fading channels. Moreover,
we also derive an exact expression of
average number of the time slots for the IR
protocol. Then, Monte-Carlo simulations
are presented to verify our derivations.

e To provide more insights into the system
performance, we also derive the asymptotic
outage probability where both diversity and
coding gains are obtained.

o Finally, we compare the performance of the
proposed protocols with the DT protocol to
show the advantages of our schemes.

The rest of this paper is organized as follows.
The system model of the proposed protocols
is described in Section II. In Section III, the
expressions of the outage probability and the
average number of time slots are derived. The
simulation results are shown in Section III
Finally, this paper is concluded in Section V.

2. System Model

Figure 1 illustrates the system model of
the proposed cooperative-aided multi-hop
transmission protocols in underlay cognitive
radio. In this figure, the secondary source Ty
transmits its data to the secondary destination T,
via a multi-hop model. We assume that an M-hop
route between the secondary source and the
secondary destination (with M — 1 intermediate
nodes, i.e., T, To,...,Ty-1) is established by



T.T. Duy, V.N.Q. Bao / VNU Journal of Science: Comp. Science & Com. Eng., Vol. 31, No. 2 (2015) 15-28 17

Data links Interference links

Fig. 1: Cooperative-aided multi-hop transmission protocol
in underlay cognitive radio.

Fig. 2: Cooperative communication at the ith hop.

some methods on network layer such as Adhoc
On-demand Distance Vector (AODV) [28].
At each hop on the routing path, a secondary
relay is used to help the communication at that
hop. We denote R; as the relay of the ith hop,
i €{l1,2,...,M}. In underlay cognitive radio, the
transmit power of all secondary transmitters must
satisfy the interference threshold given at the
primary user (PU) [29]'.

We assume that all of the nodes are equipped
with only a antenna and operate on half-duplex
mode. Next, we consider the data transmission

'In Fig. 1, for ease of presentation, we would not show
the interference links between the secondary relays and the
primary user.

at the ith hop with three different techniques
(see Fig. 2), i.e.,, conventional cooperation
(CC), incremental cooperation (IR) and direct
transmission (DT).

In the CC protocol, the data transmission at
the ith hop is split into two time slots. At the first
time slot, node T;_;, which is assumed to receive
the source data successfully before, transmits the
source data to node T; and relay R;. At the end
of the first time slot, relay R; attempts to decode
the received data. If the decoding at this node
is successful, it forwards the decoded data to T;
at the second time slot. Then, node T; combines
the data received from T;_; and R; by using MRC
technique. If the relay R; cannot receive the
source data successfully, it will not retransmit the
data to T;, and in this case, node T; will decode
the source data from the data received from T;_;.

In the IR protocol, node T;_; also broadcasts
the source data to T; and R; at the first time
slot. Then, nodes T; and R; try to decode the
received data. If T; can decode the data correctly,
it sends back an ACK message to T; and R; to
inform the decoding status. In this case, the data
transmission at this hop is successful and hence
the relay R; does nothing. If the decoding at T;
is unsuccessful, it generates a NACK message
to request a retransmission from R;. The relay
R; then uses the second time slot to forward the
source data to T; if this node can decode the
source data successfully. In this case, node T;
again attempts to decode the source data. If it
fails again, the data is dropped at this hop. The
advantage of the IR protocol, as compared with
the CC protocol, is that when the quality of the
T;-;y — T; link is good, the IR only uses one
time slot to transmit the data, which enhances the
spectrum efficiency. Moreover, in the IR protocol,
the receiver T; does not use any combining
techniques to combine the received data, which
reduces the complexity of the decoding process
at this node.

In the DT protocol, node T;_; directly
transmits the source data to node T;. In this
scheme, if T; cannot decode the data successfully,
the data is dropped at this hop. We can observe
that the DT protocol only uses one time slot at
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each hop. However, the data transmission at each
hop of this protocol is less reliable than that of the
CC and IR protocols.

Hereafter, we denote CC (or IR or DT) as the
multi-hop transmission scheme in which the CC
(or IR or DT) technique is used to transmit the
data at each hop. We also assume that the density
of secondary users in secondary network is high
enough so that each hop on the routing path can
select a secondary relay for the cooperation.

