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ABSTRACT Dynamic Spectrum Access (DSA) technology in wireless Cognitive Radio Networks (CRNs)
provides opportunistic access for unlicensed users, also known as Secondary Users (SUs), which can offer
huge bandwidth to enable future wireless communication. Mainly, this technology aims to improve the end-
to-end throughput by allowing SUs to exploit the licensed channels only when their licensed users, also
known as Primary Users (PUs), are not using them. Most existing communication protocols designed for
CRNs are based on the assumption that the channel availability time is considered based on a memory-
less distribution for PUs arrivals. Unfortunately, this assumption is impractical because the PU channels’
activity and availability are memory-time correlated. Worse yet, designing communication protocols for
CRNs under this assumption can result in overestimating the Probability of Success (PoS) for SU packet
transmissions, resulting in severe degradation in network performance in realistic scenarios. This paper
derives a closed-form formula under memory-time correlation for channel availability that quantifies the
PoS for SUs’ packet transmission in CRNs. This will empower the network designers to get practical
expectations about network efficiency rather than the overestimated PoS. Therefore, this work is also useful
for emerging wireless networks with multi-hop routing, such as 5G, 6G, vehicular networks, etc., which
incorporate DSA techniques. Our numerical and simulation results demonstrate that the PoS is overestimated
in most of the literature due to adopting memoryless-based distribution in modeling channels’ availability;
such overestimation can impact communication protocol decisions, resulting in severe network performance
degradation.

INDEX TERMS Primary users, secondary users, the Internet of Things, probability of success, memory-
based distribution.

I. INTRODUCTION

Dynamic Access Networks, also known as Cognitive Radio
Networks (CRNs), have recently received huge attention due
to their capability to efficiently utilize the available spectrum
bands in the future generations of large-scale wireless net-
works such as Internet of Things (IoTs), 5G, and 6G. In these
networks, users are deployed on a large scale. Thus, a huge
spectrum of resources is needed. The Cognitive Radio (CR)
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technology is proposed as a solution to this problem, in which
the unused spectrum bands of the licensed users, known as
Primary Users (PUs), are opportunistically exploited by the
unlicensed users, known as Secondary Users (SUs), which
results in increased network throughput [1], [2], [3], [4].
CRNs are based on the so-called Dynamic Spectrum Access
(DSA) techniques, in which the SUs must switch between
the available channels when their associated PUs becomes
active. In other words, if the PU of the currently used chan-
nel by the SU becomes active again, the SU must vacate
this channel immediately and switch to another available
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channel [5], [6]. CRNs have unique operation requirements,
including spectrum sensing, channel assignment protocols,
routing mechanisms, and routing protection [7], [8], [9], [10],
[11], [12].

Different spectrum sensing techniques were developed
in CRNs [13], [14], accurate sensing is a major factor
that ensures the proper channels selection for SUs, hence,
more stable multi-hop routing. Moreover, the accurate sens-
ing decision reduces the number of channels switching for
SUs along the transmission hops, thereby, the end-to-end
transmission time is reduced, i.e., throughput is increased.
Moreover, CRNs require should be aware about jamming by
malicious attackers that interrupt SUs transmission, hence the
end-to-end throughput is negatively affected. Thus, different
protection protocols were developed to protect the SUs trans-
mission [15], [16]. On the other hand, sometimes the channels
are heterogeneous in terms of capacity, interference, harmful
environmental noise, etc. Thus, a special attention is needed
to assign channels efficiently to SUs such that the end-to-end
throughput is [17], [18].

The nature of wireless communication networks is, in gen-
eral, characterized as multi-hop multi-channel networks.
In Cognitive Radio-IoTs (CR-I0Ts), the selection of a route
and its associated channels is crucial for the network per-
formance [19], [20]. The proper route and channel selec-
tion results in reducing the end-to-end packet transmission
delay. In fact, route selection and channel assignment is a
very challenging task in multi-hop CRNs [21], [22], [23].
In such networks, the route and channel assignment should
be performed such that the end-to-end Probability of Success
(PoS) for SUs’ packet transmission is maximized.

