
SPECIAL SECTION ON INTELLIGENT AND COGNITIVE TECHNIQUES FOR INTERNET OF THINGS

Received February 5, 2019, accepted February 18, 2019, date of publication March 15, 2019, date of current version April 13, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2901902

Spectrum Assignment in Hardware-Constrained
Cognitive Radio IoT Networks Under Varying
Channel-Quality Conditions
HAYTHEM A. BANY SALAMEH1, (Senior Member, IEEE), SAHAM AL-MASRI1,
ELHADJ BENKHELIFA 2, AND JAIME LLORET 3, (Senior Member, IEEE)
1Telecommunications Engineering Department, Yarmouk University, Irbid 21163, Jordan
2School of Computing and Digital Technologies, Staffordshire University, Stoke-on-Trent ST4 2DE, U.K.
3Integrated Management Coastal Research Institute, Universitat Politècnica de València, 46022 Valencia, Spain

Corresponding author: Jaime Lloret (jlloret@dcom.upv.es)

This work was supported in part by the QR Global Challenges Research Fund, Staffordshire University, Staffordshire, U.K.

ABSTRACT The integration of cognitive radio (CR) technology with the future Internet-of-Things (IoT)
architecture is expected to allow effective massive IoT deployment by providing huge spectrum opportunities
to the IoT devices. Several communication protocols have been proposed for the CR networks while
ignoring the adjacent channel interference (ACI) problem by assuming sharp filters at the transmit and
receive chains of each CR device. However, in practice, such an assumption is not feasible for low-cost
hardware-constrained CR-capable IoT (CR-IoT) devices. Specifically, when a large number of CR-IoT
devices are operating in the same vicinity, guard-band channels (GBs) are needed to mitigate the ACI
problem, introducing GB adds constraints on the efficient use of spectrum and protocol design. In this
paper, we develop a channel assignment mechanism for the hardware-constrained CR-IoT networks under
time-varying channel conditions with GB-awareness. The objective of our assignment is to serve the largest
possible number of CR-IoT devices by assigning the least number of idle channels to each device subject to
rate demand and interference constraints. The proposed channel assignment in this paper is conducted on a
per-block basis for the contending CR-IoT devices while considering the time-varying channel conditions
for each CRIoT transmission over each idle channel, such that spectrum efficiency is improved. Specifically,
our channel assignment problem is formulated as a binary linear programming problem, which is NP-hard.
Thus, we propose a polynomial-time solution using a sequential fixing algorithm that achieves a suboptimal
solution. The simulation results demonstrate that our proposed assignment provides significant increase in
the number of served IoT devices over existing assignment mechanisms.

INDEX TERMS Cognitive radio, guard-band, variable rate, adjacent-channel interference, binary linear
programing.

I. INTRODUCTION
Internet-of-things (IoT) is the key future networking
paradigm that defines the interconnection and interaction
of any device (thing) that can connect to the Internet and
be able to communicate with other devices and networks.
Many of the IoT devices are mobile, small and located
in scattered locations. Hence, wireless networking is rep-
resented as the most appropriate communication paradigm
that effectively connects these devices with each other and
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other networks [1]–[9]. However, enabling massive wireless-
based IoT deployment is expected to place a massive pressure
on wireless spectrum resources. To meet the high spectrum
demand of the huge number of IoT wireless devices, cog-
nitive radio (CR) technology has been proposed [10]–[19].
CR technology allows the unlicensed CR-capable IoT
(CR-IoT) devices to dynamically and opportunistically utilize
the licensed portion of spectrumwhile providing performance
guarantees to legacy primary radio users (PUs) [20]–[23].

