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Abstract

The definition of the bandwidth efficiency (BE) of cognitive cooperative network (CCN) is
the ratio between a number of the licensed slot(s) or sub-channel(s) used by the unlicensed
users to transmit a single data packet from the unlicensed transmitter to unlicensed destination,
and from unlicensed relay(s) to unlicensed destination. This paper analyzes and improves the
BE in the underlay CCN with a new reactive relay selection under interference and power
constraints. In other words, this paper studies how unlicensed cooperative users use the
licensed network slot(s) or sub-channel(s) efficiently. To this end, a reactive relay selection
method named as Relay Automatic Repeat Request (RARQ) is proposed and utilized with a
CCN under interference and power constraints. It is shown that the BE of CCN is higher than
that of cooperative transmission (CT) due to the interference and power constraint.
Furthermore, the BE of CCN is affected by the distance of the interference links which are
between the unlicensed transmitter to the licensed destination and unlicensed relay to the
licensed destination. In addition, the BE for multiple relays selection over a CCN under
interference and power constraints is also analyzed and studied, and it is shown that the BE of
CCN decreases as the number of relays increases.

Keywords: Bandwidth efficiency, reactive relay selection, cooperative transmission,
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1. Introduction

With the fast deployment of wireless services over the last decade, the radio spectrum has
become a valued and scarce resource. Furthermore, the Federal Communications Commission
has reported that most of the licensed spectrum is severely underutilized [1]. As a promising
technique, a cognitive network (CN) is proposed to address the dilemma between spectrum
scarcity and spectrum underutilization. CN allows unlicensed users to access licensed slots or
sub-channels while taking into account the effect of interference on the licensed users, so it
should not exceed the tolerable interference threshold [2]. Therefore, the underlying approach
is utilized, where the unlicensed users are allowed to use the licensed slots or sub-channels
with only a limited transmission power to prevent the interference of unlicensed users from
exceeding the interference threshold that the licensed user can tolerate [3].

CT enables users to forward incoming data to each other, thus, and it creates a virtual
multiple-input-multiple-output (MIMO) system for cooperative diversity [4, 5]. Although CT
has some fundamental benefits compared to non-cooperative communication systems, it has
undesirable features that affect communication. For example, when data is processed and
transmitted using relays, some drawbacks occur, such as reduced BE [6], which increases the
delay during communication [7].

In [8], analysis of BE for cooperative networks and the selection of the best relay node were
investigated. That study relied on the harmonic mean of the links between source-relay and
relay-destination to select the relay node based on the harmonic mean of these links. In
addition to relay node selection, that author considered the incremental redundancy protocol
that reduces the BE loss. In [9], the author proposed a joint next-hop node and a relay node
selection (JNRS) protocol for wireless distributive multi-hop cooperative networks where the
main goal of JNRS is to reduce loss in BE.

The CCN has recently inspected as a potential way to improve unlicensed users capacity using
one of two approaches: cooperation between unlicensed users [10 - 11], and cooperation
between the licensed user and unlicensed users [12]. In [13 - 22], the relay selection methods
in underlay CCN are widely studied and the outage probability of decode-and-forward (DF) in
CCN with both proactive and reactive relay selection in underlay approach was widely
analyzed. More precisely in [23], the best multiple relay(s) selection method is proposed.
Where a relay selection method with a good trade-off performance of gain for secondary users
and loss for the primary user is proposed in [24]. In [25 - 26], the effects of both proactive and
reactive relay selection performance on Bit Error Rate (BER) are analyzed and studied in
underlay CCN. Recently in [27-30], the security performance with relay selection methods
under one or both of realistic operation conditions such as maximum transmit power constraint
for unlicensed user’s, or interference power constraint for licensed users are considered. The
performance analysis of optimal decode-and-forward (DF) relay selection for the full-duplex
(FD) mode in underlay cognitive radio (CR) networks is studied in [31], with the impact of
critical parameters such as the residual self-interference, the distributions of the received
signal-to-noise ratio (SNR) and the outage probability. In [32] an opportunistic two-way
full-duplex relay selection in underlay cognitive networks is inspected. A closed-form
expressions for the distribution of end-to-end signal-to-noise ratio (SNR) is provided, and the
theoretical closed-form expressions for various performance metrics, including the outage
probability of each link, lower bounds of both the derived outage probability and the symbol
error probability (SEP), and upper bound of the average/outage channel capacity, are derived.