Most existing communication protocols designed for
CRNss are based on the assumption that PU arrival (i.e., busy
and idle channel states) are memoryless or have no time
correlation. While this assumption cannot satisfy the realistic
scenarios in which channel availability is memory-time corre-
lated. Worse yet, wrong routing and channel assignment deci-
sions can negatively impact the overall network throughput,
especially under highly correlated PUs activities across time.
Therefore, there is a need to consider the end-to-end time cor-
relation for the channels’ availability in deriving the PoS and
selecting the operating routes and channels. The derived PoS
metric should be used for designing channel assignment and
routing protocols for CR-IoT networks. In other words, when
a route is selected based on channel availability along its
communication hops, these availability statuses may change
during the routing time. Thus, the PoS under the memory-
less assumption is overestimated. Therefore, in this work,
we are motivated to derive a closed-form formula based on the
memory-time property of channel availability. Our derived
formula captures the memory-time property of channel cor-
relation. Thus, the actual PoS of SU packet transmission can
be found.

In this work, we evaluate our derived PoS formula through
simulation. The derived expression reveals that PoS is over-
estimated when the traditional formula is used because it
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assumes a memoryless-time correlation of channel availabil-
ity. In this work, our main contributions are summarized as
follows;

o Deriving a closed-form formula based on the memory-
time property of channel availability to capture the time-
correlation for channels’ availability process.

o Capturing the actual PoS for packet transmission by
utilizing our developed closed-form formula.

o Evaluating our derived PoS closed-form formula
through simulations under multi-hop routing scenarios.

o Demonstrating that using the traditional formula
that assumes a memoryless-time correlation of chan-
nel availability overestimates the PoS for packet
transmission.

The remainder of this paper is organized as follows:
Section II discusses the related work, and the system model
is introduced in Section III. The derivation of the closed-
form formula for the PoS of packet transmission under the
memory-correlation assumption, using the derived formula in
multi-hop multi-channel routing in CRNs, and an illustrative
example are discussed in Section IV. Section V presents the
performance evaluation, including numerical evaluation in
addition to simulation results. Finally, the conclusions are
summarized in Section VI.

Il. RELATED WORK

A probabilistic approach for selecting an idle channel is
proposed in [24] that requires the channel’s state information.
In their work, the problem of keeping re-sensing the same
channel while searching for the newly available channels is
resolved in the proposed approach. Moreover, the authors
developed a concurrent sensing and spectrum prediction plat-
form to enhance the SUs throughput. A cooperative spectrum
sensing model based on the Rayleigh fading channel and
the non-fading AWGN channel is proposed in [25]. This
model evaluates the probability of success for idle spectrum
detection. Also, a medium access control protocol based on
time slotting is proposed for cooperative spectrum sensing in
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CR ad-hoc networks [26]. In this model, the probability of
success for SUs and PUs is found based on the PU’s coverage
radius, transmission distance, and the number of SUs in the
area.

Authors in [27] derived the cumulative distribution and
probability density functions for the needed packet transmis-
sion time. Moreover, an adaptive SUs power transmission
technique is developed. Also, in [28], an approximate expres-
sion is found for the probability of packet transmission error
in the cooperative communication of CRNs, where the devel-
oped model is based on queuing theory. Moreover, an approx-
imate expression for the probability of packet transmission
error is derived in [29] for SUs communication, in addition to
providing an evaluation for the overall throughput and delay.
The proposed model operates under both fixed and adaptive
power transmission.

Unfortunately, the PoS for packet transmission in all
the aforementioned related work is evaluated based on the
assumption of memoryless-time channel correlation. In other
words, they assumed a memoryless arrival distribution for
PUs, e.g., exponential distribution, which implies that the
channel’s availability time also follows a memoryless distri-
bution. Unfortunately, this assumption is impractical because
the channel’s availability across time is correlated (i.e.,
memory-time correlation) [30], [31], [32]. Thus, our main
motivation in this work is considering the memory-time chan-
nel correlation when assigning channels in multi-hop multi-
channel routing. Therefore, a memory-based distribution is
used in our analysis when we derive the closed-form formula
for the PoS for packet transmission. The derived PoS formula
is used for selecting the channel with the highest PoS when
assigning channels in multi-hop routing in CRNs or dynamic
access networks.

To the best of our knowledge, this is the first work for deriv-
ing a closed-form formula for the PoS of packet transmission
in dynamic spectrum access networks. Our derived formula
gives the actual PoS, which will help the network designers
model and operate the network based on a realistic evaluation
to meet the quality of service requirements effectively.