The main intelligence feature of CR-IoT networks is the
ability to alleviate spectrum scarcity by conducting efficient
channel assignment decisions. This intelligence in spectrum
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management and assignment were well studied in the context
of CR networks (CRNs) assuming very sharp filters on the
transmit and receive chains of each CR device [24], [25].
However, low-cost IoT CR-enabled devices may not be
equipped with such sharp (near ideal) transmit/receive filters,
so existing spectrum assignment for CRNs are not directly
applicable to CR-IoT networks. Specifically, most of existing
channel assignment designs for CRNs [24], [25] did not con-
sider the harmful interference introduced to PUs and ongoing
CRs due to the adjacent channel interference (ACI) issue.
ACI is known as the power leakage to adjacent channels
due to imperfect transmit/receive filters in communicating
devices [26], [27]. Limited number of CRN protocols have
dealt with the ACI problem in their design by adding GB
channels between adjacent channels that are assigned to
different CR links (e.g., [28]–[32], [34]–[36]). These pro-
tocols have been designed without considering the multi-
channel diversity and interference heterogeneity in CRNs by
assuming that each channel can support a fixed average-data
rate. Such assumption is limited to wireless networks that
implement sophisticated power-control strategies to achieve
such fixed data rate per idle frequency channel. This can
significantly limit the achieved rate per channel as distinct
idle channels can support different data rates depending on
the time-varying link-quality and interference conditions over
each idle channel. Assuming that each idle channel can sup-
port a fixed average data rate greatly simplifies the channel
assignment design, but can significantly degrade network
performance by wasting available spectrum opportunities
through unnecessary assigning more channels for CR-IoT
devices [21]. Hence, new GB-aware spectrum sharing algo-
rithms for CR-IoT networks that effectively utilize the avail-
able spectrum while accounting for the hardware-limitation
of the IoT devices and the frequencies/time-varying nature of
the channel quantities of CR-IoT links are needed.

This paper proposes an adaptive GB-aware spectrum
assignment scheme for hardware-constrained CR-IoT net-
works under time-varying channel-quality conditions. The
proposed scheme conducts the channel assignment on a
per-block basis for a given CR-IoT transmission while con-
sidering the time-varying channel conditions over each idle
channel between the communicating devices such that spec-
trum efficiency is improved. Specifically, the channel assign-
ment problem is formulated as an optimization problem that
attempts at minimizing the total number of reserved data-
plus-GB channels (maximizing spectrum efficiency) subject
to aggregate rate demand, channel-quality and maximum
allowable transmit power constrains. The formulation con-
stitutes a binary-linear programming (BLP) problem, which
is known as NP-hard. Thus, we propose a polynomial-
time algorithm that achieves a sub-optimal solution using
a sequential-fixing algorithm. It is worth mentioning that
performing channel assignment for multiple CR-IoT links at
the same time (batch approach) can provide better perfor-
mance than performing the assignment sequentially (i.e., one
CR-IoT link at a time). For a single collision domain

(all devices can hear each other), the batch method is prac-
tical. However, the batch approach is not practical in a multi-
hop CR-IoT environment, as it incurs high control overhead
and delay. Therefore, in this paper, our design follows an
asynchronous Carrier Sense Multiple Acces with Collision
Avoidance (CSMA/CA)-like random access strategy, that
ensure only one link (a transmitter-receiver CR-IoT pair)
can access the control channel at any given time. Simulation
results are demonstrated to demonstrate the effectiveness of
the proposed channel assignment scheme compared to previ-
ously proposed assignment schemes (i.e., [29], [32]).

The rest of this paper is organized as follows. Section II
reviews the related work. In Section III, we present the
network model. Then, the problem statement, formulation
and proposed solution of the channel assignment problem
are described in Section IV. In Section V, we provide the
simulation results and discussions. Finally, the conclusion
remarks are given in Section VI.