3. Performance Evaluation

3.1. Channel model

Let us denote hx y as the channel coefficient
between nodes X and Y, where XY €
{T,_1,R;, T;,PU} and i € {1,2,...,M}. Assume
that hxy follows Rayleigh distribution, hence,
channel gain yxy, i.e., yxy = |hx,Y|2, is an
exponential random variable (RV). As presented
in [6, eq. (1)], the cumulative density function
(CDF) and the probability density function (PDF)
of yx y can be given, respectively, as

F)’X,Y (z) =1 —exp (_AX,YZ) > (D

Frxy (@) =Ax yexp(-Axyz), (2)
where Axy = df( v with dx y being the distance
between X and Y and g being the path-loss
exponent.

3.2. Signal-to-noise and
(SNIR) formulation

interference ratio

Considering the communication between the
transmitter X and the receiver Y, X €
{Ti-1,R;}, Y € {T;,R;}, the data received at Y can
be expressed by

ry = VPxhxy (x + nég) +ny +gy,  (3)

where Px is transmit power of X, x is the
source data, 772( is hardware noise caused by the
impairment in the transmitter X, 77y, is noise from
the hardware impairment in the receiver Y and
gy 1s Gaussian noise at Y, which is modeled as

Gaussian RV with zero-mean and variance o-2.

Similar to [29, 30, 31], the transmit power Px
is limited by the interference threshold I, at the
PU as follows:

Px = I /yxpu, 4)

Considering the hardware noises ng( and 175,
they can be theoretically modeled as in [21]:

nx ~ CN (0, & Px). (5)
ny ~ CN (0, &% Pxlhx xI?)., 6)

where CN (a,b) indicates circularly-symmetric
complex Gaussian distributed variables in which
a and b are mean and variances, respectively, K;(
and &, i,k > 0, characterize the level of
hardware impairments in the transmitter X and
receiver Y, respectively.

For ease of presentation and analysis, we
assume that all of the nodes have the same
structure so that their hardware impairment levels
are same, ie., kx = &k and &, = k.
However, if the hardware impairment levels are
different, the obtained results in this paper are
still used to derive the upper-bound and lower-
bound expressions of the outage probability for
the considered protocols.

From (3)-(5), the instantaneous signal-to-noise
and interference ratio (SNIR) received at Y can

be expressed as

Yx.ylm/yxpu

Pxy = .
(k1 + k2) yxyIm/yxpu + 072

(N

By using (7), we can obtain the instantaneous
SNIR of the T,y —» T;, T;.; » R;and R; — T;
links, respectively as

Oyt /YT, PU

WYt 1, = ,
! KQyTt._, 1:/YT,pU + 1
N7 _ QyTi—l R; / YT,.1,PU
Ti-1.Ri = >
: KQyT, R/ YT, pU + 1
OvRr,.1,/ YR, PU
Yr.1, = (8)

kQyR, 1,/ YR;pU + 17

where Q = I,/ and k = Ky + K5, Moreover, if
MRC combiner is used, the SNIR received at T;
can be obtained as [29, eq. (8)]

\PMRC = ‘PTH,T,- + \PRi,Ti‘ (9)
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3.3. Outage probability analysis

In this subsection, we derive exact and
asymptotic expressions of outage probability for
the considered protocols. Outage probability
is defined as the probability that the received
SNIR at a receiver is less than a predetermined
threshold, i.e., y,;. With this definition, a receiver
can be assumed to decode the data successfully
if its received SNIR is above the threshold ;.
Otherwise, this node cannot receive the data
correctly.

3.3.1. DT protocol
In this protocol, the outage probability at the
ith hop can be given by

OutP™ = Pr[Wr,_, 1, < ¥l (10)

Substituting W, , 1, in (8) into (10) yields

Out?T =

{1; ifk>1/yy

Pr [ YTy T < Yih

Tomo | 1Ek<1/ym

YT;_1.PU

(11)

We can observe from (11) that when the hardware
impairment level « is larger than 1/y,, the
communication between T;_; and T; is always in
outage. For x < 1/, the outage probability can
be calculated by using [29, eq. (3)] as

AT, T Yih

OutPT =
At 1 ym + At pu (L= kym) Q

1

(12)

Due to the independence of hops, the end-to-
end outage probability of the DT protocol can be
given, similarly as [5, eq. (15)]

M

Poy = 1= (1 -ou™). (13)
i=1

By substituting Out?T in (12) into (13), we can
obtain an exact closed-form expression of the
outage probability for the DT protocol. It is
obvious from (12) and (13) that the end-to-end
outage probability increases with the increasing
of k and the decreasing of Q. To provide
more insights into the outage performance, we
next derive an asymptotic expression for PDT

Indeed,

. . . 0 .
by using the approximation x/ (1 + x) 2 X, L.e.,

x = At 1vm/ (At pu (1 = kym) Q), for (12),
we have

at high Q value, ie., Q — +oo.