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 13, NO. 11, November 2019 5337

However, to the best of our knowledge, none of the previous works investigated and improved
the BE of the CCN neither with reactive nor proactive relay selection. The contribution of this
work is summarized as follow:

e A reactive relay(s) selection method based on ARQ principles is proposed, named as
RARQ, and it is used with the CT and CCN for the first time.

e The BE is analyzed and improved in CT and CCN. Then, a formulation is provided to
show the effects of interference and power constraints on relay selection and BE.

e The BE with the multiple relays selection based on RARQ for the CT and CCN are
investigated, then we show the effect of the multiple relays selection under
interference and power constraints on the overall system performance.

o The BE of CCN is affected by the distance of the interference links which are the links
between the unlicensed transmitter to the licensed destination and unlicensed
transmitter relay to the licensed destination.

The rest of the paper is organized as follows: In Section 2, the preliminaries and description of
the CCN model are presented. In Section 3, the RARQ method is described for both
cooperative and CCN. In Section 4, the BE of a cooperative network and a CCN are derived. In
Section 5, the numerical analysis results are presented. Finally, the conclusions and
recommendations for future work are presented in section 6.

2. System Model description

For the clarified CCN model in this section, an licnsed user (LU) coexists with the unlicensed
user as shown in Fig. 1, where, LT,LD,UT,UR and UD represent a licensed transmitter,
licensed destination, unlicensed transmitter, unlicensed relay and unlicensed destination,
respectively, and we have M possible UR. In this paper, a cooperative decode-and-forward
(DF) method is utilized, and it works in two phases. In the first phase, UT makes transmission
to the M secondary relays and UD, then at the second phase, a relay(s) decodes the received
data, re-encodes it and then forwards it to a UD.

LT

ub

Unlicensed Users
Fig. 1. System description of CCNs
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For the considered slow fading (quasi-static) channels, let h; ; be a generic Rayleigh fading
modeled channel for any link and it is represented with zero-mean complex Gaussian random

variable and with variance ai_zj. Therefore, the squared channel gains (|hi_j|2) are modeled
with the parameter § = 1/01-?]- = df} [33, 34], d;; is the distance between node i and , and p

is the path-loss exponent. In what follows, we denote the links UT — UD, UT — UR,

UR —UD,UT — LD and UR — LD by hgq, hgy, hrg, hgp and by, respectively.

3. Cognitive Cooperative Networks

The DF scheme under consideration is summarized as follows. In the first phase, the source
broadcasts the data to all the relays including the destination. If a relay decodes the received
data correctly, the data is re-encoded; otherwise, the relay remains silent. In the second phase,
the relay retransmits the encoded data to the destination. Moreover, if more than one relay
decodes the received data correctly; multiple signals of the data will be retransmitted to the
destination. The relay selection method used in this work which is reactive relay selection,
named as Relay Automatic Repeat Request (RARQ).

In this work, if the direct transmission (DT) fails to deliver the data packet to the destination
correctly, the selected relay(s) forwards the data packet, which was transmitted from the
source to the destination. The proposed RARQ method comprises of two cases:

Casel: If the link quality of h,; is better than the qualities of the maximum of the
minimum hg, and h,4 links, then DT is used and destination sends a positive ACK to the
relay(s) to keep them silent. This mode is expressed as:

D =: hmax < hsa; hmax = arg Elji(m min {hg , hra} ey

Cases2: If the link quality of hg,is worse than the qualities of the maximum of the
minimum hg, and h,.; links, then the destination sends back a negative ACK to the relay(s),
and the best relay forwards the received data to the destination. This mode is called CT
mode, and it expressed as:

0 =: hmax > hsa; Pmax = arg %m min {hs , hyq} (2)

The selection criterion is (which is given as h,,,, ) depends on the maximum of the minimum
of the links quality of hy, and h,.;, where m = 1,2,3, ...., M is the relay number.