IlIl. SYSTEM MODEL

We consider an IoT-CRN environment consists of a group of
PUs, IoT devices, and a set of channels. The IoT-CRN can
coexist with different types of licensed networks, e.g., cellular
networks, as depicted in Figure 1. In this network model,
IoT devices represent the unlicensed users or the SUs that
can co-exist with the licensed users or the PUs. The cellular
network consists of base stations providing access to their
PUs using their licensed channels. On the other hand, the
IoT devices act as ad-hoc multi-hop wireless networks when
establishing communications links (i.e., no central controller)
based on the availability of licensed channels. The PUs’
channel availability states are “ON”’ and “OFF” and are
generally distributed; the “ON” state means the channel is
currently busy, while the “OFF” state means the channel is
currently not used by the PUs. We assume the IoT devices
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use suitable sensing strategies that mainly depend on the
cooperative sensing techniques and the usage of a common
control channel for control packet exchange [1], [2], [3], [4].

The IoT-CRN requires a multi-hop route when delivering
packets; thus, when a route is established between a source
and a destination IoT device, all candidate routes should be
explored, and the one with the highest throughput (i.e., the
highest PoS for packet transmission) is selected. It is assumed
that a channel assignment strategy that selects the channels
over hops that gives the highest PoS is adopted. Therefore,
a PoS metric should be adopted to assess the overall PoS
for each candidate route and select the route with the highest
overall PoS.

The used PoS metric or formula for packet transmission
must be based on a memory-time correlated model to capture
the actual remaining time for a given channel. For example,
assume the actual available time for a given channel is 50 ms.
Let this channel availability starts at time ¢; however, it is used
by the SU at a later time, #+ A¢, say At = 20 ms. The remain-
ing idle/residual time is 50 — 20 = 30 ms. Thus, the residual
available time is only 30 ms, not 50 ms. Hence, the required
packet transmission time using this channel must be less or
equal to 30 ms in order to have a successful transmission.
This fact can be reflected by considering a memory-based
distribution for the time of the channel’s availability.

IV. THE PoS ANALYSIS

At each hop along the selected route, the SUs select the chan-
nel that produces the highest data rate/capacity. Channel’s
capacity depends on its bandwidth, transmission power, envi-
ronmental noise, etc. Due to the special nature of CRNS as it
is based on DSA techniques, where the available transmission
time of a channel, say channel i, is based on its average
service/available/idle time, denoted as u;, (idle time means
when the PU is not transmitting over this channel, which
is actually the available time for the SU for transmitting).
Thus, the PoS for packet transmission by SUs depends on the
available time in addition to the needed packet’s transmission
time. In general, the PoS for packet transmission over channel
i is defined as follows;

Pos® = P, [x® < T 1. (1)

where PoS®, tx® and Ti(;;e denote the PoS for packet trans-
mission, needed transmission time, and available/idle time
over channel i, respectively. While tx® = %, where R®)
denote the data rate of channel i and D denote the packet size.

Consequently, a higher service time and/or data rate
increases the PoS. In other words, selecting one of the avail-
able channels over a given link depends on the transmission
time and the channel’s average service time. Therefore, it is
possible to select a channel with a lower data rate rather than
a channel with a higher data rate because its average idle time
is greater. When the average idle time is higher, the PoS for
transmitting one instance of a packet without interruption by
the PU activity increases.
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A. PoS FORMULA UNDER MEMORY-TIME CORRELATED
CHANNEL AVAILABILITY

The formula used, in most of the existing literature, for eval-
uating the PoS for a SU’s packet transmission, over an idle
channel i, is based on a memoryless-based distribution, where
it is assumed that the PUs arrivals have a memoryless-time
correlation. Specifically, for channel i, the idle duration was
assumed to be an exponentially distributed random variable
with an average idle duration of 1;. Based on this assumption
and by substituting the CDF of the exponential distribution

D

of the idle time [33] (i.e., FT<,) @y = 1 — ¢ i,
(i denote channel i average idfe time that can be measured
empirically [34], [35]), the PoS @ can be derived as:

memless

where

P OSr(rlllmless =P, [Tt(c;;e = t)gl)]
=1- FT:((Ee t(l))
o
=1—-(0—-e #)
&
=e Wi, 2)

Definition 1 (Channel’s residual time): Itis defined as the
remaining time from the available/idle time at this channel
before its corresponding PU becomes active (the residual time
is less than or equal to the idle time).