OoutPT 4% AT T Y l (14)
! At pu 1 = kym Q

Then, an approximate expression of P2T
Q values can be given by

at high

out
pDT Qpeo Z Ou tDT

out
AT T, 1
~ Z T 1.1 Yih . (15)
i At pu | 1=Ky Q

From (15), the diversity gain of the DT scheme
can be easily determined as

log (PDT)

out

lim
0—+e0 log (Q)
Ti—1.T; i 1
log ((Z AT, 11 PU) 1—)/Kf)l’m @)

log (Q)
=1. (16)

DiVDT = -

=— lim
Q—+o0

As shown in (16), the DT scheme obtains the
diversity order of 1 but its coding gain is reduced
by an amount of Gpr = -10log,q (1 — «ym),
as compared with the corresponding scheme in
which transceiver hardware is perfect.

3.3.2. IR protocol

In this protocol, the outage probability at the
ith hop can be formulated by

OuéR = Pr [\PTi_l,Ti < ylha lPTi_l,Ri < ’ylh] (17)
+Pr [‘PT,'_],T,' < Yihs lI]T,'_],R,' = Yths lPR,’,T,‘ < %h] .

The first term in (17) presents probability that
nodes R; and T; cannot decode the data correctly
in the first time slot, while the second term
indicates the event the relay R; correctly receives
the data but the decoding status at T; at both time
slots is unsuccessful.
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Out® = 1 At pu (1 = kym) O

At pu (1 = kym) O

1

At pu (1 = kym) Q

- At pu (1 = kym) Q + A1, 1,Yih - At pu (1 = kym) Q + A1, R Yih

+
At pu (1 = ky) O + (A1, 1, + AT R) Vil

At pu (1 = kym) Q

At pu (1 = kym) Q

+ —
/lTi_l,PU (1 - K%h) Q + /lT,-_l,Ri)’th /lT,‘_l,PU (1 - Kyth) Q + (/IT,'_l,T,' + /lT,‘_l,Rl‘) Yih

> /IR,»,T,-')’th
AR, 1Y + Ar,pu (1 = kym) O

Proposition 1:
hardware impairment, if k > 1/y;;, then Ou
1, and if k < 1/ym, Out?R can be expressed by an
exact closed-form expression as in (18) at the top
of next page.

Under the presence of
R
1

Proof

With « > 1/y, we can easily obtain Out}R =
1. For the case where k < 1/yy, the proof is given
in Appendix A.

Also, the end-to-end outage probability of the

IR protocol can be expressed as

M

PR =1-]](1-0ut®) (19)
i=1

In order to provide useful insights into the system
performance such as diversity gain, we derive the
asymptotic expression for PR at high Q values
(see Corollary 1 below).

Corollary 1: When « < 1/, the end-to-end
outage probability PR can be approximated at
high Q region by

M

R Q-+ At 1 (24T, R, AR,
out ¥ Z A l ( A 1 + A
-1 T;-1,PU T;-1,PU R;,PU
ya V1
1
X —. (20)
(1 - K%h) 0?
Proof

We proved this Corollary in Appendix B.
From the results in (20), it can be obtained that
the IR protocol provides a diversity order of 2,

(18)
i.e.,
log(PL}}lt)
Divg = — lim ——
BT 0nre T0g (0)
=2. Q1)

Moreover, we can see from (20) that due to the
hardware impairment, the coding gain loss is
GIR = —2010g10 (1 - Kyth)-

3.3.3. CC protocol
In this protocol, we can formulate the outage
probability at the ith hop as follows:

CcC
Outl‘ = Pr [lPTi,l,R,' < %h, ‘PTi,l,Ti < ’yth]

+ Pr [\I’Tl‘,l,R,‘ 2 ythe \PMRC < 71/1] .
(22)

In the RHS of the equation above, the first term
takes the same from with that in (17), while the
second term presents the probability that R; can
decode the data correctly but T; cannot. Next,
we will present the exact expression of OutiCC via
Proposition 2.