II. RELATED WORK
Several studies have been conducted to design spectrum
access protocols that address the unique features of CR
environment assuming very sharp filters on the transmit
and receive chains of each CR device (ignoring the ACI
issue) [24], [25]. Very few CRN protocols have been pro-
posed to deal with the ACI issue (e.g., [29], [31], [32], [35]).
Salameh et al. [29] investigated the ACI with the objective
of finding the best channel assignment that results in min-
imum number of newly introduced GBs. They considered
both channel bonding and aggregation with per-link chan-
nel assignment. However, they did not consider the multi-
channel diversity by assuming a fixed data-rate per idle chan-
nel. Salameh et al. [31], [35] proposed a batch-based GB-
aware spectrum assignment for CRNs. It considers batching,
in which multiple assignment decisions can be made simul-
taneously. Uyanik et al. [32] proposed a GB-aware per-block
channel assignment algorithm for a multi-channel single-
link CRNs with average fixed transmission rate per channel.
Unlike the works in [29], [31], and [35] that perform the chan-
nel assignment on a per-channel basis, the proposed scheme
in [32] selects channels on a per-block basis, where at most
one GB channel will be added on each side of a block for each
CR transmission. The authors showed that the channel selec-
tion based on per-block basis provides better network perfor-
mance compared to the per-channel assignment. In summary,
most spectrum access protocols for CRNs were designed
assuming ideal (or very sharp) transmit/receive filters and
fixed data-rate per channel. Such designs are not suitable for
low-cost hardware-constrained CR-IoT networks operating
over heterogeneous time-varying wireless channels. There-
fore, new communication protocols for CR-IoT networks are
needed that account for the ACI issue and the time-varying
nature of channel conditions. To the best of our knowledge,
this is the first work that considers assigning channels to
CR-IoT devices in a per-block basis while accounting for the

VOLUME 7, 2019 42817



H. A. B. Salameh et al.: Spectrum Assignment in Hardware-Constrained CR IoT Networks

FIGURE 1. An illustration of PU and CR-IoT networks coexistence.

FIGURE 2. Illustrative example of channel vs. Block formation with
19 channels. (a) Channel availability status. (b) Idle block formation.

ACI issue and the time-varying nature of channel conditions
between communicating devices.

III. NETWORK MODEL
We consider a CSMA/CA-based wireless CR-capable IoT
network that coexists geographically with several PU net-
works as shown in Figure 1 (e.g., the CR-IoT network can be a
wireless sensor network that is deployed for monitoring haz-
ard environment as illustrated in [?]). The PUs are licensed to
transmit over a set of orthogonal non-overlapping channels.
Let M = {1, 2 . . .M} represent the set of all PU channels,
where each channel has a Fourier bandwidth of W (in Hz).
CR-IoT devices can persistently scan the available spec-
trum to identify potential spectrum opportunities (idle PU
channels) in order to access them. Considering the spectrum
availability status in Figure 2(a). Figure 2(b) illustrates that
each set of contiguous idle channels is grouped into a ‘‘fre-
quency block’’. The spectrum is divided into: (1) idle blocks,
(2) busy blocks and (3) data blocks. An idle channel can
be used as a GB between frequency data blocks of different
CR-IoT transmissions or reserved as data channel. Note that

for each identified idle block, the first and last channels in
that block are reserved as GBs if their adjacent channels,
which do not belong to the block, are reserved for PR users.
Note that, already existing GBs can be reused by potential
CR transmissions such that no additional GBs are needed.
To exchange control information among CR-IoT devices,
we assume the existence of a common control channel that is
available to all CR-IoT devices. Such channel is pre-specified
but not necessarily dedicated to the CR-IoT network. The
existence of a dedicated common control channel is a charac-
teristic of many communication protocols designed for CRNs
(e.g., [5], [21], [29], [32]. We note here that other coordina-
tion mechanisms can also be used for our purposes includ-
ing: (1) spread spectrum-based techniques, (2) dynamic
local cluster-based techniques, or (3) frequency hopping-base
techniques [37], [38].

Each idle channel k of a given CR transmission can sup-
port time-variant transmission rate of r (k)

t Mbps. Specifically,
the transmission rate over channel k for a CR link is deter-
mined according to the maximum possible transmit power
(determined by the FCC) over channel k , and the current
channel state information (CSI) of that channel. Note that
the transmission rate over channel k can be calculated based
on the received signal-to-noise ratio (SNR) over channel k
(SNR(k)) as r (k)

t = W log2(1+SNR
(k)), whereW is the chan-

nel bandwidth P(k)