In this paper, the underlay approach is taken into consideration, in which the power of UT is
not exceeded interference threshold, I;,, where I;4 is the maximum tolerable interference
level on LD [3]. Thus, the transmission powers of UT and UR can be limited by considering

the I . Where, Iy = Ig, = |hsp|2-PUT is interference power from UT to LD and
Ithg = Irp = |hrp|2 - Py is interference power from UR to LD. Therefore, the maximum
power can be transmitted from UT is Pyr < Iipa /|hsp|2 , and the maximum power can be

transmitted from UR is represented as Pyr < Iipg / |hrp|2. Consequently, the maximum
transmission powers are given as:

2
Pyr = Ina /|hspl for  Pmax <ltna ®)
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And
2
Pyr = ltha /lhrpl for Prrl{gx < ltna- 4)

Where, PYT. and PUE, are the maximum transmission power from UT and UR. In this paper,
the channel gains of h,,, and hg, are assumed to be equal, so the B, is also equal to BY&,.
To this end, the selection criterion should be redefined while considering both the interference
and the maximum power constraints. Thus, the Case 1 of the RARQ method under power and
interference constraints are defined as:

@ =: hrCnCax < hgq 5)

Case 2 of the RARQ method under power and interference constraint modeled as:

Q =: hrCnCax > hgg (6)
In which the hSS,, is expressed as
hrCnCax =arg Elji(m min {(Ithd/hsp) *hg (Ithd/hrp) “hra } 7

Where, hSS,, is the maximum of hg, and h,.; under power and interference constraints for
CCNs.

4. The Bandwidth Efficiencies

4.1 Bandwidth Efficiency of Cooperative Networks

In this subsection, the average BE of the CT with RARQ method has been derived. Laterally
BE of the CCN is derived and formulated. The BE is a number of slots or sub-channels
required to transmit single data packet over DT divided by the number of the of slots or
sub-channels required to transmit single data packet over CT. Where, If M relays participated
in cooperation, then (M + 1) slots or sub-channels will be used to transmit single data packet
from the source to the destination in the CT. Therefore, the BE of the CT, BEpr, will be
denoted by 1/(M + 1) , then the BE of CT , BE.r, is given as BEp /(M + 1). The average
BE with RARQ is expressed as [8].

BEgia = PB(9) + 0.5 P.(9) (8)

in which @ and @ are the events of DT and CT, respectively. P.(®) is the probability of DT,
0.5 P.(@) = 1 — P.(9) is the probability of CT, the multiplication of B.(@) by 0.5 is due to
the half-duplex mode. The probability of DT is expressed as

PT(Q)) =P (hmax < hsd) = thax (hsd) €))
where B. (hyq < hgq) IS the cumulative distribution function of DT. Considering the RARQ

method, the best relay selection bases on the max-min qualities of hg, and h,.4 links, and they
are represented as exponential random variables with &, and &§,; parameters. Hence,
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Py, .. (hsq) is expressed as [9]

thax (hsa) =1 —exp(—(8sr + 6rq) * hsa), (10)
1 1

Pp,or (hsa) =1 —exp ( - (U_z + J—z> : hsd) (11)
ST rd

The average cumulative distribution function is expressed as [8]

[oe]

PRV (hyy) = j Pr (hsa) -Proy(hsa) dhse (12)
0
PE (h) =1 1<<1+1>+1>_1 (13)
fmaz sd Uszd Uszr Grza Uszd

Then, using eq.8, the average BE with RARQ method can be re-written as

BEgSes = PR (heg) +0.5 (1= P& (hyg)) =05 (1 + PR (hy)) (14)

Then by inserting eq.13 into Eq.14, we directly obtain

-1
0.5 1 1 1
sugi=1- 2 (2 e )+ 2) -
Rare Uszd o5 Urzd Uszd

Here, eq.15 represents the expression of the average BE of a CT with the RARQ method. The
RARQ method is improved the BE, by selecting the direct transmission if the channel gain of
UT — UD is better than the channel gain of max-min of the UT — UR and UR — UD, and this
makes BEg o better than BEcr.

It is obvious that, if the channel gain of the UT — UD link is much better than the max-min
channel gains of the UT — UR and UR — UD links, the BE approaches to”1”, because the
probability of the DT is increased. However, if the channel gain of the UT — UD link is much
worse than the channel gain of max-min channel gains of the UT — UR and UR — UD links,
the BE approach to 0.5 that is because the probability of CT is high. The RARQ method in the
CT for determining the best relay node is given in Table 1.