The remaining channel’s time is based on its availability,
i.e., the residual available time is memory correlated [30],
[31], [32]. Consequently, we derive the PoS for packet
transmission based on the memory-time correlation of the
channel’s availability, in which the recent activity of this
channel is captured. A more accurate assessment is produced,
reflecting the practical activity over this channel compared
to memoryless-based PoS evaluation. Thus, a better decision
can be made when selecting the operating channels.

The author in [36] proposed a general-form equation that
finds a formula for the CDF of residual time (thls tlme can
be used for packet transmission), denoted by F’ (tx ) based
on the CDF of the idle time, denoted by Fr,,,(¢) are given,
as follows;

¥O)
. * (1 — Fr,,(1))dt
ot = 200 e 3)
i
In general, the packet is transmitted successfully over a given
channel, say channel i, if and only if its transmission time,

¥ is less than or equal to the remaining channel’s idle

Iy :
time (the residual time), denoted by Tr(l). Hence, the PoS for
SU’s packet transmission over channel i can be expressed as
follows;

PoSV = P(TY > 19y =1 — F,(t?). )

To proceed with our analysis for the PoS and without
loss of generality, we assume that the channels’ availabil-
ity time for each PU channel follows a memory-based dis-
tribution, specifically, the chi-squared distribution [30],
[371, [38] (unlike the exponential distribution, which has the
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memoryless property). The memory property allows captur-
ing the channel’s availability distribution over the routing
period/timeline in multi-hop routing in CRNs.

To find the PoS for SU’s packet transmission under a chi-
squared distribution, denoted by PoSy,em, we first find the
CDF of the idle time distribution that depends on the memory-
based chi-squared distribution, denoted by F}'Z]’:‘(t)(f) ). Let
f(t, k) denote the chi-squared distribution’s probability den-
sity function (PDF), where 7 is a positive real number, and & is
a positive integer number that denotes the degree of freedom.
In our proposed model, ¢ and k variables are mapped to t)(cl)
and u;, respectively. Hence, the F gjl’:’(txl)) for channel i is
found as follows;

I tl
i\z-7) )
NG
where y denote the lower incomplete-gamma function and I'
denote the gamma flll’lCthl‘l

P =

&)

The term y (4 2, 2) was defined in
follows;

[39] and [40] as

(l) Q

r( i )—/2 £l g 6)
0

By using the table of integrals [41], the integral in (6) is
equivalent to the following expression;
(@)

Wi Iy

r(%) -r5 5 %)

In addition, it was shown that the term F(%) in (5) can be
rewritten as follows [42];

= (ﬂ — 1)l ®)

Finally, by substltutmg the expressions found in (7) and (8)
into (5), F ’"em(tx ) can be expressed as:

rg) —y(4, )
mem (i) 2 2
Tidre ") = (% -

©))

Second, we find the CDF of the residual time under
memory-based channel avallablhty distribution (chi-squared
distribution), denoted by F (tx )mem> DY substituting the
obtained CDF of F. ’"””(txl ) found in (9) into (3) and evaluate
its associated 1ntegrat10n a closed form expression for the
memory-based CDF for F, (tx )mem is obtained as in (10),
shown at the bottom of the next page. Fmally, to find the PoS
for packet transmission at channel i, PoSmem, substitute the
F, (tx )mem expression that is found in (10) into (4). Hence,
it becomes as follows;

PoSW =1 — Fp(tD)em. (11)
B. PoS AND ROUTING IN CRNs
The main issue in performing efficient routing in multi-

channel multi-hops CRNSs is how to find the route along with
its associated channel assignment such that the end-to-end
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FIGURE 2. An illustrative example scenario.

PoS is maximized. We assume that the dynamic decode-and-
forward mechanism is used for routing packets where the
packet is forwarded to the next hop only when it is success-
fully decoded, as this allows to avoid the error propagation
effect in multi-hop routing [43], [44]. This mechanism has
been previously used in [33], [45], and [46] for multi-hop
routing. Let us introduce some notations and routing metrics
before discussing our illustrative example (in the next sub-
section) that demonstrates the effectiveness of our derived
PoS expression in capturing the actual success probability for
packet transmission, as follows;

e 'H, denote the set of hops along path p.

e CH(p,n) denote the set of available channels at path p over
hop A.

o H(p, h) denote hop h over path p.

o c(p, h, i) denote the ith element in the set of available
channels at hop & over path p.