Proposition 2: If « > 1/yy, the outage
probability Outl.CC equals 1, otherwise, i.e., x <
1/ym, an exact closed-form expression of OutlcC
can be given by (23) (see the top of next page),
where ag, ay, az, by and b, are given by (C.10) in
Appendix C.

Proof

Also, we easily obtain that Out® = 1if k > 1/yy.
In the case that k < 1/yy, we will present the
proof in Appendix C.
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AT, PUY1h
out<C = 1 - 1 PUY

AT, PUYih

1

/lTI 1> PU yth

At pUYih + AT 1 (U = ky) @ A1, pUu¥Ymn + A1, R, (1

- K’ym) Q

/1T, PUYi + (At 1, + At r) (1= kya) O

Similarly, an exact expression of the end-to-
end outage probability for the CC protocol is
given as

OutCC (24)

:]:

PCC =1 -

out

l=1
Next, in Corollary 2 below, we derive asymptotic
closed-form expression of POut at high Q regimes.
Corollary 2: When « < 1/vy,,, the end-to-end
outage probability POut can be approximated at
high values of Q as in (25) at the top of next page.

Proof

Proof is presented in Appendix D.
Moreover, when « = 0, (25) becomes

cC Q—>+oo
Pout
| (Ar,pu) 24 suARipU 0,

From (25) and (26), it is obvious that the
diversity gain of the CC protocol is 2, i.e.,
DiVCC =2.

3.4. Average number of time slots

In this subsection, we evaluate performance
of the DT, IR and CC protocols via the
metrics: average number of time slots used for
a successful transmission between the source to
the destination. It is obvious that the DT always
uses M time slots to transmit the data, while the
time slots used in the CC protocol is always 2M.

Considering the successful data transmission
in the IR protocol, we denote S; as set of the
hops that use only one time slot to transmit the
data. It can be assumed that S| = {ji, jo, ..., jr.}

b log(al (az - '}’th)))'

ao( 1Yth
ay (ar = Yum) (a1 —ym) a2

(23)

where 0 < L < M and jy, j2, ..., jr € {1,2, ..., M}.
Hence, if we denote S, as the set of the hops using
two time slots to transmit the data, then S, =
{jL+1> jL+2s - juy and S;US, = {1, 2, ..., M}. For
example, if L = 0, then all of hops uses two time
slots, i.e., S; = {0} and S, = {1,2,..., M}. For
another example, if L = M, then S| ={1,2, ..., M}
and S, = {0}, which means all of hops use only 1
time slot for relaying the data.

Considering the ith hop in which the data is
relayed successfully with only one time slot, we
can formulate the probability for this event as

PP = Pr ¥, , 1, > ym] = 1 - OutP™.  (27)
Using (12) for (27), which yields

pSue _ At pu (1= &ym) O
B Qg 1y + At pu (1= kym) O

(28)

Next, if the ith hop has to use two time slots for
transmitting the data, the successful probability in
this case is calculated by

Pls’l21C = Pr [‘PT,‘,I,T,‘ < %h, TT,;],R,‘ 2 yth9 \PR,',T,' 2 yth]
= Pr [lPT,‘_l,Ti < ylha ‘PT,‘_l,R,‘ > 7[/1]
X (1 =Pr[¥r.1; <¥ml)- (29)

Substituting (A.5) and (A.6) into (29), and after
some simple manipulation, we obtain

/lTl'_] ,PU/lTi_|,Tiylh (1 - K’}’th) Q
At pu (1 = kyy) O + AT R/ Vin
y 1

At pu (1 = kym) Q + (A1, 1 + AT\ R:) Vi
AR. 1-
o R;,PU (I = kym) O ‘ (30)
AR, TYen + AR, pU (1 — kym) Q

Suc _
P12

Moreover, the average number of time slots per a
successful transmission in the IR protocol can be
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M 2
pcc Q_’;‘x’ Z lz/lTi—l,Ri/lTi—l,Ti ( Yih ) +

out
i=1

formulated as follows:

= Si.S2
N=

out

slots used in each case of Sy and S,.

slots in the IR protocol.