WNo
,No is the thermal noise power andP(k)

denotes the received power over the kth channel depending
on the transmitting power P(k)

t . The power P(k)
t over each

channel k is set to the maximum allowable transmission
power. This results in achieving the maximum possible data
rate over channel k . We define an idle frequency block as
the set of contiguous idle channels that are grouped into one
block. For each idle block i, denoted by IB(i), we define S(i)

as the size of that block. We assume that at any given time
t , |Nt | = N different idle frequency blocks are identified
depending on the PU activities, whereNt is the set of all idle
blocks at time t . Let R(i)

t =
∑

k∈B(i) r (k)
t denote the supported

rate of the ith block (IB(i)), where B(i) represents the idle
channels set belonging to block i, for i = {1, . . . ,N }. We note
here that one GB channel on each side of a frequency block
assigned to a CR-IoT transmission is sufficient to mitigate the
ACI [34], [36], [39].

IV. PROBLEM STATEMENT, FORMULATION
AND SOLUTION
A. PROBLEM STATEMENT
At a given time t , our problem statement is as follows: given
a CR-IoT transmitting pair, all idle channels (idle blocks),
and the supported transmission rate of each channels and
each block, our main objective is to compute the optimal
frequency-block assignment �(∗)

B that reserved the minimum
number of idle channels subject to:
• Rate demand constraint: each CR-IoT device requires a
demand rate d .

• Total transmit power constrain: for each CR-IoT trans-
mission, the total transmission power

∑N
i=1 P

(i)
t over the
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selected blocks is limited to Pmax, where Pmax and P(i)
t

are the maximum power that can be supported by the CR
battery and the needed transmit power over block i).

• Per-Channel individual transmit power constrain: the
transmit power over each channel k is limited to the
maximum permissible transmission power (P(k)max) deter-
mined by the FCC. This constraint is ensured by setting
the transmit power over each channel k to P(k)max.

We note here the following two observations: (1) assigning
channels to CR-IoT devices based on per-block basis adds at
most two extra GB channels, and (2) when smaller size blocks
are selected, less number of channels is reserved, which saves
more channels for future potential CR-IoT devices. Based
on the above observation, we conclude that using per-block
assignment with the objective of selecting the minimum size
blocks that serve the CR-IoT demand can result in improved
network performance. We note here that our design consid-
ers both channel bonding and aggregation. Specifically, our
design first bonds the adjacent idle channels into frequency
blocks then it attempts to aggregate the minimum number
of frequency blocks (each block contains a set of bonded
channels) to serve the required demands of each CR-IoT
transmission.

B. PROBLEM FORMULATIONS
To proceed in our formulation, a new 0/1-decision variable
X (i) is introduced as follows:

X (i)
=

{
1, if block i is reserved by the CR− IoT device
0, otherwise.

(1)

Mathematically, our proposed assignment is written as:

min
X (i),∈{0,1}

{
N∑
i=1

S(i) X (i)

}
−

R(i)∑N
i=1 R(i)

s.t.
N∑
i=1

R(i)X (i)
≥ d or

N∑
i=1

R(i)X (i)
= 0

N∑
i=1

P(i)
t X (i)

≤ Pmax. (2)

Recall that d is the required rate demand, S(i) is the size
of each idle frequency block, and N is the number of idle
frequency blocks. Note that the first part of the objective
function attempts at minimizing the total size of the assigned
blocks (reducing the number of assigned data-plus-GB chan-
nels) while the second part R(i)∑N

i=1 R(i) ensures that for any two

feasible channel assignments �
(∗)
B (1) and �

(∗)
B (2) with the

same size S�∗B(1)
= S�∗B(2)

, our problem formulation selects

the one that supports the higher rate. Note that, if S (�(∗)
B (1))

< S (�(∗)
B (2)), our formulation always selects �

(∗)
B (1) over

�
(∗)
B (2), irrespective of the supported rate of each assign-

ment R(i). To Proceed in our analysis, the either/or constraint

in (2) can be expressed in more tractable form by using an
auxiliary binary variable y as follows:

N∑
i=1

−R(i)X (i)
≤ −d − 0y

N∑
i=1

R(i)X (i)
≤ −0 y+ 0 (3)

where 0 is a very large constant� 1 and y is given by:

y =

{
0, if

∑N
i=1 R

(i)X (i) ≥ d
1, if

∑N
i=1 R

(i)X (i) = 0.
(4)