. PoS;g),;Z’qu denote the PoS for channel i at hop 4 along
path p for memoryless-based channel assignment.

o PoS,C,,(f,;lh") denote the PoS for channel i at hop & along
path p for memory-based channel assignment.

. PoSfZ E(Z’l];ls denote the PoS for memoryless-based chan-
nel assi%nment at path p over hop 5.

o PoS,IZe(,';’ ) denote the PoS for memory-based channel
assignment at path p over hop 4.

. Powamlm denote the PoS for path p when the
memoryless-based channel assignment is used.

e PoSh., denote the PoS for path p when the memory-

based channel assignment is used.

In general, the POSZ e(fnlﬁlv was found by selecting the chan-
nel from the set of available channels over hop % along

path p, Cy(p,n), which gives the highest PoS [47], using (2),

as follows;

PosI®D max[PoSc(p’h’l) PosSE )

memless memless’ memless’
c(p,h.i) (.1, ICrp,m)
cos POS, s s POS . (12)

where c(p, h, i) denote the ith element in the set of available
channels at path p over hop & (Cp, ).

The PoS of a given path, say path p, when the memoryless-
based channel assignment is used can be found as follows;

P — H(p,1) H(p,2)
P OSmemless = min y P OSmemless’ P Osmemless’
H(p,i) H(p,'Hpl)
e POS, s s PoSmemlemp ] (13)

where H (p, i) denote the ith hop over path p.
The POS,I,{@(,[;[ M is found by selecting the channel from the set
of (Cx(p,n)), that gives the highest PoS, using (11), as follows;

H(p.h) _ A1 h,2
PoSHP1) — max [POSC(” ), PoSCP:12),

mem mem
i (p,h,|C
oo PoSEOD  pogehICHenD L g g

where c(p, h, i) denote the ith element in the set of (Cx(p,n)).
The PoS of a given path, say path p, when memory-based
channel assignment is used can be found as follows;

PoS? ., = min [PoSge%’l), PoSHP-2),
P H
. PoSH®D  posHO DL g5

where H (p, i) denote the ith hop over path p.

C. ILLUSTRATIVE EXAMPLE

The impact of using the overestimated PoS metric
(memoryless-based distribution) can result in selecting a less
efficient route. To demonstrate this negative effect, Figure 2
shows an example for two candidate paths from a Source SU
(S) to a Destination SU (D); this example clearly demon-
strates our motivation in this work. The PoS for packet
transmission at each link over its channel, say channel i,
is evaluated based on memoryless-based channel assignment,

PoSr(,Zmlm, and it is also evaluated based on memory-based

channel assignment, PoS,(,?em, by using (2) and our derived
closed-form equation, in (11), respectively. For the sake of
demonstration simplicity, in Figure 2, we assume each hop
has only one available channel, say channel i. Hence, (12)

@

Ix . .
ol ()
wi(7 — Dt Jo 2 2

Fr ([)((i) )mem =

51098

Wit
—, =) )dt
+r(5:3))

o 0 (4);/;,-_’_1 , . (@)
—2hil2e=t 12D (D (41, ”‘7)) (10)

i
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is considered over one channel when the memoryless-based
channel assignment is used, and also (14) is considered over
one channel when the memory-based channel assignment is
used. In both cases, the PoS for these channels is evaluated
and labeled at each hop, as shown in Figure 2.

To find the PoS for path 1 and path 2 under the memoryless-
based channel assignment, (13) is used. Thus, PoS,il emless =
min{0.88,0.92,0.87,0.91} = 0.87, and PoS,%lemlm =
min{0.92, 0.85,0.89} = 0.85. Consequently, Path 1 has a
higher PoS than path 2; hence, it will be selected for routing
when the memoryless-based channel assignment strategy is
adopted. On the other hand, to find the actual PoS for path
1 and path 2 under the memory-based channel assignment,
(15) is used. Thus, PoS! , = min{0.87, 0.83, 0.60, 0.66} =

mem
0.60, and PoS2,, = min{0.91,0.67,0.70} = 0.67. Con-
sequently, Path 2 has a higher PoS than Path 1, and hence,
it will be selected for routing when the memory-based chan-
nel assignment is adopted. In conclusion, the actual PoS for
path 1 is overestimated when adopting the memoryless-based
channel assignment strategy. However, when the memory-
based channel assignment strategy is adopted, the actual PoS
is captured for both paths, where path 2 has a higher actual
PoS. Therefore, path 2 should be selected for routing to

enhance system performance.