Ay 1, AR, T (_ v 2log(l _K')’th)) 1 o
(Ar_,pu)* \l=kvm) A edrpu\ KQ2=kym)  K2Q2-xys)? /|0?
L Suc M S :
2, (L+2M=D)ITPEY 11 P75 e
i=1 i=L+1 v\"*\ \‘\ ]
1- PR ’ =
out \{ L N TR
3D - I N
by N
where 1 — PR is the total probability that the Z 0L N R ]
transmission from the source to the destination is E * DT-Sim (77,0.3)
successful and L+2 (M — L) is the number of time g 10 N E{CSS'ZL(Z;:Y;S;; N
g [ & DT-Sim(x=y,~045) =
Substituting (28), (30) into (31), we obtain an L et a3
exact expression for the average number of time b TheoryExact
10 g ...... Theory-Asym -
-5 0 5 10 15 20

4. Simulation Results

In this section, we present Monte Carlo
simulation results to verify the theoretical results
and to compare the outage performance of the
protocols discussed in the previous sections.
In simulation environment, we consider a two-
dimensional plane in which the co-ordinates
of nodes T;, R;;; and PU are (i/M,0),
((2i + 1)/2/M, 0) and (xp, yp), respectively, where
i € {0,1,...,M}. Therefore, the link distances
can calculated by: dr,1,,, /M, dr,r

d, 1 = 12IM. dypy = /M = ) + 72

V(@i + 1) /2/M ~ xp)? + 3. The
path-loss exponent is fixed by 4, i.e., 5 = 4.

In Fig. 3, we present the outage probability of
the DT, IR and CC protocols as a function of Q
in dB. In this figure, the number of hop is fixed
by 3 (M = 3), the hardware impairment level
is set to 0.1 (x = 0.1) and the outage threshold
equals 0.75 (y; = 0.75). In addition, we place
the primary user (PU) at two different positions
such as (0.3, 0.3) and (0.45, 0.45). We can
observe from Fig. 3 that the IR and CC protocols
obtain better performance than the DT protocol.
It is because they use cooperative communication

i+1

and dg;,, pu =

0 (dB)

Fig. 3: Outage probability as a function of Q in dB when
M =3,k=0.1andy, = 0.75.

technique at each hop, which provides higher
diversity gain. As presented in this figure, the
IR and CC protocols obtain the diversity order
of 2, while that of the DT protocol is 1. It
is also seen that the outage performance of the
considered protocols significantly enhance when
the PU is far the secondary network (xp, yp
increases). Finally, it is worthy noting that the
simulation results (Sim) match very well with
the exactly theoretical results (Theory-Exact) and
converge to the asymptotically theoretical results
(Theory-Asym) at high Q region, which validates
our derivations.

Figure 4 illustrates the outage probability as
a function of « with different values of y,,, i.e.,
vm = 1,2. The remaining parameters are fixed by
M =4,0 =0dB, xp = 0.3 and yp = 0.4. It can be
observed from Fig. 4 that the outage probability
of the DT, IR and CC protocols increases with the
increasing of k. Also, the CC protocol obtains the
best performance because the MRC technique is
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1.00 r — e
0.75 |- -
z / } *  DT-Sim (y,=2)
= e IR-Sim (y,=2)
e .
_g 050 L = CC-Sim (y,=2) |
E ’ *  DT-Sim (y,=1)
) * IR-Sim (y,=1)
g X > CC-Sim (y,=1)
o — Theory-Exact
025 ]
AR
000 AVIVV 1

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75

Fig. 4: Outage probability as a function of k when M = 4,
Q =0dB, xp = 0.3 and yp = 0.4.

equipped at the receivers. Moreover, as we can
see, once « is larger than 1/, all of the schemes
are always in outage.

10" E \ ~
>
=
=
s 2
S 107k 4
s
~
[
on
<
8
S

B * DT-Sim \

10" B u IRSim =~ 3

F v CC-Sim
— Theory-Exact

Fig. 5: Outage probability as a function of M when
Q0 =0dB, xp =04, yp =0.3,« =0.1 and y,;, = 1.25.