Table 1. RARQ Method Description in CT

Require: (hgy, hy, , h,q and h,,,,)

01 begin
02 Collect the channel gains of hyy , hy, , h,q and evaluate hy,q,
03 for each relay node m in the secondary cooperative network

04 hyq and h,,,, are determined
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05 endfor

06 if Npax < hgy, then

07 destination sends +ACK;

08 Best relay node keeps silent and drops what received from the source;

09 Else if hypey > hey, , then

10 destination sends -ACK; then

11 Best relay node sends to destination whatever it has received from the source ;
12 endif

4.2 Bandwidth Efficiency of CCNs

In this subsection, the average BE of the CCN considering the power and interference
constraint is derived. For our convenient, before driving Ppee (hgg), let’s redefine h$S,, (7)
as

I I
hec thd  lthd } (16)

= arg max min {—y —2Z
max )
——
X w

where x and y are independent random variables. Then Ppee (hSS, > hgy) is expressed as

1 1
Puse,, (ifax > hsa) = Pogg, (M2 > hsa).Pagg, ("2 > hsa) (17)

X w

. . 1 .
for our convenient, hy is assumed to be equal t0 Ppayx. SO, Pycc (%y < Pmax) is
expressed as

Pmax
I x=c0 Ithd
Prgg.. (%3’ < Pmax) = J f fxy(x,y) dy dx, (18)
fr
Pmax
I x=00 Itha *
thd
Ppcc (Ty < Pmax) = J J 0y 6y exp (—(x&x + yé, )) dy dx. (19
Ithd ., ¥y=0

Pmax
The average probability of DT is expressed as (see appendix )
-1 -1

o2 1 g2 1
per, cpmax>=1—(% +1) <— +1> 20)

o Pmax Ord Brax

Then the average BE under interference and power constraint is expressed as



5342 Hameed et al.: Improvement of Underlay Cooperative Cognitive Networks Bandwidth Efficiency

0%, 1 “od 1 -
av,CC __ Sp thd rp thd

The expression of the average BE under interference and power constraints given in eq.21 that
is completely different from the expression given in eq.15. The average BE of CCN is

governed by channel gains of the UT — LD, UR — LD links and Iynq/ Pmax - BEfaxg

approaches to 1 as the I, approaches to oo and B, approaches to 0. Furthermore, BE}?Z'}-SQC

approaches to 0.5 as the I;,4 approaches to 0 and B,,,, approaches to . Table 2 gives the
description of the RARQ method in underlay CCN under interference and power constraints.
The BEg 5, is summarized in two scenarios,

Scenario 1: it is a situation that the UT and UR are located close to LD. The transmission
power of UT (Py;) towards the UR and the transmission power of UR (Pyy) towards the UD
should be less than I, that it results weak signal-to-noise ratios of the UT — UR and
UR — UD links and it is increased the probability of DT and the BE,?X',% increased.

Scenario 2: it is a situation that the UT and UR are located faraway to LD. The transmission
power of UT towards UR and the transmission power of UR towards the UD will not be
limited by I;j,, and this results a better signal-to-noise ratio of the UT — UR and UR — UD
links, and it is reduced the probability of DT and the BEg ;%5 minimized.

Table 2. RARQ Method Description for CCN

Require: (g, hyg By s By s Lings Py @nd hEE)

sp o p s

13 begin

14 Collect the channel gains of kg, , h,,, and interference threshold I,,4

15 Evaluate maximum power such that B, < Itpa

16 for each relay node of totally m relays in the secondary cooperative network determine
(Utna/hsp) X hsr)max and (Uena/hrp) X hra)max

17 then

18 determine hSC,,

19 endfor

20 if hSC, < Poax then

21 destination sends +ACK;

22 ( Best relay node keeps silent and dropped what received from the source);

23 else if hSS,, > P4y, then

24 destination sends -ACK;

25 (Best relay node sends what received from the source to destination);

26 endif
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Proposition: Given the average BEgjg, for a cooperative network under RARQ, the BE for
multiple relay selection (BE,’&RQ) for cooperative network can be re-defined as:

M -m
My D™/[1 1 1
BEZ M =1+ E ( ) S+ |+ 22
RARQ m/ 20 0% ok) 0k (22)

m=1

Proof: where it is assumed for the convenient that all the links have equal gains such
that, by, 4 = hyq, hs,, = hg, and h, ,, = h,,. By this assumption, the BE,?Z',Q’(’? of

multiple relays selection can also be defined as follows:
M -1
aw 1 1 1 1
Phimax (Nsa) = 1_[ l-—\ |zt )t = (23)
m=1 sd N rd sd

M
P (noy) =1 1<<1+1>+1>1 24)
fimax 2754 Uszd o& Urzd Jszd

Then, applying the binomial series (1 —x)™ = 1+ X3 _, (M) (=1)™ x™ [35, eq. (1.111),
p. 25], we obtained eq.22. Now, the same steps can be applied on eq.21 to obtain the BE for
multiple relays of CCN (BEg,x5™) as:

M -1 -1 m
1 M o2 1 |
BEZVCEM = 1 +—2 ( ) —Dm( (=2 e q) (22 g 25
RaRQ 2m—1 m ( ) Uszr Prax 0'1?(1 Prax ( )

5. Numerical Results

In this section, we aimed to prove the evaluated analytical results (for the BE performance in
underlay CCN under interference and power constraints) of RARQ method over slow
Rayleigh fading channels. We used a common model for the path-loss (fading variances),
where we set aizj x di_jp , the d;; is the distance between node i and j , and p is the path-loss

exponent and it is set to 3. In what follows, we denote the links UT — UD, UT — UR,
UR —UD,UT — LD and UR — LD by dyq,ds, drg, dsp and d,., respectively.
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—&— Direct transmission (DT)
—=— CT and CCN without RARQ
—— CT with RARQ, dsd =1.25

—&— CT with RARQ, d_ =1.75
—#— CCN with RARQ.d =1.25.d =1.25.1 /P =0dB
—&— CCNwith RARQ. 4 = 1.75.d_=175.1; /P —0dB
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Fig. 2. Comparison of bandwidth efficiencies of CT (with and without RARQ), CCN, and direct

Fig.

transmission with inter-node distances.

2 Shows the BE versus inter-node distance. In this figure, the x-axis denoted the distance

of UT —URand UR — UD links, and they are varied from 1 to 2. The important results
appeared in the figure are summarized as follows:

1.

2.

The BE of the direct transmission is always one that it is because a single time slot or
sub-channel required to transmit single data packet.

The BE of the CT and CCN is always 0.5, that it is because two time slots or
sub-channels are required to transmit a single data packet.

The BE of CT with RARQ at small distance of the UT — UD (dg4 = 1.25) is better than
the BE for large distance of the UT — UD (ds4 = 1.75), that is because as the distance of
UT — UD link decresed and distance of UT — UR and UR — UD links increased, the
probability of direct transmission increased which improved the BE.

The BE of the CCN with RARQ is better when unlicensed cooperative network located
near to licensed network for fix Ipq/Prax (= 0dB)and at distance of UT — LD (ds,

=1.25)and UR — LD (d,, = 1.25), that is because the direct transmission probability is
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increased which consequently increased the BE. The direct transmission probability
increased due to transmission power constraint from the UT to UR and from UR to UD.
5. The BEs of the CCN and CT with RARQ are increased as distance between UT — UR
and UR — UD links increased.
6. The BE of the CCN and CT with RARQ are better than CT without RARQ.

—&— Direct transmission
—=— CT and CCN without RARQ
—s%— CCN with RARQ, lmd/P =5dB

max
—o— CCN with RARQ, Ilhd/Pmax =-5dB
—— CCN with RARQ, lthd/Pmax =-10dB
CCN with RARQ,I /P =10dB

thd = max

0.9

e
%0

Bandwidth Efficiency
=)
“

Improvement in the BE of
CCN

0.6 100{% g

0.5

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
Inter-node distance

Fig. 3. Comparison of BE of CT (with and without RARQ), CCN, and direct transmission with
inter-node distances

Fig. 3 shows the BE versus inter-node distance. In this figure, the x-axis denotes the distance
of UT —UR and UR — UD links and they are varied from 1 to 2. Further, we set the
UT — LD (dsp = 1) and UR — LD (d,, = 1) and they are fix. The important results appeared
in the figure are summarized as follows:
1. The BE of direct transmission is one and CCN without RARQ is 0.5.
2. Forthe large I/ Pnax (= 10dB), the BE of CCN with RARQ is approached the BE of
direct transmission.
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3. For low 11,4 /Pnax (= —10dB), the BE of cognitive cooperative with RARQ is less

compared to low I;;4/Pnax (= —5dB,0dB,5dB and 10dB).
4. RARQ method achieved better performance compared to traditional CT.