V. PERFORMANCE EVALUATION

In this section, we investigate the impact of different network
parameters in order to evaluate our developed closed-form
formula. MATLAB 2021a is used to find the numerical and
simulation results for the studied probabilistic formulas.

A. NUMERICAL EVALUATION

We first demonstrate the impact of the memory-based arrival
nature of PU transmissions by comparing the PoS metric
under memory-based PU arrival (the derived formula based
on the chi-squared distribution) with that of the unrealistic
existing memoryless-based formula (based on the exponen-
tial distribution) for 200 realizations for a given PU’s channel,
say channel i, with an average idle time of x; and bandwidth
of 10 Mbps. Figure 3 illustrates that the baseline formula
overestimates the PoS for packet transmission compared to
our derived memory-based PoS formula for different average
idle times. In this figure, when p; is very low (2 ms), both
formulas give the same PoS. When p; is moderate (8 ms and
12 ms), the overestimation for the memoryless-based formula
increases compared to the memory-based formula. On the
other hand, when y; is high (18 ms), the overestimation for
the memoryless-based formula becomes less. That is due to
the fact that when w; is high, the needed transmission time
becomes less or equal to the channel’s available time with a
higher probability.

Now, we evaluate the PoS of the packet transmission for
memoryless-based (i.e., exponential distribution - as in (2))
and memory-based (chi-square distribution - as in (11)) chan-
nel assignment for one-hop transmission. In this analysis,
for evaluation purposes, we assume there is one channel
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over the studied transmission hop-link. Every instance of the
numerical results is the average of 2000 iterations. In every
iteration, the transmission power is re-evaluated based on the
randomly selected distance between the IoT-SU transmitter
and the IoT-SU receiver; this distance range is [10 - 140] m.
The channel’s rate, R, is evaluated based on the Shannon—
Hartley’s theorem that is subject to the Additive white Gaus-
sian Noise (AWGN), R = BLog>(1 + SNR), where B denotes
the channel’s bandwidth, and SNR denote the signal to noise
ratio. The used carrier frequency is 900 MHz, the packet size
is 2 KB, and the path-loss exponent is 4. We also set the
average idle time for the considered channel, say channel i,
to ;.

Let us evaluate the performance of the memoryless-based
formula (based on the exponential distribution) and the
memory-based formula (based on the chi-squared distribu-
tion) regarding the PoS for channel assignment. Figure 4
illustrates the PoS versus the average idle time, ©, and for
different channels’ bandwidth. In Figures 4(a), 4(b), and 4(c),
the channel’s bandwidth is 5 Mbps, 10 Mbps, and 15 Mbps,
respectively. The average idle time is between 2 ms and
50 ms, where the transmission power’s mean is set to 1 watt.
In Figure 4(a), as the average idle time, u, increases, the dif-
ference in performance between the two formulas decreases.
In general, results of Figure 4 show that the difference in
performance between the two formulas decreases as band-
width increases. For example, when comparing the difference
in performance found in Figure 4(a) to the one found in
Figure 4(c), the difference becomes less. That is because
when the bandwidth increases, the required packet transmis-
sion time decreases, consequently increasing the PoS.

In Figure 5, we study the PoS versus the SUs transmis-
sion power for different channels’ average idle times. In
Figures 5(a), 5(b), and 5(c), the channel’s average idle time,
W, is set to 8 ms, 12 ms, and 18 ms, respectively, and the
bandwidth is set to 10 Mbps. In Figure 5(a), when the average
idle time is 8 ms, the memoryless-based channel assign-
ment method overestimates the PoS compared to the actual
PoS found based on the memory-based channel assignment
method. Recall that, in this subsection, we study the PoS for
one channel for a given transmission. Moreover, when the
average idle time increases, © = 18 ms, as in Figure 5(c),
the PoS overestimation ratio decreases. Moreover, increasing
the SUs transmission power has less significance on the PoS
than increasing the channel’s average idle time.