In Fig. 5, we present the outage performance
as a function of the number of hops M when
Q = 0dB, xp = 04, yp = 0.3, x = 0.1 and

v = 1.25. We can see from this figure that
the outage probability of the considered protocols
decreases when the number of hops increases. It
is due to the fact that with high number of hops,
the distance between two intermediate nodes at
each hop decreases and hence the communication
between them is more reliable. However, we
should note that when increasing the number
of hops, the delay time from end to end also
increases.
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Fig. 6: Average number of time slots as a function of Q in
dB when k = 0.08, y,;, = 1 and xp = yp = 0.3.

In Fig. 6, the average number of time slots per
a successful data transmission between the source
and the destination is presented as a function of Q
in dB. The parameters in this figure are set by k =
0.08, y; = 1 and xp = yp = 0.3. As mentioned
above, the DT and CC protocols use M and 2M
time slots to transmit the data, respectively, while,
as observed from Fig. 6, the average number of
time slots used in the IR protocol is between that
of the DT and CC protocols. Furthermore, at high
Q values, the time slots used in the IR protocol
coverages to that in the DT protocol. It is because
at high Q values, each hop only uses 1 time slot
to relay the data.

In the last figure (Fig. 7), we compare the
performance of the DT, IR and CC protocols in
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Fig. 7: Minimum number of hops as a function of Q in dB
when xp = 0.5, yp = 0.6 and & = 107,

terms of optimal number of hops that is defined
as minimum number of hops at which the outage
probability of the X protocol is lower than a
pre-determined value ¢, i.e., Pffm < g X €
{DT,IR,CC}. As we can observe from Fig. 7,
when Q = 5dB, k = 0.8 and y;, = 1, in order
to satisfy the QoS, i.e., PX, < 1073, the DT, IR
and CC protocols need at least 21, 5 and 4 hops,
respectively. It is also observed that the optimal
number of hops of the DT protocol is very higher
than that of the IR and CC protocols at low Q
region, while that of the IR and CC protocols is

almost same.

5. Conclusions

In this paper, we evaluated outage performance
of multi-hop protocols in underlay cognitive
radio networks under the impact of hardware
noises. In particular, we derived the closed-
form expressions of outage probability and
average number of time slots over Rayleigh
fading channels. Monte-Carlo simulations
were then performed to verify the derivations.
The interesting results in this paper can be
summarized as follows:

e Under the impact of imperfect transceiver
hardware, the cooperative-based multi-hop
protocols still obtain the diversity order of 2.
However, they are suffered from the coding
gain loss due to the hardware impairment
level. Finally, if the impairment level is
larger than one over the outage threshold,
all of the considered protocols are always in
outage.

e With the same number of hops, the
conventional cooperative (CC) protocol uses
twice as many time slots as the direct
transmission (DT) protocol, while the time
slots used in the incremental cooperative
protocol (IR) is between that of the CC and
DT protocols. Moreover, at high Q values,
that of the DT and IR protocols is same.

e To satisfy a predetermined QoS, the DT
protocol uses more number of hops than the
IR and CC. Moreover, the optimal number of
hops used the IR and CC protocols is almost
same.
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Appendix A: Proof of Proposition 1

At first, we consider the first term 7; =
Pr [\PT;_I,T[ < ')/thv\PT;_],R[ < 'yth] in (17) Under
the condition k < 1/yy,, by substituting WY1, | T,
and W1, | r, in (8) into 7, we have

1 =Pr[7T"‘*T" <p, TRl ol (A

b
YTi_1,PU YTi_1,PU

where p = v,/ (1 = kym).
From (A.1), we can rewrite 7 under the
followsing form:

+00
1= f(; Fyr 1, 0OFyr_ x (0X) fyr,_ py (X) dx.
(A.2)
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Substituting  the  CDFs Fyy  x, (pX),
F YT R, (ox) and the PDF fVTi_|,PU (x) obtained
from (1) into (A.2), and after some manipulation,
we can obtain

7o AT, PU AT, ,PU
1 — _— —
/lTi—I JPU T /lTi—l,T[p /1Ti—] JPU T /lTi—l,Rip
At.
TI—I’PU (AS)

+ .
/lTi—]yPU + (/lTi-l,T[ + /lTi—I,Ri)p

Next, for the secondary term J, =

Pr [\PTi_l,Ti < ’yfha \PTi_l,Ri > ylh’ lPR,‘,T,‘ < yth]
in (17), it can be rewritten as