Therefore, the optimization in (2) becomes:

min
X (i),y,∈{0,1}

{
N∑
i=1

S(i) X (i)

}
−

R(i)∑N
i=1 R(i)

s.t.
N∑
i=1

−R(i)X (i)
≤ −d − 0y

N∑
i=1

R(i)X (i)
≤ −0 y+ 0

N∑
i=1

P(i)
t X (i)

≤ Pmax . (5)

The above formulation is a BLP problem that can bewritten in
matrix form as: minX {cTX : AX ≥b, X ∈ {0, 1}} , where
c = [ S(1) S(2). . . S(N ) 0]1×(N+1) is the objective vector,
b = [−d 0 Pmax]T3×1 represents the right-hand-side of
the design constraints, and [X y] is the vector containing all
decision variables,

A =

 −R(1) −R(2) . . . . . .−R(N ) 0

R(1) R(2) . . . . . .R(N ) 0

P(1)
t P(2)

t . . . . . .P(N )
t 0


3×(N+1)

(6)

is the linear constraints matrix. It is worth mentioning that
the BLP problems are, in general, NP-hard problems. Thus,
we develop a polynomial-time suboptimal algorithm to solve
our optimization in (5). This optimization can be solved
using an efficient polynomial-time sequential-fixing linear
programming (SFLP) procedure that was previously intro-
duced in [27] and [29] to solve BLP problems, where effective
suboptimal solutions were reported. The optimization prob-
lem provides the least number of frequency blocks that satisfy
the rate demand, such that if any of the assigned block is
removed the demand rate constrain will be violated, which
results in infeasible solution. Therefore, a post-processing
phase is needed after solving the optimization in (5) to remove
the extra channels from one of the assigned block such that the
rate demand is still achieved. Let Rs be the achieved rate of
the optimal assignment�(∗)

B resulting from solving (5). Given
Rs > d , channels with (Rs −d) rates can be released without
violating the rate demand constraint.
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C. THE PROPOSED CHANNEL ASSIGNMENT SCHEME
Our proposed channel assignment algorithm consists of two
phases: (1) Block Assignment Phase, where the problem in
(5) is solved using the SFLP mechanism and (2) Releasing
the extra channels post-processing phase. The main objective
of BAP is assigning the minimum number of blocks that
provides aggregate rate that is greater than the demand d
while the second phase is intended to spare the extra
channels.

1) THE BLOCK ASSIGNMENT PHASE USING SFLP
The SFLP was used in [29] and [35] to tackle BLP prob-
lems in polynomial time, where a suboptimal solution was
demonstrated. The SFLP is executed as follows: it first uses a
linear relaxation approach that allows each binary variable to
take any real value in [0, 1] interval. Then, the relaxed linear
programming problem can be solved in polynomial-time (the
associated block is assigned to the CR-IoT device). From all
X (i)’s of the provided solution of the relaxed problem, the one
with the highest value is fixed to 1 and after that the feasibility
of the problem is checked. The above process is repeated until
a feasible channel assignment that achieves the rate demand
is found or no feasible assignment is declared, in which all
the idle blocks cannot support the rate demand.

2) RELAXING THE EXTRA CHANNELS
POST-PROCESSING PHASE
According to the post-processing phase, our algorithm deter-
mines the block with maximum size from the selected blocks
for the CR transmission. Then, it starts releasing the max-
imum number of channels starting from the left sided GB
of the block, such that the aggregate transmission rate after
removing the rate of the released channels still satisfies the
rate demand. In this case, one GB is added to the right of the
last reserved data channel of the selected block. This spares
the extra channels, in which they are grouped into a new block
for potential future CR-IoT transmissions. Hence, network
performance is improved.