B. SIMULATION EVALUATION

1) SIMULATION SETUP

The data rate for each SU is taken from the range [R,;; —
Ryax], and this range is varied as [0.2Mbps—5Mbps], and
also the results are re-evaluated when the data rate is between
[10Mbps—30Mbps]. In every simulation run, the data rate
for each channel, at each hop-link over the studied route,
is randomly chosen between [R;;i, — Rimax]- The data rates are
randomly selected to capture the independent fading effect
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FIGURE 4. PoS evaluation of exponential and chi-squared distributions formulas with respect to channel’s average idle time (x).

over the different channels [48]. Moreover, at each simulation
run, the SUs are redeployed such that the minimum distance
between any pair of SUs is 5 m. The probability of a channel
being available or busy is re-assessed in every simulation run
based on its distribution. Every instance of the simulation

51100

results is the average of 2000 iterations. In the simulation
study, there are 12 PUs’ channels. Their average idle/service
time (u;)is ¢ x {6,2,4,8,10,6,2,4,2,10, 2, 8} ms, where
¢ denote the PUs’ arrival severity factor (i.e., higher arrival
severity means the average channel’s idle/service time, u;,
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FIGURE 5. PoS evaluation of exponential and chi-squared distributions formulas with respect to the SUs transmission power (Watt).

becomes less). We evaluate the PoS for Low Arrival (LA),
Medium Arrival (MA), and High Arrival (HA) when ¢ is 0.8,
0.4, and 0.1, respectively.

In every iteration, a set of K-shortest paths are found [49].
For every investigated path, say path p, out of the found K
paths, the PoS based on memoryless channel assignment,
POSZ emiess» 18 found using (13). The path with the highest PoS

is selected. After that, the actual PoS of the selected path, say
path p, PoSE om, is found using (15).

2) SIMULATION RESULTS

In this subsection, we study the effect of channels’ availabil-
ity, the number of channels on the evaluated PoS for SU’s
transmission, and the effect of low and high data rates. Results
have revealed that memoryless-based channel assignments
overestimated the PoS. At the same time, the memory-based
one gives the actual PoS for packet transmission in multi-hop
multi-channel routing in CRNs.

a: IMPACT OF CHANNELS AVAILABILITY

The effect for the probability of channels being idle, P;ge,
on the PoS for the transmitted packet is studied for multi-
hop routing. The value of Pjg, is varied between 0.2 and
0.9 in order to assess the effect of low, medium, and high
channels’ availability on the PoS for the memoryless-based
and memory-based channel assignment methods. Figure 6
shows the PoS versus P;g, for different PUs arrival severity
and when the number of channels is 6. The memoryless-based
channel assignment method overestimates the PoS compared
to the memory-based method. In Figures 6(a), 6(b), and 6(c)
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results are evaluated when the arrival rate is low, medium,
and high, respectively. The PoS increases as the idle prob-
ability increases. Also, the PoS increases when the PU’s
arrival severity decreases. Figure 7 shows the PoS ver-
sus Pjg for different PUs arrival severity and when the
number of channels is 12. The memoryless-based channel
assignment method overestimates the PoS compared to the
memory-based method, in Figures 7(a), 7(b), and 7(c) results
are evaluated when the arrival rate is low, medium, and
high, respectively. The PoS increases as the idle probability
increase. Also, the PoS increases when the arrival severity
decreases. Noting that the memoryless-based method over-
estimates the PoS regardless of the probability of channels
being idle or the PU’s arrival severity.

For evaluation purposes, we have increased the data rate to
be selected randomly between 10 Mbps and 30 Mbps while
the other simulation parameters are not changed. Thus, the
results in Figure 6 and Figure 7 are re-generated when the
data rate is [10 Mbps - 30 Mbps] as shown in Figure 8 and
Figure 9, respectively. The results show that the PoS for
memory-based and memoryless-based channel assignment
become very close to each other for low and medium PUs
arrival rates; that is because when the data rate increases,
the packet transmission time decreases. Thus, the PoS of
packet transmission during the available or the remaining
idle time increases since the packets need less time to be
transmitted. On the other hand, when the PUs arrival rate is
high, the memory-based channel assignment still outperforms
the memoryless-based one for a different number of channels
and different idle probabilities.
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TABLE 1. PoS summary with low and high data rates.
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FIGURE 6. PoS performance with respect to P;4 for 6 PU channels, and
data rate of [0.2 Mbps - 5.0 Mbps].