Iy =Pr[¥Y1, .1 < Vs Y1, R, = Vi)
X Pr [\PR,-,T,- < yth] . (A4)

In the above equation, Pr[¥g, T, < ys| can be
obtained similarly as (12)

AR, T Yih

AR, 1Yeh + A, pu (1 — kym) O
(A.5)

Pr [‘PRi,Ti < Vth] =

Moreover, with the same  manner,
we can calculate the probability
Pr [\PT,'_l,T,' < ytha lPTi_l,Ri Z yth] in (A4) by

Pr [‘PTI‘_I,T,‘ < %h, \PTl‘_l,R,‘ 2 %h] =

L F}'T,-,I,T,- (px) (1 - F}’T,-,I,R,- (px)) f}’TH.PU (px)dx

3 At pU
At pU + AT RP
At pU

- . (A.6)
At pu+ (A1 15 + AT R) P

Combining (17), (A.3), (A.4), (A.5) and (A.6)
and p =y / (1 — kyyy,) together, we obtain (18).

Appendix B: Proof of Corollary 1

At high Q values, i.e., Q — +oo or p — 0, by

—0
applying the approximation: 1—exp (—x) < xfor
the CDFs in (A.2), we have

Q-+

F)ITi—l'Ti (p) pio AT, TPX, (B.1)
Q-+
Fyr v, (0X) o AT, RPOX. (B.2)

Plugging (B.1) and (A.2) together yields

Q—+00

2
I, = /lT,»,l,Ri/lTifl,Tip
+00
2} -1 d
X X Ti_l,PUeXp( Ti—lsPU'x) X
0

Q_,:H)O 2/1T[-71 R; /?'Ti—l T 2

(B.3)
(A1, pv)
With the same manner, we also obtain
Q—+oo AT, T;
Pr [lPT,;l,Ti <yth7 \PT,',l R > %h] ~ —r .
AT, PU
(B.4)
Moreover, by using (14), we also have
Q-+ /?'R[,Ti
Pr[¥r.1, <vml = ——p. (B.5)
AR; PU

Substituting (B.3)-(B.5) and p = y/ (1 — «y)
into (17), we can obtain (20) and finish the proof
here.

Appendix C: Proof of Proposition 2

In this Appendix, we only focus on
deriving the outage probability 73 =
Pr [‘I’TH,RI. > Vi, PMRC < ')’th]- At first, we
should note that RVs W, | g, and ¥umrc are not
independent because they include a common RV,
i.e., y1,_,pu. Similar to [32, 33], by considering
YT, ,PU as a constant, i.e., setting yt, ,pu = X,
we can obtain a conditioned probability for /5 as
follows:

I3(x) = Pr[¥1,, R, = Yin. PMRC < YanlyT,, pU = X]
. X
_ Pr[ Oyt R,/ > vl x
KQYT_ R/ X+ 1
. X LT .
Pr[ Oyt 1./ N OvRr, T;/VR;PU - th]
KQyTi—l,Ti/x +1 KQyRi,Ti/yRi,PU +1
Iy

In addition, it is easy to obtain that

OYTi R /X ] [ px]
Pr =l 2 nl = Pr Ti R 2 —_—
[KQ')’TH,R:‘/X +1 v T o

= exp (—LQ’R”O)C). (C.2)
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Before calculating 74 in (C.1), we introduce two
. Oyt 1y /x _ Owry1;/7R;PU
RVs: 7, = kQyt,_, 1;/x+1 and 7, = kQyr;1; /YR, PUHL"

First, we attempt to find the CDf of Z;, which can
be given by
Fz, (2) =Pr[Z, < 7]
ifz > 1/k

15
B { I—exp(-A, 5 55)sifz< 1/
(C.3)

Then, the corresponding PDF fz (z) can be
obtained from (C.3) as

0Fz (2)
fz, (@) = P
0; ifz>1/k
=< A X .
QT(ll_EKT_Zz')Z exp (—ATH,T[, 3 1sz) sifz<1/k

(C4)

For the RV Z,, by using [29, eq. (3)], we can
obtain the CDF Fz, (¢) as

FZ2 ([) =Pr(Z, < 1]
ift> 1/«

L
- AR 11 - )
{ AR, pU Q1K+ AR, 1,1 ift <1/k
(C.5)