—<— Direct transmission

—8—CT and CCN without RARQ, M =2

—&— CT and CCN without RARQ, M =3

—#—CT with RARQ, M =2

—<— CT with RARQ, M =3

—p— CCN with RARQ, dsp =1.25, drp =1.25, ]thdfpmax =5dB,M=2

—=z— CCN with RARQ, dsp =1.75, dm =1.75, Ithd/Pmax =5dB,M=3

Bandwidth Efficiency

0.6
Improvement in the BE of
CT and CCN 20p %
05 1421% N
300 %

04 —

b—8—HF8 85888 8 5858888588868+
03 248 % -

( Ay Ay Ay Ny Ny Ay Ay
02 .

1 1 1 1 | | | 1 1
1 1.1 1.2 1.3 14 15 1.6 1.7 1.8 1.9 2

Inter-node distance

Fig. 4. Comparison of BE of CT (with and without RARQ), CCN, and direct transmission with
inter-node distances.

Fig. 4 shows the BE versus inter-node distance. In this figure, the x-axis denoted distance of
UT — UR and UR — UD links and they are varied from 1 to 2. Further, we used multiple
relays to help UT. The important results appeared in the figure are summarized as follows:

1. The BE of the CT for M = 2 is 0.33, because we used two time slots or sub-channels for
relaying the data packet pulse signal time slots or sub channels for direct transmission,
thusthe BE= 1/(1+ 2) = 0.33.

2. BE for M = 3is 0.25, that is because, we used three time slots or sub-channels for
relaying the data packet pulse signal time slots or sub-channels for direct transmission,

thus BE = 1/(1+3) = 0.25.
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w

For large M, the BE of CT and CCN with RARQ are low.

4. If the unlicensed network located near or far from licensed users and for large 1154 /Prax
(= 5dB), the BE of CCN with RARQ is better than BE of CT for M = 2 and M = 3.

5. RARQ method achieved better performance compared to traditional CT for multiple

relays.

—8— Direct transmission (DT)
—=— CT and CCN without RARQ
—4— CCN with RARdeqp = drp = dsd

—e—CCNwith RARQd, =d =24,

—z— CCN with RARQ,dSp = dl_p =3 dSd
CCN with RARQ,d =d =4d

sp p sd

|1 ——FF—F—F—F—+

i

) — ) = e
= = = == ==

[l = e = [} = [ rg
== =) T
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o]

Bandwidth Efficiency
e
-~

0.6

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
Inter-node distance

Fig. 5. Comparison of BE of CT without RARQ, CCN, and direct transmission with inter-node
distances.

Fig. 5 shows the BE versus inter-node distance. In this figure, the x-axis denoted distance of
UT — UR and UR — UD links and they are varied from 1 to 2. In this figure, the distance of
the UT — UD issetto 2 and I;,4/Pnax = 0dB. For the CCN, we have increased the distance
of the UT — LD and UR — LD links gradually from 1 times to four time. As we can see, the
BE of the CCN is reduced as the distance of the interfere links, UT — LD and UR — LD links.
That is because, as the distance of the UT — LD and UR — LD links increases, the probability
of the cooperative increase as well which result reducation in the BE.
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6. Conclusion

This work analyzed and improved the BE of underlay CCN under interference and power
constraints using proposed reactive relay selection over slow Rayleigh fading. At first, BE
expression for CT with RARQ method is presented. Then, the BE expression for the CCN is
presented with RARQ method in the underlay approach. As a result of the work, it is shown
that the BE of CCN is directly affected by the gain of UT — LD and UR — LD links. The result
showed, as the unlicensed users located far away from the LD, the BE reduced and vice versa.
In addition, the BE of CCN is directly affected by the interference threshold, where the result
showed, as threshold increased, the BE of CCN increased as well. Furthermore, the BE is also
examined under multiple relays scenario, and the results showed that the BE of CCN with
RARQ method decreased as the number of relays increased.