V. PERFORMANCE EVALUATION
A. SIMULATION SETUP
We evaluate the performance of our proposed channel assign-
ment scheme using MATLAB simulations [40]. We consider
a CR-IoT network that opportunistically share the available
licensed spectrum with a number of PRNs, where the number
of PU channels is set toM . The status of each PU channel fol-
lows a 2-state Markov model with IDLE and BUSY periods.
The BUSY channel imposes that some PUs are transmitting
over that channel. Each channel is busy with probability
Pbusy. The carrier frequency of each PU channel k ∈ M is
computed as: fk = 900 + k MHz. We consider a Rayleigh
fading channel model with path-loss exponent n between
any two communicating CR-IoT devices over the different
channels. We set the transmission power of each CR-IoT
device to the FCC maximum permissible transmit power

level over each idle channel. The total transmission power of
a CR-IoT device over all selected channels is limited to
1 watt and the thermal noise power density over each chan-
nel is fixed to 10−12 W/Hz. The network performance is
investigated as a function of the total number of chan-
nels M , the demand rate d , path-loss exponent n and the
PR activity Pbusy.

B. SIMULATION RESULTS
The performance of the proposed scheme, denoted by
VR-GB-MAC, is compared with two other schemes:
the fixed-block-GB-MAC (referred to as FB-GB-MAC)
scheme [32] and the sequential fixing-fixed rate-MAC
(referred to as SF-FR-MAC) scheme [29]. The FB-GB-MAC
and SF-FR-MAC schemes employ a power control to achieve
a fixed average transmission rate per channel. FB-GB-MAC
attempts at maximizing spectrum efficiency by performing
fixed block assignment that introduces the minimum num-
ber of GBs [32]. On the other hand, SF-FR-MAC scheme
attempts at reducing the number of newly added GBs while
achieving the demand rate by performing per channel assign-
ment [29], but with a main objective of reducing the num-
ber of newly added GBs while minimizing the total needed
power. Note that, in general, the transmission rate over each
channel of a CR link depends on the CSI of that link over
that channel. Figure 3 shows the number of severed CR-IoT
devices versus Pbusy for different n (3 and 4), different d
(20 and 30 Mbps), M = 23 channels, BW = 5 MHz and
20 CR-IoT communicating links. For n = 3 and n = 4, we set
the achieved average rates to 20 and 10 Mbps, respectively.
This figure shows that, for all scheme, as Pbusy increases
the chances of finding idle channels to serve larger number
of CR-IoT devices decreases. It also reveals that the pro-
posed channel assignment provides significant performance
improvement compared to the other two channel assignment
schemes, irrespective of d and n. It can also observed that the
number of served users is higher at lower values of n. This
is due to the better channel conditions and higher achieved
data rates at lower values of n (for n = 4 and d = 30 Mbps,
3 channels are needed to serve one user, however for n = 3
and d = 30, only one channel is needed) [41]. Figure 4 plots
the number of served IoT devices versus d withBW = 5MHz
for both Pbusy = 0.5 and 0.3. The number of served CR-IoT
when Pbusy = 0.3 is larger than that when Pbusy = 0.5. This is
because that at smaller Pbusy more available idle blocks exist
and more CR-IoT transmissions can be activated. Figure 4
reveals that at larger rate demands, our proposed assignment
serves more CR-IoT devices and achieves higher network
throughput compared to the other two channel assignment
schemes.

Figure 5(a) demonstrates the overall network throughput
as a function of Pbusy for d = 12 Mbps and n = 3. When
Pbusy increases, the achieved network throughput decreases
due to the fact that as Pbusy increases the number of idle
blocks decreases and the chance of finding idle blocks that
can achieve the required d decreases. Figure 5(b) plots the
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FIGURE 3. Number of served CR-IoT devices vs. Pbusy for M = 23 and 24 links. (a) d = 30 Mbps, n = 4. (b) d = 20 Mbps, n = 4. (c) d = 30 Mbps,
n = 3. (d) d = 20 Mbps, n = 3.

FIGURE 4. Number of served CR-IoT devices vs. d for M = 23, n=3 and
BW = 5 MHz. (a) Pbusy = 0.3.. (b) Pbusy = 0.5.

spectrum efficiency, defined as the ratio between the total
number of reserved data channels and the number of reserved
data-plus-GB channels. This figure indicated that the pro-
posed VR-GB-MAC achieves higher spectrum efficiency

FIGURE 5. Throughput and Spectrum Efficiency Performance vs. Pbusy for
d = 12 Mbps, n = 3 and N = 24 links. (a) Throughput performance.
(b) Spectrum efficiency performance.

with respect to the other two schemes. Figure 5(b) also shows
that the spectrum efficiency decreases as Pbusy increases.