With the results obtained in (C.3)-(C.5), the
probability 74 in (C.1) can be expressed by the
followsing formula:

Iy = PI'[Z] +7r < 7th]
Yith
= f2, @) Fz, (yu — 2) dz
0

f)’rh /lTi—l’Ti X ( . X z )
o 0 -k P\ — ke

AR, T; (Yin — 2)

X dz.
AR, pUQ (1 = k (Ve — 2)) + AR, T, (Yin — 2)
(C.6)

Moreover, 73 can be obtained from 73 (x) by
using the following rule:

I3= fo I3(0) fyr, o 0 dx.  (C.7)

Plugging (C.1), (C.2), (C.6) and (C.7) together,
and after some manipulation, we can get (C.8) as

shown at the top of next page.
Let us consider 75 in (C.8), it can be rewritten
under the following form

ao (ym — 2)
5= 2
(a1 —2)" (a2 — 2)
b b b
=ao( - 2 ) (C.9)
(ag—z° a—z2 a—2z2
where,
= At 7, AR, 14T, PUQ
0= 2
(K (/lTH’PUQ + /lTi—lvRip) a /ITI’*"TI')
1
X s
(AR, T, — kAR, PUQ)
/lT,'_] ,PUQ + ATi—lvRip
ay = ,
K (/lTi—laPUQ + /1T,-_1,R,-p) - /lTi—l»Ti
0 = AR, puQ (1 = Kyim) + AR, T, Yih
2 = ,
AR, T; — kAR, pUQ
by = 'YIh_al’ by = — %h—azz' (C.10)
a —ai (a1 — az)

It is noted from (C.9) that for ease of presentation
and analysis, we assume that a; # ap. Next,
substituting (C.9) into (C.8), we obtain

s = ag b1y b log(al (a2 - '}’th)))‘
ay (ar = Yimn) (a1 —ym) az
(C.11)

Finally, substituting (A.3) and (C.11) into (22),
we easily obtain (23).

Appendix D: Proof of Corollary 2

This  appendix  focus on  deriving
the asymptotic expression for [3 =
Pr[W¥r1, R, = vin, PMre < ym] at high Q value.
At first, from (C.2), we can obtain

OyT R /X Q—+00
Pr [—1 >yl = L (D.1)
KOyt R;/x+1

Secondly, when ¢ < 1/«, we can approximate
fz, (2) as follows:

Qo0 /lTi—l’Rix

N D.2
fa @R S (D)
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; f%h OAr, , A7, PU AR, (Yan — 2) dz
3= .
0 [(/lT,v_],PUQ + /lTi_l,R;p) (1 —«kz) + /lT[_l,T,-Z]Z AR, puQ (I =k(ym—2) + AR,T; (Yein — 2)
Is
(C.8)
applying the References

Moreover, with ¢ < 1/k,
approximation in (14) for (C.5) yields

O—+0 AR,T;, t 1

Fz (1) = —. D.3
AURER v prty (D.3)

With the same manner as in Appendix C and with
the approximation obtained in (D.1), (D.2) and
(D.3), we can approximate /3 as follows:

Qoo /lTi_,,T,»/lRi,Ti 1
N
/lTH,PU Ar,pu O

Yih 1 —
X f 5 Yih — % dz.
0o (1-«kg)* 1 —kym+«kz

I

e

(D.4)

To calculate the integral in (D.4), we can rewrite
76 under the followsing form:

Kym — 1 1 1 1
I = 5+ ;

K2 =Kkym) (1 —k2)* k(2 —kym)* 1 —kz
1 1

k(2 — Ky,h)2 1 — Kkym + Kz’

D.5)

Substituting (D.5) into (D.4), we can obtain

Q—+00 /lTi_l T AR, T;
3 ~ _—
/1T[-,1,PU AR, pU

_ 2log(1 - K?’zh)) L (D.6)
K22 = kym)®

(_ Yih
K (2 = KYin) 0*

Substituting (B.3) and (D.6) into (22), we obtain

cc @2+ 241 RAT T [ Vi :
Out; ~ 2 \l1-« @4-
(/1Ti—1 ,PU) Yih
A 1 ARLT; (_ Vih _ 2log(l - K’}’th)) 1
A AR PUN K2 =KYm) k22— kyp)* ) OF

(D.7)

Using (D.7) for (24), we can obtain (25).
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