The summary table, Table 1, compares the memory-
based and the memoryless-based processes for modeling the
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Idle probability
(c) High arrival severity, ¢ = 0.1.

FIGURE 7. PoS performance with respect to P;4j for 12 PU channels, and
data rate of [0.2 Mbps - 5.0 Mbps].

channel availability, in which a summary of the PoS for
low and high data rates are presented with moderate and
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FIGURE 9. PoS performance with respect to P;4 for 12 PU channels, and
data rate of [10 Mbps - 30 Mbps].

high average idle times, namely moderate w; and high u;
respectively. Moreover, we have evaluated the Overestima-
tion Error percentage (OE %) for all cases as illustrated in
the given table. In this table, the low data rate values are
extracted from Figures 7(a) and 7(b), which are considered
as high p; and moderate w;, respectively. While the cor-
responding values of the high data rate are extracted from
Figure 9, specifically the values for low arrival (LA) and
moderate arrival (MA) that are considered as high x; and
moderate p;, respectively. Clearly, when the data rate is low,
the OE % values are high (especially when u; is moderate)
compared to the ones when the data rate is high. As a result,
when the data rate is low, assuming memory-based processes
gives more realistic values for modeling channel availability
in multi-hop routing. However, when the data rate is high
assuming memory-based processes yields a result that is
not significantly different from assuming memoryless-based
processes.

b: IMPACT OF THE AVAILABLE PU CHANNELS

The effect of the number of channels on the PoS for packet
transmission is studied. Figure 10 shows the PoS versus the
number of channels. Specifically, Figure 10(a), Figure 10(b),
and Figure 10(c) show the PoS when the probabilities of chan-
nels being idle are 0.2, 0.5, and 0.9, respectively. The results
reveal that when our proposed formula, based on memory-
time correlation, is used in routing decisions, the overall
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FIGURE 10. PoS performance with respect to the number of channels
when the data rate is [0.2 Mbps - 5.0 Mbps].

PoS for routing is higher than using the memoryless-based
formula for a different number of channels and different idle
probabilities.

For evaluation purposes, we increase the data rate to be
selected randomly between 10 Mbps and 30 Mbps. The
other simulation parameters are not changed. The results of
Figure 10 are regenerated when the data rate is [10 Mbps
- 30 Mbps] as shown in Figure 11. The results show that
the PoS for memory-based and memoryless-based channel
assignments become very close to each other for low and
medium PUs arrival rates (as explained earlier). However,
when the arrival rate is high, the memory-based channel
assignment still outperforms the memoryless-based one for a
different number of channels and different idle probabilities.
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when the data rate is [10 Mbps - 30 Mbps].

VI. CONCLUSION

The paper derived a closed-form formula for evaluating the
Probability of Success (PoS) for SU’s packet transmissions
in IoT-CRN, which considers memory-time correlation in PU
channel availability. This formula improves upon existing
PoS formulas in the literature, which assume memoryless-
time correlation and tend to overestimate the PoS for SUs.
The proposed formula is useful in designing communication
protocols for multi-hop multi-channel IoT-CRN and can help
identify routes with the highest actual PoS. The formula
was assessed through extensive numerical and simulation
evaluations, demonstrating its practicality over the existing
memory-less time-correlated PoS formula under various net-
work parameters. the PoS is accurately estimated using the
proposed formula, the number of needed re-transmissions
decreases, reducing the overall transmission power, enhanc-
ing the achieved end-to-end throughput, and prolonging the
network lifetime for IoT devices. As future work, we plan
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to utilize our developed closed-form formula to study the
performance of channel assignment for half-duplex and full-
duplex transmission techniques in multi-hop routing, and to
design an energy-efficient multi-hop routing protocol that
is based on modeling channels’ activity as a memory-based
process that captures the actual PoS for packets’ transmission.
In addition, we plan to empirically validate the performance
of our routing protocol using a realistic test-bed platform.
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