Figure 6 plots the overall network throughput versus Pbusy
for different number of channels M (i.e., M = 10, 20,
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FIGURE 6. Throughput performance vs. Pbusy for d = 16 Mbps, n = 4 and different number of channels M. (a) Low number of links N = 10.
(b) Moderate number of links N = 30.

and 30 channels). It can be observed that as M increases,
higher throughput performance is achieved. This can be
explained as follows as the number of PU channels increases,
the chance of finding larger idle blocks that can serve the
rate demand for the CR-IoT devices increases. Thus, more
CR-IoT transmissions can be served. Figure 6 also reveals
that as the number of CR-IoT contending devices increases,
the overall network throughput is enhanced.

The number of reserved channels per CR-IoT transmission
is demonstrated in Figure 7(a). It is clear that our proposed
scheme needs smaller number of channels to serve each
CR-IoT device. Figure 7(b) shows the number of introduced
GBs served CR-IoT devices as a function of Pbusy. This fig-
ure shows that our proposed scheme introduces less number
of GB per CR-IoT transmission. This is due to our employed
appropriate block assignment that is aware of rate demand of
each CR-IoT device.

Figure 8 plots the number of served CR-IoT devices versus
the number of contending CR-IoT transmissions for differ-
ent values of maximum transmission power Pt under dif-
ferent PUs’ activities (i.e., Pbusy = 0.5, Pbusy = 0.3 and
Pbusy = 0.9). Note that at high Pbusy, significant decrease in
network performance is observed for all schemes. Figure 8
reveals that the overall number of served CR-IoT users
is larger at smaller Pbusy as the chances of finding more
available idle blocks/channels is higher. This figure also
shows that as Pt increases, the number of served CR-IoT

FIGURE 7. Number of reserved channels vs. Pbusy for BW = 5 MHz,
d = 35 Mbps and n = 3. (a) Number of reserved channels per
transmission CR-IoT vs. Pbusy . (b) Number of introduced GBs. vs. Pbusy .

devices increases. This is because increasing the power
increases the achieved rate of each channel. Finally,
Figure 8(c) shows that at lower values of Pbusy irrespective
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FIGURE 8. Number of served CR-IoT devices vs. Number of contending
transmissions for d = 100 Mbps, and M = 23. (a)Pbusy = 0.9 (High PR
activity). (b) Pbusy = 0.5 (Moderate PR activity). (c) Pbusy = 0.1 (Low PR
activity).

of Pt , the three schemes have comparable performance. This
is expected as at low Pbusy the chances of finding idle blocks
with high rates that can achieve the rate demand for the
CR-IoT devices, irrespective of Pt .

VI. CONCLUSIONS
This paper presented a GB-aware channel assignment scheme
for time-varying CR-IoT networks with adaptive rate. The
proposed assignment assigns channels to CR-IoT devices
in a per-block basis. Our scheme attempts to maximize
the achieved network throughput by reducing the number
of assigned data-plus-GB channels subject to required rate
demand, link quality and total transmit power constrains.
The problem is formulated as a BLP, which is, in general,
an NP-hard problem. Thus, we developed a polynomial-time
suboptimal algorithm procedure using the sequential fixing
linear programming (SFLP). The performance of our pro-
posed channel assignment scheme is compared with that of
sequential fixing per-channel assignment and the fixed rate

per-block assigned schemes. Simulation results showed that
the proposed scheme significantly outperforms the reference
schemes. The results also indicated that a significant increase
in networks throughput can be realized by considering multi-
channel diversity when assigning frequency blocks to CR-IoT
devices, in which the blocks with highest data rates and
smaller sizes are selected. As future work, the proposed
approach can be extended to support simultaneous channel
assignment decisions for several CRIoT nodes such that the
overall network throughput is improved.
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