In the future, the BE in underlay CCN under interference and power constraints with
proposed RARQ and next hop selection can be studied and analyzed.
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Appendix

In this appendix the probability of direct tansmission of CCN under interference constraint is
derived. Let assume = o, , b = 0y, hey =¥, hgy = X, Ry = Itpa/Prax aNd Ry = Bpax/Itha-
Where, R, and R, are real non-negative number. Then, the probability is written as:

X=00 sz
Itha _
PhrCnCax Ty > Prnax | = fX,Y(x:y) dy dx (27)
R1y y=0
xX=00 sz
p Itha _
he,. Ty > Phax ] = a bexp(—(ax + by)) dy dx. (28)
Ry y=0

Taking intergration with respect to y, we obtain

Ry x Ryx
J a bexp(—(ax + by)) dy — aexp(—ax) f bexp(—by) dy (29)
y=0 0

This yield to


https://dx.doi.org/10.1109/glocomw.2014.7063611
https://dx.doi.org/10.1109/icc.2015.7249502
https://dx.doi.org/10.1109/lwc.2014.2365808
https://dx.doi.org/10.1049/iet-com.2017.0445
https://dx.doi.org/10.1109/tvt.2014.2368584
https://dx.doi.org/10.1109/jsyst.2016.2514601
https://dx.doi.org/10.1093/comjnl/bxs130
https://dx.doi.org/10.1109/twc.2017.2739142
https://www.mathtable.com/gr/

KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 13, NO. 11, November 2019 5351

sz

a exp(—ax) f bexp(—by)dy = aexp(—ax) (1 — exp(—bR,x)), (30)
0
Inserting the result in (), we obtain

1
Pt (51 > s

x=00

xX=oo
= j aexp(—ax) dx — J aexp(—bR,x —ax) dx. (31
R1y Rly

We evaluate first term of the integral:
X=o00
aexp(—ax) dx — exp(—aR;y) (32)
R1y
We evaluate 2nd_term of the integral :

x=00

f aexp(—x (bR, + a)) dx (33)
Ry y

Letassumeg =a+ bR, - a=g— b R,, we obtain

X=00 e}
f (g — bRy)exp(—x g) dx — f(g exp(—xg) — bRyexp(—xg))dx  (34)
Rly Rly

Then,

v bR
f (g exp(—xg) — b Ry exp(—xg)) dx — exp(—gR,y) — 72 exp(—gR1y) (35)
Ry

Hence, using first snd second term of integration, we obtain

Itha _ bR,
Prge (7 Y > Pnax) = exp(=aRy y) — exp(—gRyy) + v exp(—gR1Yy),

Itha _ bR,
Pt \ T ¥ > Pnax) = exp(=aRy y) + (== =1 ) exp(=gR,y) (36)

Taking the average with respect to random variable y, we obtain [32,9]
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Itha
Phr(-;l%x Ty > Pmax p()’)dy (37)
0
Where, p(y) is the probability density function, and it is given as

1 1 -
p(y) = ~€xXp <—G— y) (38)

y y

The average probability is given as:

(b R,
Itha 1 g

p (— >P ) - + 39
hiiiax \"x Y max (aRl gy + 1) (gRl gy + 1) (39)

Where gy, =1/b, hence

(b Ry 4
Itha 1 g
Ph,cncax <_y > Pmax) = + (40)
x CEDIC AN
Letassume =1 /oy, ,d =1 /0,,hpq = 2, hypy = W,
dR, )
—2-1
Ppcc (Itﬂz > Pmax) = ch + ( :?R (41)
i EEDNC D
Where g* = ¢ — dR,. Therefore,
v G (G
Picc (Pmax) =1-— + + (42)
Rinax ~ ™ax a R4 gRq c Ry 9 R,
(r+1) G+ \Grr) (g +)
Where, for large R,
(bR2_1> (dRZ_l)
g g’
r — =0 (43)
9B g'Ry
(Bt +1) (I +1)

Hence,

0% 1 (o}, 1 -
P;:gi%x(Pmax)zl_(O_—szp - +1> (ﬁ e +1> (44)
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